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Abstract

We use a recent census of the Milky Way (MW) satellite galaxy population to constrain the lifetime of particle dark
matter (DM). We consider two-body decaying dark matter (DDM) in which a heavy DM particle decays with
lifetime 7 comparable to the age of the universe to a lighter DM particle (with mass splitting €) and to a dark
radiation species. These decays impart a characteristic “kick velocity,” Vi = ec, on the DM daughter particles,
significantly depleting the DM content of low-mass subhalos and making them more susceptible to tidal disruption.
We fit the suppression of the present-day DDM subhalo mass function (SHMF) as a function of 7 and Vi using a
suite of high-resolution zoom-in simulations of MW-mass halos, and we validate this model on new DDM
simulations of systems specifically chosen to resemble the MW. We implement our DDM SHMF predictions in a
forward model that incorporates inhomogeneities in the spatial distribution and detectability of MW satellites and
uncertainties in the mapping between galaxies and DM halos, the properties of the MW system, and the disruption
of subhalos by the MW disk using an empirical model for the galaxy—halo connection. By comparing to the
observed MW satellite population, we conservatively exclude DDM models with 7< 18 Gyr (29 Gyr) for
Vigex =20 kms ™" (40 kms ™) at 95% confidence. These constraints are among the most stringent and robust small-
scale structure limits on the DM patrticle lifetime and strongly disfavor DDM models that have been proposed to
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alleviate the Hubble and Sg tensions.

Unified Astronomy Thesaurus concepts: Dark matter (353); Milky Way dark matter halo (1049); Galaxy

abundances (574)

1. Introduction

The A cold dark matter (CDM) paradigm—in which dark
energy is a cosmological constant and dark matter (DM) is
stable, cold, and collisionless—has been established as the
concordance model of cosmology, accurately predicting the
detailed content and structure of the universe throughout
cosmic history (DES Collaboration 2018; Planck Collaboration
2020). However, several recent cosmological tensions—
namely the “Hubble tension,” concerning the present-day
expansion rate of the universe, Hjy, and the “og tension,”
concerning the amplitude of matter clustering on quasi-linear
scales—potentially point to new physics beyond ACDM (see
Verde et al. 2019 for a review). To address these tensions, it is
essential to stress-test every assumption underlying the ACDM
model, including the nature of the DM particle.

Any viable DM model must accurately predict both the
expansion history of the universe and the formation of structure
throughout cosmic history. To date, all cosmological observa-
tions are consistent with a DM particle that is stable against
decays. However, there is a class of models that allow DM to
decay, either to other dark sector particles or to Standard Model
particles, which is consistent with current observational
constraints. These decays often transfer energy from DM to
radiation-like species in the late-time universe, increasing the
present-day expansion rate relative to its extrapolated evolution
based on CMB measurements (e.g., Vattis et al. 2019; Clark
et al. 2021b). Intriguingly, recent studies of models where the
DM particle decays with a lifetime comparable to the Hubble
time suggest that DM decays can potentially alleviate the H,
and/or og tensions (e.g., Enqvist et al. 2015; Vattis et al. 2019;
Abellan et al. 2022; Blinov et al. 2020; Pandey et al. 2020;
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Haridasu & Viel 2020; Abellan et al. 2021; Clark et al.
2021a, 2021b).

In this paper, we focus specifically on DM models where
late-time decays into other dark sector particles alter the
velocity distribution of DM, which we refer to generically as
decaying dark matter (DDM). While these DDM models have
predominantly been studied using expansion history and large-
scale structure probes (e.g., see Wang & Zentner 2012; Chen
et al. 2021), cosmic structure on smaller scales offers a unique
window into the microphysics of DM decays. In particular,
because viable DDM lifetimes are comparable to the age of the
universe, the effects of DM decays accumulate over time as
matter perturbations grow in the post-recombination epoch.
Late-time decays thus suppress the clustering of matter on
small scales at late times; this effect has been leveraged to
constrain DDM models using Ly« forest data (e.g., McDonald
et al. 2006; Wang et al. 2013).

DM decays impart momentum to the daughter particles,
injecting kinetic energy into virialized DM halos. These
momentum “kicks”—which depend on the details of the decay
mechanism—agradually reduce the central density of cuspy DM
halos and deplete halos of mass (e.g., Peter et al. 2010b). This
process also makes subhalos more susceptible to tidal
disruption as they orbit within a host halo, leading to the
suppression of the abundance of low-mass halos and subhalos
in DDM models at late times. This manifests as a deficit of
small-scale structure, including faint satellite galaxies, relative
to ACDM predictions (Peter et al. 2010b; Peter & Benson 2010;
Wang et al. 2014) and also alleviates potential tensions
between the predicted and inferred central densities of bright
dwarf galaxies (the “too big to fail” problem; Boylan-Kolchin
et al. 2011, 2012; Garrison-Kimmel et al. 2014; Papastergis
et al. 2015).

The population of Milky Way (MW) satellite galaxies,
which contains the faintest observed galaxies in the universe,
therefore offers a unique testing ground for DDM. Faint dwarf
galaxies orbiting the MW occupy the smallest DM halos
directly associated with galaxies and are the most dark matter-
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dominated systems known (see a recent review by Simon 2019).
DM microphysics that impacts the formation, late-time
abundance, and internal structure of small DM halos and
subhalos can therefore be inferred from the abundance and
properties of MW satellites.

Here, we derive robust and stringent constraints on the DM
particle lifetime using a state-of-the-art census of the MW
satellite population. Although DDM has previously been
studied using MW satellites (e.g., Peter & Benson 2010; Wang
et al. 2014), our work is the first to constrain it by leveraging
observations over nearly the full sky, including the population
of ultra-faint dwarf galaxies recently discovered by the Dark
Energy Survey (DES; DES Collaboration 2005, 2016). Follow-
ing the procedure developed in Drlica-Wagner et al. (2020) and
Nadler et al. (2020b, 2021c), we combine (i) the observed
population of MW satellites in DES and Pan-STARRS1 (PS1;
Chambers et al. 2016), (ii) observational selection functions
derived from MW satellite searches in DES and PS1 data, (iii) a
detailed forward model of the connection between MW satellite
galaxies and DM subhalos, (iv) high-resolution cosmological
simulations of MW-mass halos in DDM cosmologies, and (v) a
Bayesian inference framework to constrain the DM particle
lifetime. This method was used to constrain microphysical DM
properties including its primordial velocity distribution,
Standard Model coupling, and particle mass in Nadler et al.
(2021c).

Unlike previous DDM studies, our model only relies on the
inferred abundance of low-mass subhalos above a minimum
mass threshold, rather than their inferred central densities,
which makes our constraints complementary to previous
studies. This minimum mass threshold corresponds to the peak
mass of the smallest halo inferred to host MW satellites
observed in the DES and PS1 data for CDM (Nadler et al.
2020b), and therefore represents a conservative upper limit on
this quantity for DDM, which further reduces halo masses as
explored below. In turn, our results provide a foundation for
future work that combines satellite abundances with stellar
velocity dispersion measurements to search for signatures of
DM decays. Similar approaches will be useful to test other DM
properties that simultaneously modify satellite abundances and
density profiles at an observable level, including DM self-
interactions (e.g., Vogelsberger et al. 2016; Tulin & Yu 2018;
Drlica-Wagner et al. 2019; Salucci 2019; Kim & Peter 2021).

This paper is outlined as follows. In Section 2, we describe
our fiducial DDM model. We describe the impact of DDM
physics and analytically estimate subhalo disruption timescales
in Section 3. In Section 4, we derive a fitting function for the
suppression of the subhalo mass function using cosmological
zoom-in simulations of MW-like halos in DDM cosmologies.
We incorporate this suppression in a forward model of the MW
satellite population to derive DDM constraints in Section 5. We
compare our results to other small-scale and cosmological
probes of DDM in Section 6.1, and we conclude in Section 7.
With the exception of Section 3, we work in units with ¢ = 1.
Furthermore, “log” refers to the base-10 logarithm.

2. Decaying Dark Matter Overview

In this section, we outline classes of DM models that undergo
decays, connect common model assumptions to cosmological
observables, and describe the particular model of DDM that we
consider in this work. We emphasize that the DDM models
we describe are phenomenological, rather than first-principles
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particle physics descriptions; models that feature scattering
between DM and other particles are broadly categorized under
self-interacting and/or interacting DM.

2.1. Decaying Dark Matter Phenomenology

DM models featuring decays typically involve massive
parent DM particles, a fraction of which undergo particle decay
to some number of daughter particles with a given decay
lifetime. Accordingly, decaying DM models can be broadly
differentiated based on the following characteristics:

1. The lifetime of the decay;

2. The number of particles involved in each DM decay, and
their masses; and

3. Whether the decays exclusively involve dark sector
particles or involve any Standard Model particles.

DDM is typically regarded as a modification to the CDM
paradigm rather than a completely distinct model; for instance,
superWIMPs (Feng et al. 2003a, 2003b; Ichiki et al. 2004) are
an example of decaying CDM (Cen 2001). However, each of
the assumptions listed are associated with specific cosmologi-
cal signatures that distinguish them from stable CDM. We now
consider the cosmological effects of each assumption in turn.

The lifetime of the DM decay sets the onset and rapidity of
decays. For extremely short lifetimes compared to the age of
the universe, with 7 < O(yr) (Kaplinghat 2005), decays before
recombination can transition a fraction of the dark matter into a
“warm” state by introducing an additional nonthermal velocity
component; this can change the initial conditions for structure
formation and increase the effective number of relativistic
degrees of freedom in the early universe (e.g., Blinov et al.
2020 and references therein). For decays that occur after
recombination but on a shorter timescale than the age of the
universe, cosmological observables are generally affected by
the resulting changes in DM composition at late times. For
extremely long decay lifetimes—of the order the age of the
universe or longer—the observable impacts relative to a stable
DM model are minimal. Furthermore, note that the lifetime of
the decay is occasionally parameterized according to the
fraction of DM that has undergone decays by z=0 (e.g.,
Cen 2001; Sanchez-Salcedo 2003).

The number of particles involved in the decay has several
consequences for cosmological observables. By allowing for
the parent particle to decay into N products, it is possible to
introduce up to N new and potentially unique dark sector
particles. The case of N=2 allows for the decay products to
take on a range of mass splitting values; our fiducial model
(detailed below) is an example of such a decay in which one of
the decay products is a dark radiation component, and the other
is a massive particle of comparable mass to the parent particle.
For N > 2, the complexity of the model increases (e.g., as in
Blackadder & Koushiappas 2014, 2016; Haridasu & Viel 2020),
leading to cosmological signatures that are generally more
difficult to disentangle than the N =2 case.

Finally, it is interesting to consider whether or not the decay
products include Standard Model particles. Particle collider
experiments have been used to constrain dark matter decays that
operate via Standard Model portals and scattering mechanisms,
including the Higgs portal (e.g., ATLAS Collaboration 2021) or
a more general coupling in the case of pseudo-Dirac dark mater
(e.g., Jordan et al. 2018; Bhattacharya & Slatyer 2019; Gonzalez
& Toro 2021). Similarly, gamma-ray and X-ray telescopes
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constrain WIMP-like models that decay into Standard Model
particles (e.g., Ackermann et al. 2015; Gaskins 2016; Ando et al.
2021).

2.2. Fiducial Decaying Dark Matter Model

In this paper, our fiducial DDM model consists of a cold,
massive DM particle x that decays to a slightly less massive
daughter DM particle x’ and a massless dark radiation species

,.Y/

X=X+ D
In our fiducial cosmology, x composes the entirety of the initial
DM. Denoting the mass of x by M and the mass of x’ by m,

this model can be parameterized by the decay lifetime 7 and the
mass splitting (Wang et al. 2014)

M —m
€= . 2
v, ()
These decays impart a recoil velocity
Viiek ~ €, 3)

assuming Vi < 1, on the daughter DM particle in the center-
of-mass rest frame of the parent particle (recall that we work in
natural units with ¢ =1). Following Peter (2010) and Wang
et al. (2014), we consider a parameter space in which the
decays occur at late times with small recoil velocities, with
7 ~ O(Gyr) and € < 1. Such models only mildly affect large-
scale structure (e.g., Poulin et al. 2016) while yielding
potentially observable effects on smaller scales, and particu-
larly on low-mass DM halos. Note that our fiducial DDM
model makes no assumptions about interactions between the
dark sector (i.e., any of the particles x, x’, or 7’) and the
Standard Model.

In Section 4.3, we demonstrate that the late-time suppression
of DDM subhalo abundances can be fit reasonably well using a
functional form similar to that used to describe the suppression
of the subhalo mass function in warm dark matter (WDM).
However, we emphasize that late-time subhalo disruption is a
dynamical effect in our DDM models while, for WDM-like
models, the effect is imprinted on the linear matter power
spectrum at early times. This distinction between DDM and
WDM models can also lead to differences in the relative
abundance of low-mass isolated halos and subhalos at a given
mass scale; in particular, the abundance of isolated halos and
subhalos is roughly equally suppressed in WDM-like models
(Stiicker et al. 2022), while subhalo abundances can be
preferentially suppressed in DDM.

It is informative to consider the limiting cases of our fiducial
two-body decay model. Longer DDM lifetimes lead to fewer
DM nparticle decays, and the model becomes more similar to
CDM at arbitrarily later times. Similarly, a smaller mass
splitting between parent and daughter particles leads to smaller
kick velocities—and less energy carried away by the dark
radiation component—and the model again approaches CDM.
We will consider lifetimes comparable to the Hubble time (or
longer) and kick velocities comparable to the circular velocities
of subhalos that host MW satellite galaxies; thus, our analysis
only directly constrains decays that change the distribution of
DM structure relative to CDM at late times.
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3. Effects of Dark Matter Decays on Milky Way Satellites

To develop intuition for the effects of dark matter decays on
MW satellite galaxy abundances, we consider a simple toy
model wherein we compute the maximum initial halo mass that
remains above a z =0 mass threshold corresponding to the
subhalos that host the faintest galaxies we use in our likelihood
analysis. This calculation provides a rough estimate of the halo
mass scales that are significantly affected in the DDM models
we consider; however, we use the cosmological zoom-in
simulations presented in Section 4 to make precise predictions
for DDM subhalo abundances.

We note that, although the toy model presented in this
section applies equally to subhalos and isolated halos, subhalos
experience tidal effects (after infall) that accelerate their mass
loss and that are exacerbated for DDM subhalos with reduced
central densities (Peter 2010; also see Figure 3). Thus, our
estimates of the halo masses that are significantly affected by
DM decays represent conservative lower limits for the subhalo
masses that are impacted, and the combination of decays and
tidal stripping shapes the simulated DDM subhalo populations
we study in Section 4. We reinstate units of ¢ in this section for
clarity.

For a halo with an initial mass M; at time ¢, it is possible to
determine the time needed for decays to reduce the halo mass
below a given threshold. By choosing this threshold to
correspond to the minimum mass of subhalos that host
observed MW satellites, this calculation yields a rough estimate
of the impact of DM decays on MW satellite abundances. In
addition, it highlights an important difference between DDM
and other non-CDM models, including WDM, which are
commonly considered on dwarf galaxy scales. In DDM, low-
mass halos can form at early times but evaporate due to decays
by late times, whereas, in models that only suppress the linear
matter power spectrum (e.g., WDM), subhalos below a mass
threshold never form.

For a halo with an initial number of particles N; that decay
with a lifetime 7, the number of particles that have not
undergone decay within a time interval At =t,— ¢; is given by

N(t):exp[—ﬂ]]\li 4)

T

assuming that all daughter particles are ejected from the halo
due to the recoil kick velocity. Because we will analyze DDM
models with Vi = 20 kms~! and 40 kms ™!, this is a reason-
able assumption for the subhalos that drive our constraints,
which typically have peak virial masses of ~ 10°M. and
peak maximum circular velocities of Ve, ~ 20 kms~' (Nadler
et al. 2019b, 2020b), corresponding to escape velocities
of Voe~28kms ' In the regime of Viick 2 Vpeak  (Which
guarantees that Viicx = Vinax), the impact of decays on low-
mass halos is effectively determined by the DM lifetime alone
(Wang et al. 2014).>*

We also assume that all parent and all daughter DM
particles, respectively, have the same mass; hence, the total

% This is consistent with a calculation of the energy injection due to DM
decays following Abdelgader & Melia (2008), which indicates that decays are
unlikely to unbind halos of the masses we consider within a Hubble time.
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Figure 1. Final subhalo mass (in units of peak virial mass) versus dark matter
decay lifetime for a subhalo that undergoes decays for the age of the universe
(g = 13.7 Gyr). For each peak subhalo mass, dashed horizontal lines indicate a
mass threshold My =2 X 107M,3 that we assume corresponds to the
minimum mass for subhalos that host satellites galaxies. This mass threshold
corresponds to subhalos resolved with roughly 100 particles in our zoom-in
simulations (see Section 4.1). For decay lifetimes of <10 Gyr, the abundance
of low-mass (Mpeax ~ 108M,) subhalos above the mass threshold is
significantly affected by decays alone (gray region).

mass of the halo after time interval Az is then given by
Mun) = exp| -2 |, )
T

To facilitate comparison with our simulation results, we adopt
the peak virial mass M., defined as the largest virial mass a
subhalo attains along its main branch in our zoom-in
simulations (see Section 4.1), as the initial mass M, For
simplicity and because My, is achieved at fairly high redshift
for typical subhalos in our simulations, we adopt the age of the
universe #y as At. Neither assumption has an important effect
on the qualitative results of our mass-loss calculation, which is
shown in the left panel of Figure 1. The majority of observed
MW satellites that enter our analysis inhabit subhalos in the
peak virial mass range of 108M®,§Mpeak§ 10'°M.,, where
M,k is the largest virial mass each subhalo ever achieves over
its entire main-branch history (Nadler et al. 2020b). In this
calculation and in our comparison to the MW satellite
population, we additionally assume that halos that fall below
a minimum mass threshold at z =0 cannot host observed MW
satellites. In our cosmological DDM simulations, subhalos are
no longer identified when their mass falls below a resolution
limit of ~2 x 10’M_,, corresponding to roughly 100 particles
(see Section 4.1); we adopt this as our minimum subhalo mass
threshold for MW satellites, My, csn,. This mass threshold is
reasonable given the dynamical properties of observed MW
satellites (e.g., Strigari et al. 2008).

Imposing our minimum z=0 mass threshold yields a
condition for the maximum M, that is significantly impacted
by decays:

t
Msub(tH) < Mhresh = €exp [__]Mpeak < Mhresh~ (6)
T
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Figure 1 shows the relation between final halo mass (in units of
Mqi) and decay lifetime, while indicating our mass threshold
over the range of peak subhalo masses relevant for our analysis.
Thus, for decay lifetimes 7< 10 Gyr, we expect low-mass
subhalos (Mpeax ~ 108M@) to approach the threshold mass and
(by construction) the resolution limit of our simulations due to
mass loss from decays alone. This foreshadows the suppression
of subhalo abundances at these mass scales derived from our
simulations in Section 4.2. Again, we note that our mass-loss
calculation applies equally to isolated halos, and thus predicts
that the abundance of isolated halos with similar peak masses
that remain above our threshold mass at z = 0 is suppressed by
decays. Appendix C examines this effect in our cosmological
zoom-in simulations.

We reiterate that the results in Figure 1 represent order-of-
magnitude estimates of DDM effects on low-mass subhalos,
and that our constraints are instead based on detailed
cosmological DDM simulations (see Section 4). Nonetheless,
the toy model presented above demonstrates that the abundance
and structure of subhalos expected to host MW satellite
galaxies are sensitive to DM particle lifetimes of O(10 Gyr)
and to the microphysics of these decays encapsulated by Vijex.

4. Decaying Dark Matter Subhalo Populations

The DDM models we consider differ from many popular
alternatives to CDM in that they feature late-time suppression
of small subhalos, rather than a suppression in the linear matter
power spectrum, which eventually manifests as a reduction of
subhalo abundances (i.e., smaller subhalos simply do not form
in, for example, WDM, whereas in DDM they can form
initially but are disrupted by late times). Importantly, this
precludes a first-principles mapping between the impact of
DDM and other well-studied CDM alternatives like WDM on
small-scale structure formation. Instead, we study the effects of
DM decays at late times and their impact on subhalo
populations using cosmological zoom-in simulations of MW-
mass systems to model the nonlinear impact of late-time DM
decays. We use these simulations to fit the suppression of the
subhalo mass function as a function of 7 for Vi, = 20 kms ™!
and 40 kms ' separately, and we use these fits in our likelihood
framework to constrain 7 as described in Section 5.2.%

Section 4.1 gives an overview of the DDM and CDM
simulations used in this work, Section 4.2 describes the general
characteristics of the DDM subhalo populations, and
Section 4.3 studies the suppression of subhalo abundances
relative to CDM and derives an analytic model for this effect to
enable the statistical inference performed in Section 5.

4.1. Cosmological Zoom-in Simulations

To study the impact of DDM physics on low-mass subhalos
and to derive predictions for the suppression of the subhalo
mass function (SHMF), we use an expanded set of cosmolo-
gical zoom-in simulations of MW-mass halos in DDM models
based on those presented in Wang et al. (2014). In particular,
we study six simulations with DDM parameters (7/ Gyr,
Vider/ kms™1) € {(10, 20), (20, 20), (20, 40), (40, 20), (40, 40),
(80, 40)} and a corresponding CDM simulation, all with

35 We focus on Vigek = 20 kms ™! and 40 kms ™! following Peter (2010) and
Wang et al. (2014), who found that these kick velocities are sufficient to
significantly impact subhalo abundances and internal densities.
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identical initial conditions. These simulations were performed using
a version of the GADGET-2 (Springel 2005) and GADGET-3
N-body codes as modified by Peter et al. (2010b). The simulations
are run in a box of length 50 hMpc " per side and zoom in on a
halo mass of M~ 10”M. (Wang et al. 2014). The highest-
resolution region is simulated with a Plummer-equivalent force
softening of 143pc and a particle mass of 1.92 x IOSM@.56
Cosmological parameters are set to {2y, = 0.266, (25 =0.734,
ny,=0.963, h=0.71, and o0g = 0.801 (Jarosik et al. 2011), and
we analyze these simulations using the ROCKSTAR (Behroozi
et al. 2013a) halo finder and CONSISTENT-TREES (Behroozi
et al. 2013b) merger tree code.

We emphasize that the Wang et al. (2014) simulations are
not specifically selected to resemble the MW in properties
beyond its host halo mass. To derive the DDM constraints in
Section 5, we therefore analyze the two additional MW-like N-
body zoom-in simulations originally presented in Mao et al.
(2015) and studied in Nadler et al. (2020b, 2021c¢) to model the
MW satellite galaxy population. The properties of these host
halos are consistent with the mass and concentration of the
MW halo and include both realistic Large Magellanic Cloud
(LMC) analog systems on recent infall and Gaia-Sausage-
Enceladus-like merger events at early times (Belokurov et al.
2018; Helmi et al. 2018). We describe these simulations in
detail in Appendix A. We also perform several DDM
resimulations of these systems, which we use in Appendix B
to validate that the impact of DDM on the subhalo populations
in our expanded suite of Wang et al. (2014) simulations is
consistent with its impact on MW-like systems. Throughout
this paper, the expanded suite of simulations from Wang et al.
(2014) are represented with a yellow—green—blue—purple color
scheme. Plots using the MW-like resimulations only appear in
Appendix B & C and are represented with a red—purple color
scheme.

4.2. Decaying Dark Matter Subhalo Populations

We begin by summarizing the main differences between the
DDM and CDM subhalo populations in the Wang et al. (2014)
simulations. Figure 2 shows the SHMFs in the Wang et al.
(2014) simulations introduced in Section 4.1, defined as the
cumulative abundance of subhalos as a function of peak
subhalo virial mass. The SHMFs for DDM models with a range
of lifetimes for each Vii =20kms ' (40kms™ ') are shown
on the upper left (right) panels. Lowering the decay lifetime
and increasing the kick velocity both systematically decrease
the abundance of surviving subhalos at low masses. Note that
the ratio of the DDM SHMF relative to CDM at peak subhalo
masses above ~ 10°M, is consistent with unity within the
statistical precision of our simulations; this behavior is
conservatively reflected in our fitting function predictions
(lower panels of Figure 2; see Section 4.3). We leave a detailed
study of dark matter decays on the abundance and density
profiles of more massive subhalos to future work. Importantly,
our main results are driven by the abundance of subhalos with
masses below this threshold (see Nadler et al. 2020b, 2021c).

Figure 3 shows the distribution of subhalo present-day
maximum circular velocity, V., divided by its peak value,
Vpeak, again for DDM models with Vige = 20 kms~! (40 kms_l)

56 We define virial quantities according to the Bryan & Norman (1998) virial
definition, with overdensities A;; set according to the cosmological parameters
in our two simulation suites.
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on the left (right). There is a pronounced decrement in this ratio
for each of our DDM simulations relative to their CDM
counterparts, implying that subhalos’ central densities are
reduced in DDM, consistent with the findings of Peter et al.
(2010b) and Wang et al. (2014). This effect could be leveraged
to improve DDM constraints by incorporating MW satellites’
stellar velocity dispersion measurements in the inference (e.g.,
Drlica-Wagner et al. 2019; Kim & Peter 2021), rather than
relying solely on their surface brightness function and radial
distribution.

Figure 4 shows the z=0 radial distribution of surviving
subhalos in the DDM and CDM simulations. Note that the
suppression of subhalo abundances in these DDM simulations
is roughly radially independent, which is consistent with the
intuition developed in Section 3: because decays alone
significantly deplete the mass contained in small subhalos,
the suppression of subhalo abundance is mainly determined by
M e, which is not strongly correlated with present-day radial
distance (e.g., Springel et al. 2008), even in the presence of the
LMC (Nadler et al. 2021a).>” On the other hand, note that
suppression of subhalo abundances due to the Galactic disk is a
strong function of radius and only weakly depends on subhalo
mass (Garrison-Kimmel et al. 2017; Kelley et al. 2019). We
will exploit the fact that the shape of the radial distribution of
surviving subhalos is approximately unchanged in DDM
relative to CDM when deriving our constraints in Section 5.

In Appendix C, we study the evolution of DDM subhalo
abundances in our MW-like resimulations described in
Appendix A. We find that the suppression of the DDM SHMF
relative to CDM sets in at late times (z < 2), which is expected
based on the long timescale (of the order of the Hubble time) of
the decays in the models we consider. This is consistent with
the intuition that small-scale structure is only suppressed in
DDM at late times. This implies that probes of small-scale
structure in the low-redshift universe, including MW satellite
galaxies, stellar streams, and strong gravitational lenses, are
uniquely suited to constrain DDM models. On the other hand,
probes of the same comoving scales at earlier times, including
the Lya forest (Viel et al. 2013; IrSi¢ et al. 2017; Palanque-
Delabrouille et al. 2020) and the high-redshift galaxy
luminosity function (Schultz et al. 2014; Menci et al. 2016;
Corasaniti et al. 2017; Rudakovskyi et al. 2021), offer
relatively less constraining power for these models.

4.3. Subhalo Mass Function Suppression

Having explored the main features of the subhalo popula-
tions in our DDM simulations, we now derive a fitting function
for the suppression of the SHMF relative to CDM. In particular,
we express the DDM SHMF as

( dIVsub

stub)
= M, 1, Vi R 7
M )DDM fDDM( kck)( M oM ( )

where fopm(M, T, Viiex) is the suppression of the DDM SHMF
relative to that in CDM as a function of subhalo peak virial
mass, decay lifetime, and recoil kick velocity. Note that, due to
the resolution limit of our simulations, fppy describes the
suppression of subhalo abundances above a present-day mass
threshold of ~ 2 x 10’M_,. To measure this quantity, we fit the

57 This is also supported by Figures 11-12, which show that the suppression of
isolated halo and subhalo abundances in our DDM resimulations of MW-like
systems is comparable.
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Figure 2. Top panels: subhalo mass functions at z = 0 for the MW-mass host halo in the expanded suite of zoom-in simulations from Wang et al. (2014). SHMFs are

shown at z = 0 in CDM (dashed gray) and in DDM models with 7 = 10, 20, 40, and 80 Gyr (from yellow to purple), with Vy;. = 20 kms™

(left panel) and 40 kms ™!

(right panel) as a function of peak subhalo virial mass Mpca. All SHMFs are restricted to subhalos above a conservative resolution threshold of Vpea > 10 kms ™" and
Vinax > 9 kms ™!, Shorter DDM decay lifetimes result in fewer surviving subhalos at low peak masses relative to CDM, and this effect is more pronounced for models
with higher kick velocities. Bottom panels: suppression of the subhalo mass function relative to CDM at z = O for the same DDM models shown in the top panels.
Solid lines show the SHMF suppression measured directly from our expanded suite of zoom-in simulations based on Wang et al. (2014), and dashed lines show the
best-fit function derived in Section 4.3 for each DDM model. Shaded bands indicate 68% confidence interval Poisson uncertainties on the simulation measurements,
which are consistent with no suppression (i.e., Nppm/Ncpm = 1 at peak masses Mpeax 2 10°M_... Thus, our fitting functions approach unity in the high-mass regime.)

output of the DDM simulations from Wang et al. (2014)
described above using a functional form of the SHMF similar
to that proposed for warm dark matter (Benito et al. 2020;
Lovell 2020):

M, B\ (T Viiek)
Joom M, 7, Viex) = (1 + (ﬁ) ) , (8)

where

Vi icl
YT, Viiek) = vo%. )

To determine the parameters M,, 0, and -y, we perform
least-squares fitting over a grid of SHMF values as a function
of Mpcac with varying 7 and Vi We perform this fit over a
mass range of 3.8 x 10’-9.4 x 10°M., and derive best-fit
values of

log(My /M) = 8.5, (10)
6 =0.6, (11)

Y0 = 0.8, (12)

with a reduced y” goodness of fit of 0.3 (which reflects the
relatively large Poisson uncertainties on the SHMFs).’® The fit
of Equation (8) with these best-fit values is shown in the lower
panels of Figure 2. Although this fit slightly overpredicts
SHMF suppression at peak masses below ~ 5 x 10°M,., we
estimate that this only influences our limits at the ~ 5 Gyr level
because most of the constraining power results from satellites
associated with higher-mass halos (Section 5.2).

It is important to note that, while Equation (8) empirically
describes the suppression of the DDM SHMF relative to CDM,
it is neither derived from first principles nor physically
motivated. Moreover, it only accurately describes SHMF
suppression for the range of (7, Vj ) sampled in our expanded
suite of simulations based on Wang et al. (2014), which is

58 The suppression of the DDM SHMF has a slightly weaker dependence on
subhalo mass than in WDM, for which 5~ 1.0 and v~ — 0.99 (Lovell et al.
2014).
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Figure 3. Cumulative distribution function of subhalo z = 0 maximum circular velocity, Viax, relative to its peak value, Vpeax, for subhalos of the MW-mass host halo
in the expanded suite of zoom-in simulations from Wang et al. (2014). Distributions are shown for CDM (gray) and in DDM models with 7 = 10, 20, 40, and 80 Gyr
(from yellow to purple), with Vi = 20 kms ™! (left column) and 40 kms ™" (right column). All distributions are restricted to subhalos above a conservative resolution
threshold of Vea > 10 kms ™! and Vjux > 9 kms~!. Subhalos in our DDM simulations exhibit systematically lower values of Vinax /Vpeax telative to CDM, and this
effect is more pronounced for shorter decay lifetimes and higher kick velocities. This indicates that the central densities of DDM subhalos are reduced, consistent with

previous studies (e.g., Peter et al. 2010b; Wang et al. 2014).

bounded below (above) by 7/ Gyr, Vige/ kms ™' = 10, 20 (80,
40), with z = 0.

5. Constraints from Milky Way Satellite Galaxies
5.1. Forward Model and Fitting Procedure

To constrain the effects of DDM physics using observations
of MW satellite galaxies, we incorporate the suppression of the
SHMF derived from our DDM simulations into a forward-
modeling framework that generates realizations of the satellite
populations observed by DES and PS1. In particular, we apply
the galaxy—halo connection model presented in Nadler et al.
(2020b) to the subhalo populations in the two CDM MW-like
simulations from the Mao et al. (2015) suite in order to predict
the absolute magnitude, half-light radius, and Galactocentric
distance distributions of satellites corresponding to subhalos in
each simulation. We model the suppression of the SHMF in
DDM by applying a fitting function to these CDM simulations
because they have realistic LMC analogs and to enable a more
direct comparison with Nadler et al. (2021c).

Our galaxy—halo connection model includes eight free
parameters that control the abundance-matching model that
relates satellite luminosity to subhalo peak maximum circular
velocity, the size model that relates satellite half-light radius to
subhalo size at accretion, the efficiency of subhalo disruption
due to the Galactic disk, and the minimum peak halo mass and
scatter of the galaxy occupation fraction. These parameters are
defined in Appendix D and Table 2; we refer the reader to
Nadler et al. (2020b) for a comprehensive description of the
galaxy—halo connection model. Following Nadler et al.
(2021c), we add one free parameter to this model, 7, which
controls the suppression of the DDM SHMF at a given Vi
according to quuation (8), and we perform the analysis for
Viiek =20 kms™ " and 40 kms ™! separately. The contribution of
each satellite to the mock observed number count is then
weighted according to the probability that its corresponding
subhalo survives for a given set of DDM parameters.

As in Nadler et al. (2021c¢), this procedure assumes that the
shape of the subhalo radial distribution is unchanged in DDM

relative to CDM, which is demonstrated in Figure 4 for our
MW-mass simulations and Figure 10 for the MW-like simula-
tions used in the inference. Furthermore, we do not modify
the fiducial subhalo disruption probabilities predicted by the
Nadler et al. (2018) algorithm, which was calibrated on CDM
hydrodynamic simulations. This is a conservative assumption
because DDM reduces the central densities of surviving subhalos
(see Figure 3), making them more susceptible to tidal disruption;
however, because these disruption probabilities are marginalized
over in our fitting procedure, this assumption is not expected to
significantly impact our constraints. Note that we do not account
for adiabatic expansion of satellite sizes due to decays, which is
also a conservative strategy because this effect would push some
predicted satellites below the detectability threshold, thereby
forcing even lower-mass subhalos to contribute and leading to
more stringent DDM constraints.

For a given set of galaxy—halo connection and DDM model
parameters, we perform mock observations of the DES and PS1
satellite populations using the observational selection functions
presented in Drlica-Wagner et al. (2020) by self-consistently
orienting the survey footprints relative to the LMC analogs in
our MW-like simulations. Thus, our procedure explicitly
incorporates inhomogeneities in the spatial distribution and
detectability of MW satellites and yields realizations of the
observed DES and PS1 satellite populations that are compared
to the data from Drlica-Wagner et al. (2020) by assuming that
satellite surface brightness is distributed according to a Poisson
point process in each survey footprint.

Following Nadler et al. (2020b, 2021c), we use the sample of
kinematically confirmed and probable dwarfs from Drlica-Wagner
et al. (2020). We remind the reader that, unlike in the WDM-like
analyses from Nadler et al. (2021c), we additionally assume that
observed MW satellites occupy subhalos above a minimum
present-day mass threshold of ~ 2 x 10’M_,, which was imposed
when deriving our DDM SHMF suppression predictions.
Although subhalos stripped below this resolution threshold are
technically included in our analysis through our orphan satellite
model following Nadler et al. (2020b), the abundance of these
systems is assumed to follow an extrapolation of the DDM SHMF
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Figure 4. Subhalo radial distributions at z = 0 as a function of distance from the center of the host halo in the expanded suite of zoom-in simulations from Wang et al.
(2014) for CDM (dashed gray) and for DDM models with 7 = 10, 20, 40, and 80 Gyr (from yellow to purple), with Vi = 20 kms ! (left panel) and 40 kms ™! (right
panel). The bottom panels show the ratio of the radial distribution in each DDM model relative to CDM. All results are restricted to subhalos above a conservative
resolution threshold of Ve > 10 kms~! and Vinax > 9 kms~!. Shorter DDM decay lifetimes result in fewer surviving subhalos at all radii relative to CDM, and this
effect is more pronounced for models with higher kick velocities. The virial radius is taken to be 300 kpc. Shaded bands indicate 68% confidence interval Poisson

uncertainties on the simulation measurements.

suppression derived in Section 4.2, and their contribution to our
results is therefore negligible.

We use the Markov Chain Monte Carlo code emcee
(Foreman-Mackey et al. 2013) to simultaneously fit for eight
parameters governing the galaxy-halo connection and the
efficiency of subhalo disruption due to the Galactic disk, and
one parameter governing the impact of DDM. In particular, we
fit for the power-law slope of the satellite luminosity function
(a), the scatter in luminosity at fixed Vicak (o), the mass at
which 50% of halos host galaxies (log(Msy/M)), the strength
of subhalo disruption due to baryons (B), the scatter in the
galaxy occupation fraction (og,), the amplitude of the galaxy—
halo size relation (A), the scatter in half-light radius at fixed
halo size (0iogr), the power-law index of the galaxy—halo size
relation (n), and the lifetime of the DM particle (log(7/ Gyr)).
Note that we fit for log 7 (where 7 is measured in gigayears),
rather than 7 itself, using a uniform prior on the logarithmic
quantity in the range log7 € [1.3, 1.9]; the remaining prior
distributions are identical to those adopted in Nadler et al.
(2020b).>° We perform two separate fits at fixed Vijx=
20kms~' and 40 kms_l, each of which uses 36 walkers,
discards a burn-in period of ~20 autocorrelation lengths, and
retains ~ 10° samples corresponding to ~100 autocorrelation
lengths.

5.2. Results

The posterior distributions from our Vi =20 kms~! and

Viiek = 40 kms ! fits are summarized in Table 1 and shown in
Figure 5. The marginalized posterior distributions for the eight

59 Although our DDM simulations sample down to 7= 10 Gyr, we use a
slightly higher lower-limit of the log 7 prior, below which the marginalized
posterior is flat and nearly zero; this is a conservative choice.

galaxy—halo connection parameters are nearly identical in both
cases, and are consistent with the CDM fit in Nadler et al.
(2020b). For both values of Vy;., we obtain a lower limit on
log 7, which is expected because the CDM model (i.e., the
large 7 limit) is consistent with the data. At 95% confidence, we
obtain log(7/ Gyr) > 1.46 (7> 29 Gyr) for Vi;q =20 kms ™!
and log(7/ Gyr) > 1.63 (7>43 Gyr) for Vg =40 kms ™!
(Table 1).

Following Nadler et al. (2021c), we scale these constraints to
conservatively account for uncertainty in the MW host halo
mass, which is known to impact limits on non-CDM models
derived from the MW satellite population (e.g., Newton et al.
2021). In particular, for each V., we compute the value of 7
that decreases fppy by 27% relative to its value at the original 7
constraint when evaluated at a peak subhalo mass of 3.2 x
108M.,. This value corresponds to the minimum halo mass
probed by the DES and PS1 data in CDM (Nadler et al. 2020b),
and therefore represents an upper limit on the minimum halo
mass in our DDM inference. The 27% uncertainty corresponds
to the ratio of the maximum allowed MW halo mass from
Callingham et al. (2019), appropriately converted to our virial
mass definition, relative to the average host halo mass from our
MW-like simulations used to perform the inference. We
assume that this uncertainty affects the allowed amount of
SHMF suppression linearly when deriving our conservative
constraints on 7. For lower values of 7, the number of MW
satellites with L < 10* L., predicted to be observed in the DES
and PS1 footprints is significantly lower than the data, similar
to the alternative DM models shown in Figure 1 of Nadler et al.
(2021c¢).

This procedure yields our fiducial and conservative 95%
confidence constraints of 7> 18 Gyr for Vi = 20 kms ™' and
7>29Gyr for Vijg =40 kms~!. The SHMF suppression
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Table 1
Prior Distributions and 95% Credible Intervals Derived from the Marginalized Posterior for Each Parameter from Our DDM Fits to the MW Satellite Population for
Vigek = 20 kms ™" and Vigex = 40 kms ™" (Figure 5)

95% Credible Interval

Parameter Prior Distribution

Viiek = 20 kms ™! Viiek = 40 kms ™"
« arctan o ~ unif(—1.1, —0.9) [—1.452, —1.378] [—1.454, —1.381]
oM oy ~ unif(0, 2) dex [0.00%, 0.36] dex [0.00%, 0.37] dex
log(Mso /M) log(Mso /M) ~ unif(7.5, 11.0) [7.50%, 8.01] [7.50%, 7.99]
B InB~ Nu=1.0,0=05) [0.33, 1.84] [0.33, 1.75]
Ogal Ogal ~ unif(0, 1) dex [0.03%, 0.79] dex [0.03%, 0.76] dex
A A ~ unif(0.0, 0.5)kpc [15, 93] pc [16, 76] pc
OlogR Ologr ~ unif(0, 2) dex [0.01%, 0.86] dex [0.00%, 0.75] dex
n n~ Nup=10,0=0.5) [0.50, 2.00%] [0.56, 2.00%]
log(7/ Gyr) log(7/ Gyr) ~ unif(1.3, 1.9) [1.46, 1.907] [1.63, 1.90%]

Note. The first eight parameters describe the galaxy—halo connection model used to associate satellite galaxies with subhalos in our MW-like zoom-in simulations
(Nadler et al. 2020b), and the final parameter corresponds to the DDM particle lifetime. Definitions for each parameter are given in Appendix D. Asterisks denote
prior-constrained limits. See Table 2 of Nadler et al. (2020b) for motivations for the prior distributions of the eight parameters describing the galaxy—halo connection
model; note that the prior on n is bounded between 0.0 and 2.0 for convergence.

relative to CDM and the predicted luminosity function of DES
and PS1 satellites for each of these models are shown in the left
and right panels of Figure 6, respectively. The right panel of
Figure 6 also compares these predictions to the observed
luminosity function, demonstrating that the DDM models that
our analysis rules out yield significantly fewer ultra-faint
satellites than observed by DES and PS1, after accounting for
observational selection effects and conservatively margin-
alizing over modeling uncertainties.

Figure 7 shows these lower limits on log(7/ Gyr) for Vi =
20kms~ ' and 40kms ' alongside the preferred region of
DDM parameter space that potentially alleviates the Sg tension
(Abellan et al. 2022). As discussed in detail in Section 6.1,
these constraints very conservatively exclude roughly half of
the DDM parameter space favored to resolve Sg tension
(Abellan et al. 2022) and the H, tension (Vattis et al. 2019).
Our results are conservative in this context because our fits are
performed at extremely low Vi relative to the typical values
used to alleviate these cosmological tensions. Moreover, our fit
only directly incorporates the effects of DDM physics on
subhalo and satellite abundances, and therefore does not
leverage the reduced central densities of DDM subhalos, which
may yield additional constraining power.

6. Discussion

In this section, we place our DDM constraints in the context
of previous studies (Section 6.1) and compare our constraints to
those derived for other dark matter models using a similar
analysis of the MW satellite population (Section 6.2).

6.1. Comparison to Previous Studies

We now place our results in the context of previous DDM
studies, including (but not limited to) studies of MW satellite
galaxies. We reiterate that our analysis makes conservative
assumptions regarding both the microphysics of DM decays
and their impact on structure formation. In particular, our
constraints only directly apply to two-body decays that yield a
cold, stable DM daughter particle, and to DDM models with
sufficiently long lifetimes such that small-scale structure is only
significantly affected relative to CDM at late times. We
therefore caution that it is not straightforward to compare our
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results with limits from DDM models with different decay
mechanisms or to limits on short-lifetime decays that affect the
pre-recombination universe. As a result, the following discus-
sion focuses on limits derived for the same family of DDM
models considered in our analysis. Beyond these cases,
mapping the suppression of the subhalo mass function for
our fiducial two-body decay model to that in a single-body
decay would allow for a more direct comparison with many
large-scale structure analyses (e.g., Chen et al. 2021; Hubert
et al. 2021); this is left to a future work.

6.1.1. Limits from Milky Way Satellites

Several authors have studied the impact of decays on MW
satellite galaxies for the same class of DDM models we
consider. In particular, Peter & Benson (2010) compared the
population of classical and Sloan Digital Sky Survey—
discovered MW satellite galaxies to DDM predictions. These
authors found that 7<30Gyr is ruled out for20kms ' <
Videk <200 kms !, where specific results depend on assump-
tions regarding the star formation histories of satellites and the
evolution of subhalos and satellites in their semi-analytic model
in detail.*® These limits are consistent with and slightly weaker
than our fiducial constraints.

The most stringent limits from Peter & Benson (2010) are
driven by the inferred mass enclosed within 300 pc of each
MW satellite rather than the overall abundance of these
systems. Thus, these limits are mainly set by the mass loss and
reduction in central densities of DDM subhalos, rather than
their enhanced disruption relative to CDM. From an observa-
tional standpoint, the enclosed mass depends on the measured
stellar velocity dispersion for each satellite and a mapping
between this quantity and a halo mass proxy (e.g., Vinax), both of
which are accompanied by significant systematic uncertainties.

On the other hand, our DDM constraints are driven by the
abundance of confirmed and candidate dwarf galaxies in the
DES and PS1 data sets as a function of absolute magnitude,
half-light radius, and heliocentric distance, which we leverage
in a statistical forward model. Integrating comparisons of
predicted and inferred central dynamical masses into our model

60 Peter et al. (2010a) synthesized the results of Peter et al. (2010b) and Peter
& Benson (2010), reporting that 7 < 40 Gyr is ruled out for Vi > 20 kms ™.
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Figure 5. Posterior distributions from our DDM fits to the DES and PS1 satellite populations for Vy;x = 20 kms ™! (green) and Vi = 40 kms ™! (purple). The effects
of dark matter decays are more pronounced due to the greater kick velocity in the Vi = 40 kms™ " case, raising the lower bound on the decay lifetime relative to the
Vigek = 20 kms ! case. Constraints on the eight galaxy—halo connection parameters are consistent for both values of Vy;c. These parameters govern the faint-end slope
(a) and scatter (o) of the satellite abundance-matching relation, the peak subhalo mass at which 50% of subhalos host galaxies (log Msg, in units of M), the
efficiency of subhalo disruption due to the Galactic disk (83), the scatter in the galaxy occupation fraction (0g,), the amplitude (A), scatter (0iog ), and power-law
index (n) of the satellite—subhalo size relation, and the dark matter particle lifetime (log 7, in units of gigayears). Note that o, 04,1, and ojog  are reported in dex and A
is reported in parsecs. Definitions for each parameter are given in Appendix D.

is an important area for future work that will likely yield even
more stringent constraints on DDM.

Several other authors have studied whether the family of
DDM models that we analyze can reconcile the apparent
tension between the predicted and inferred density profiles of
dwarf galaxy halos. In particular, Wang et al. (2014) found that
lifetimes 7 ~ (10 Gyr) and kick velocities Vigex ~ 20 kms ™'
are consistent with classical MW satellite galaxies. Meanwhile,
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Chen & Chu (2021) studied the density profile of isolated
dwarf galaxies, finding that 7 < 7.0 Gyr is needed to explain
these measurements for Vi =20 kms~!; these results are
consistent with those in Sanchez-Salcedo (2003) and Abdelqa-
der & Melia (2008).

Comparing our constraints to these previous results implies
that DDM models that significantly alter dwarf galaxy central
densities are not viable because they simultaneously reduce
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to data is described in Nadler et al. (2020b).
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Figure 7. Lower limits from our fits for Vi; = 20 kms ™! and 40 kms™! are
shown as points with black arrows indicating allowed parameter space. The
corresponding excluded region is identified with black crosshatching. The
region of DDM parameter space that potentially alleviates the Sg tension
(Abellan et al. 2022) is shown by the lavender contour, where dark (light)
shading shows 68% (95%) confidence intervals. Note that the posterior
distribution from Abelldn et al. (2022) is limited by their prior range and does
not extend to values of Vy;cx as low as those studied in this paper. The typical
magnitudes of peak velocities for MW satellite halos and host halo are
indicated by vertical dashed gray lines.

MW satellite galaxy abundances to unacceptable levels. Similar
conclusions have been drawn for warm and fuzzy DM, which
drastically suppress the abundance of ultra-faint dwarf galaxies
before they yield an observable impact on the density profiles
of brighter dwarfs (Maccio et al. 2012; Safarzadeh & Spergel
2020; Nadler et al. 2021c).

6.1.2. Limits from Galaxy Clusters

Peter et al. (2010b) used the halo mass—concentration
relation and mass function derived from galaxy clusters to
estimate limits on the DDM kick velocity and lifetime, finding
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that galaxy cluster observations rule out decay times less than a
few times the age of the universe for kick velocities greater
than ~ 100 kms™ . These results are qualitatively consistent with
our constraints in Figure 7, in the sense that larger values of Vi
result in more stringent constraints on 7, and they disfavor
regions of parameter space that lie along this degeneracy at larger
Viiek than sampled by our analysis. As noted by Peter et al.
(2010b), these results are approximate and warrant a detailed
statistical analysis based on cosmological DDM simulations.

6.1.3. Limits from the Lya Forest

Aside from the impact of DDM microphysics on low-mass
subhalos at late times, DM decays can leave a substantial
imprint on small-scale structure throughout cosmic history. For
example, Wang et al. (2013) used observations of the Ly«
forest to exclude 7 < 10 Gyr and Vie = 30-70kms ™' for the
same class of DDM models we consider. These constraints are
again consistent with, and weaker than, our fiducial results,
which is reasonable given that recent MW satellite constraints
on WDM are more stringent than WDM constraints derived
using the Ly« forest data considered in Wang et al. (2013; e.g.,
see Nadler et al. 2021c). As discussed in Wang et al. (2013),
more precise limits likely entail a joint inference of intergalactic
medium (IGM) properties and small-scale clustering based on
hydrodynamic DDM simulations because IGM properties are
partially degenerate with DM properties (e.g., Garzilli et al.
2021).

We note that low-redshift tracers of small-scale structure,
including observations of ultra-faint dwarf galaxies, stellar
streams, and strong gravitational lenses, are well suited to test
DDM physics because the impact of DM decays on small-scale
structure becomes more severe at late times. Thus, a detailed
study of the synergies between small-scale structure probes that
sample distinct scales and redshifts, including ultra-faint dwarf
galaxies, stellar streams, strong gravitational lensing, and the
Lya forest, is particularly interesting in the context of
DDM and promises to yield precise joint measurements (see
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Enzi et al. 2021; Nadler et al. 2021b for examples of joint
WDM constraints).

6.1.4. Limits from Other Cosmological Probes

DDM has recently gained interest as a potential solution to
the Hy and og tensions because it can potentially reduce the
late-time expansion rate and matter power spectrum without
strongly affecting early universe observables including the
CMB. In particular, Vattis et al. (2019) found that DDM
can resolve the H, tension for 7=35Gyr and e¢=0.16
(Viiek ~ 10* kms™1) by combining late-time measurements of
the expansion rate including distance-ladder, baryonic acoustic
oscillation (BAO), quasar, and Ly« auto- and cross-correlation
data. However, subsequent analyses have shown that this
model is excluded by additional data sets. Specifically,
Haridasu & Viel (2020) used Type Ia supernovae, BAO, and
time delay measurements of gravitationally lensed quasars with
priors set by the CMB to derive a limit of 7> 9 Gyr for two-
body decaﬁys at the maximum allowed value of e¢=0.5
(Viiek &~ 10° kms ™) in their analysis. Similarly, Clark et al.
(2021b) used Planck CMB power spectra measurements to
derive 7> 1000 Gyr for e¢=0.5. Neither of these analyses
found that viable DDM models (at such high mass splitting
ratios) can significantly affect the present-day expansion rate.

Meanwhile, Abellan et al. (2022) found that DDM can resolve
the Sg tension for 7= 56 Gyr and € ~ 0.007 (Vyek = 10° kms™")
by combining Planck CMB lensing and power spectra, BAO
data, and Type Ia supernovae with KIDS1000+BOSS+2dfLenS
measurements of Sg. Abelldn et al. (2021) found that this
conclusion is robust to the inclusion of additional cosmological
and experimental constraints, and that it can potentially explain
the anomalous XenonlT electron recoil excess (Aprile et al.
2020; Kannike et al. 2020).

Our analysis excludes 7< 18Gyr for Vi =20 kms ™!
(e~ 10~%); this value of Vi is significantly lower than those
preferred by the H, and Sg analyses described above. Because
the impact of DDM on small-scale structure becomes more
severe for larger values of Vi, we can extremely conserva-
tively interpret this fiducial constraint on 7 as a limit on the
DDM models considered by, e.g., Vattis et al. (2019) and
Abellan et al. (2022). As shown by the crosshatched regions in
Figure 7, thisdisfavors the preferred DDM parameter space
reported by Abellan et al. (2022) for low values of 7 and Viger: !
In practice, we expect our constraints on 7 to become much
more stringent for these models. For example, because halos
with characteristic virial velocities of O(Vjek) are affected by
DM decays, we expect that the Vi = 10> kms™! model
considered by Abelldn et al. (2022) would significantly affect
the structure and abundance of halos that host MW-mass and
even larger galaxies. In turn, structure on dwarf galaxy scales is
likely completely different than in CDM (and therefore
incompatible with MW satellite data) for all values of 7
preferred by these analyses, though dedicated future work is
necessary to quantify this claim.

6.2. Comparison to Constraints on Other Dark Matter Models
from Milky Way Satellites

We now place our DDM results in the context of constraints
on other DM models derived from the MW satellite population

5! Note that the posterior from Abelldn et al. (2022) is prior-limited and not
strongly constrained as a function of 7.
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and discuss implications for small-scale structure observables.
We limit our quantitative comparison to the WDM constraints
from Nadler et al. (2021c¢) because this study used an identical
modeling framework with the exception of the assumed SHMF
suppression; however, we note that many other studies have
used the MW satellite population to derive WDM constraints
(e.g., Maccio & Fontanot 2010; Polisensky & Ricotti 2011;
Anderhalden et al. 2013; Kennedy et al. 2014; Kim et al. 2018;
Nadler et al. 2019a; Dekker et al. 2021; Newton et al. 2021).%>

Nadler et al. (2021c) found that thermal relic WDM masses
below 6.5 keV are excluded by the same MW satellite census
that we consider at 95% confidence after marginalizing over an
identical set of galaxy—halo connection and MW halo mass
parameters. This WDM model suppresses subhalo abundances
by ~ 25% relative to CDM at the minimum observed halo mass
scale of 3.2 x 108M®;the SHMF declines rapidly at smaller
masses, reaching ~75% suppression relative to CDM at its
half-mode mass of 3.8 x 10’M_,. For comparison, the DDM
models we rule out at 95% confidence suppress the subhalo
mass function by ~ 50% at the minimum observed halo mass
scale, and their SHMFs decline less rapidly than for the ruled-
out WDM model at lower peak subhalo masses. We reiterate
that our fit to the DDM SHMEF suppression is only valid for
subhalos above a present-day mass threshold of ~ 2 x 10’M_,
and that robust estimates for subhalo abundances at lower
masses require higher-resolution simulations.

Although regions of parameter space for both WDM-like and
DDM models are excluded by the abundance of known MW
satellites, these scenarios make distinct predictions for other
dwarf galaxy and small-scale structure observables. In
particular, decays can significantly deplete both low-mass
isolated halos and subhalos of dark matter at late times,
lowering predicted mass-to-light ratios for both satellite and
field dwarf galaxies relative to CDM. Similarly, mass loss and
momentum transfer due to decays reduce halos’ central
densities, which future observations of dynamical tracers in
MW satellites will better inform (Simon et al. 2019). On the
other hand, WDM halos with masses well above the half-mode
scale do not significantly differ in present-day mass relative to
CDM, though delayed formation lowers their concentration
(Bose et al. 2016; Stiicker et al. 2022). Combining our
constraints with small-scale structure observables that are
sensitive to the abundance and internal structure of halos and
subhalos at late times, including strong gravitational lensing
(e.g., Minor et al. 2017; Gilman et al. 2020a, 2020b; Hsueh
et al. 2020), will therefore help differentiate these classes of
models.

In addition to the WDM-like models discussed above, it is
also interesting to contrast the effects of DDM with those of self-
interacting DM (SIDM), which can also suppress the abundance
of low-mass subhalos while altering their density profiles
(Vogelsberger et al. 2012; Zavala et al. 2013; Tulin & Yu
2018; Robles et al. 2019; Nadler et al. 2020a, 2021a). Unlike
DDM, which (to first order) equally depletes both isolated
halos and subhalos of dark matter relative to CDM, subhalos’
mass loss and disruption in SIDM are closely tied to their
orbital histories (e.g., Dooley et al. 2016; Jiang et al. 2021).

62 Nadler et al. (2021c¢) also derived constraints on DM-baryon interactions
and fuzzy DM based on the suppression of the linear matter power spectrum
and low-mass halo abundances in these models. We consider these “WDM-
like”” models for this discussion, although they may have distinct effects on the
MW satellite population in detail.
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Thus, comparing the abundance and internal structure of
isolated halos and subhalos—for example, through joint
analyses of field and satellite dwarf galaxy populations or of
line-of-sight and subhalo perturbations in strong lensing data
—will help disentangle these forms of dynamical DM
microphysics. These differences can also potentially be tested
by comparing the abundance and properties of LMC-
associated MW satellites with the remainder of the MW
satellite population (Nadler et al. 2021a).

7. Conclusions

We have used a state-of-the-art census of the MW satellite
galaxy population to set robust and stringent constraints on the
DM patticle lifetime that are among the most robust and
stringent to date while making conservative assumptions about
the decay mechanism (i.e., late-time decays that include a
stable CDM-like daughter product). In particular, we combined
cosmological zoom-in simulations of DDM with a forward
model of the MW satellite population to jointly infer the
connection between these galaxies and their DM subhalos and
the potential impact of DM decays on the abundance of these
systems.

For DM that undergoes late-time two-body decays to a
massless dark radiation species and a cold, stable daughter DM
particle, we find that:

1. For DM particle lifetimes of O(fy) and recoil kick
velocities of O(10 kms™!), the smallest subhalos that host
ultra-faint dwarf galaxies (Mpeax ~ 108M®) can lose a
significant fraction of their peak mass due to decays
alone;

2. DM decays can suppress the abundance of surviving
subhalos above a minimum mass threshold of x~4 x
10'M_., at the ~ 50% level relative to CDM. This suppres-
sion is approximately independent of Galactocentric radius,
and Equation (8) provides a fitting function for this effect
derived from cosmological zoom-in simulations;

3. The population of MW satellite galaxies observed by
DES and PS1 excludes DDM models with decay lifetime
7 < 18 Gyr (29 Gyr) for Vige=20kms™' (40kms™ ') at
95% confidence;

4. These constraints can be conservatively extrapolated to
higher V. values to exclude approximately half of the
DDM parameter space preferred to alleviate the Hy and Sg
tensions. These constraints are expected to become more
stringent for the Vi values considered in those analyses
and with the inclusion of MW satellite stellar velocity
dispersion measurements;

5. Combining our DDM constraints based on MW satellites
with complementary small-scale structure probes at low
and high redshifts—including field dwarf galaxy lumin-
osity functions, strong gravitational lensing, and the Ly«
forest—will help differentiate the effects of decays from
other DM microphysics.

Our analysis only directly leverages the reduction of DDM
subhalo abundances and its impact on MW satellite abun-
dances, rather than the (potentially observable) effects on the
internal dynamics of satellite galaxies. Nonetheless, our results
are consistent with and more stringent than previous limits
driven by MW satellite stellar velocity dispersion measure-
ments. Future work that combines our approach with the
inferred dynamical masses and density profiles of MW
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satellites promises to further improve DDM constraints, as do
future detections of dwarf galaxies within and beyond the MW.
These observational advances will, respectively, be enabled by
forthcoming spectroscopic facilities and giant segmented
mirror telescopes (Simon et al. 2019) and observational
facilities including the Vera C. Rubin Observatory (Drlica-
Wagner et al. 2019; Mutlu-Pakdil et al. 2021) and the Nancy
Grace Roman Space Telescope.

Although other cosmological observables disfavor DDM as
a solution to the H, and Sg tensions (e.g., Haridasu &
Viel 2020; Clark et al. 2021b),63 we emphasize that our results
inform DDM physics as a solution to these tensions in a way
that is complementary to expansion history and large-scale
structure probes. In particular, large-scale structure probes are
primarily sensitive to the DM lifetime, regardless of the
microphysical decay mechanism, while the abundance of low-
mass DM subhalos traced by MW satellite galaxies is sensitive
to both the lifetime of the DM particle and the decay
mechanism as encapsulated by Vi in our model. Thus, to
more fully inform DDM physics, it is crucial to combine
observables that cover a wide range of cosmological epochs
and scales, including probes of small-scale structure.
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Appendix A
Milky Way-like Simulations

To perform the inference in Section 5, we use cosmological
zoom-in simulations of two MW-like halos originally presented
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in Mao et al. (2015) and studied in Nadler et al. (2020b, 2021c¢)
to analyze the MW satellite population. Furthermore, to
validate our DDM subhalo population predictions derived
from the expanded Wang et al. (2014) simulation suite, we
perform DDM resimulations of these MW-like systems. These
host halos are selected based on mass and concentration
estimates for the MW and due to the presence of realistic LMC
analogs and early Gaia-Sausage-Enceladus-like merger events
with the properties described in Nadler et al. (2020b). We
simulate both of these systems in DDM models with (7/ Gyr,
Viicek/ kms ') € {(20, 20), (40, 30)}, roughly corresponding to
the 95% confidence level constraints determined in Section 5.

To perform the DDM resimulations, we use the same modified
version of the GADGET-2 and GADGET-3 N-body codes from
Peter et al. (2010b). The original CDM MW-like simulations and
the DDM resimulations are run with €,,=0.286, 2, =0.714,
ng=1, h=0.7, and og=0.82 (Hinshaw et al. 2013).°® The
highest-resolution region is simulated with a Plummer-
equivalent force softening of 170 pch~" and a particle mass of
3.0 x 10°M.h~". We analyze these simulations using the
ROCKSTAR (Behroozi et al. 2013a) halo finder and CON-
SISTENT-TREES (Behroozi et al. 2013b) merger tree code.

We note that the differences in low-mass subhalo abun-
dances introduced by changes to the numerical and cosmolo-
gical parameters with respect to the Wang et al. (2014)
simulations are minor compared to the differences between the
DDM and CDM simulations within each suite (see, e.g.,
Dooley et al. 2014 for a study of the impact of cosmological
parameters on subhalo statistics). The largest difference in
cosmological parameters is the value of ng; however, once the
orbital phase of the LMC is fixed, the SHMF in the n,=1
simulations we use is enhanced by ~ 10% at all subhalo masses
relevant for our study compared to simulations with n, = 0.96.
This allows for more severe SHMF suppression due to DDM
when comparing to the data, meaning that the constraints we
derive are conservative.

Appendix B
Subhalo Mass Function Suppression Validation

We use our MW-like resimulations to test that the impact of
DDM on low-mass subhalos derived from the Wang et al.
(2014) simulations—and particularly the suppression of the
DDM SHMF—is applicable to hosts of similar masses that
specifically resemble the MW system. To do so, we compare
predictions from (i) Equation (8) and (ii) an interpolation of the
SHMF suppression from the Wang et al. (2014) simulations to
the SHMF suppression determined directly from our MW-like
resimulations. For the second comparison, we use piecewise
linear interpolation to smoothly connect the SHMF suppres-
sion, N (>Mpea)ppm/N (>Mpea)cpm, between the points in
DDM parameter space simulated by Wang et al. (2014):
(1/ Gyr, Viie/ kms 1) € {(10, 20), (20, 20), (20, 40), (40, 20),
(40, 40), (80, 40)}. This provides an alternative estimate of the
SHMF suppression in regions of DDM parameter space that
were not directly simulated. The interpolating function is
compared to the Wang et al. (2014) simulation results in
Figure 8, which demonstrates agreement at the ~ 1o level.

As shown in Figure 9, the DDM SHMF provided by
the interpolation function also matches that derived from our

66 Note that the ng value is in fact 1 instead of 0.96 as stated in previous studies
(e.g., Mao et al. 2015).
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Figure 8. SHMF suppression at z = 0 for the MW-mass host halo in our expanded suite of zoom-in simulations based on Wang et al. (2014) measured directly from
the simulations (solid lines) and using the interpolating procedure described in Appendix B (dotted lines). Results are shown for DDM models with 7 = 10, 20, and
40 Gyr (from yellow to purple), with Vi =20 kms™' (left panel) and 40 kms ™' (right panel) as a function of peak subhalo virial mass Mpeax. All SHMFs are
restricted to subhalos above a conservative resolution threshold of Vi, > 10 kms™! and Vinax > 9 kms~!. Shaded bands indicate 68% confidence interval Poisson
uncertainties on the simulation measurements; the SHMF suppression predicted by our interpolating procedure is consistent with that measured directly from the
simulations at the ~ 1o level.
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Figure 9. Average SHMF suppression at z = 0 for the MW-like host halos in our MW-like resimulations (described in Appendix A) measured directly from the
resimulations (solid lines) and using the interpolating procedure described in Appendix B. Results are shown for the resimulated DDM models with 7 = 20 Gyr,
Viiek = 20 kms ™! (left panel) and 7 = 30 Gyr, Vi = 40 kms ™! (right panel) as a function of peak subhalo virial mass M. All SHMFs are restricted to subhalos
above a conservative resolution threshold of Vieq > 10 kms ™! and V. > 9 kms~!. Shaded bands indicate 68% confidence interval Poisson uncertainties on the
simulation measurements. The SHMF suppression predicted by our interpolating procedure based on the Wang et al. (2014) simulations is consistent with that
measured from our MW-like resimulations at the ~ 1o level.

MW-like resimulations at the ~ 1o level. We note that, while adopted in our fiducial analysis based on the Wang et al. (2014)
one of these resimulations covers the same point in 7, Vi simulations is consistent with that from simulations of systems
space as one of the Wang et al. (2014) simulations, the second specifically chosen to resemble the MW, lending confidence to
does not; thus, the interpolating function is used to compare our constraints. Finally, we validate the behavior of the subhalo
with our MW-like resimulations in both cases. radial distribution of the Wang et al. (2014) simulations

Combining the results from Figure 8 and Figure 9 (Figure 4) by comparing to the distribution for our MW-like
demonstrates that the DDM SHMF suppression derived and simulations in Figure 10.
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Figure 10. Average subhalo radial distributions at z =0 as a function of distance from the center of the host halo for the CDM (dashed) and DDM (solid)
resimulations of MW-like halos described in Appendix A. Results are shown for the resimulated DDM models with 7= 20 Gyr, Vi = 20 kms™! (red) and
7= 30 Gyr, Vyiex = 40 kms ™" (purple). The bottom panels show the ratio of the radial distribution in each DDM model relative to CDM. All results are restricted to
subhalos above a conservative resolution threshold of Vieq > 10 kms~! and Vinax > 9 kms~!. Shorter DDM decay lifetimes result in fewer surviving subhalos relative
to CDM. This effect is more pronounced for models with higher kick velocities and does not strongly depend on radius from the center of the host halo. Shaded bands
indicate 68% confidence interval Poisson uncertainties on the simulation measurements.

Appendix C
Evolution of the DDM Subhalo and Halo Mass Functions

We use the DDM resimulations of MW-like systems
presented in Appendix A to study the evolution of the DDM
subhalo and halo mass functions. In particular, Figure 11 shows
the evolution of the average SHMF for subhalos of the two
MW-like hosts at z=0, 1, and 2. The DDM SHMFs are
consistent with the corresponding CDM SHMFs for z 2> 2,
accounting for Poisson uncertainties, and only become
significantly suppressed at later times. This reflects the
combined effects of mass loss due to DM decays, which can
push subhalos below the mass resolution limit of our
simulations (Section 3), and the enhanced tidal disruption of
these systems with reduced central densities relative to CDM.
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This late-time suppression differentiates DDM from WDM-like
models that suppress the linear matter power spectrum.

Finally, Figure 12 shows peak velocity functions at z=0, 1,
and 2 for isolated halos surrounding our resimulated MW-like
systems, most of which lie within a ~ 3 Mpc radius from the
center of the host halo that contains ~90% of the highest-
resolution particles (Wang et al. 2021).°” Like the SHMF, the
suppression of the isolated DDM halo mass function only sets
in significantly at late times. The suppression of isolated halo
abundances is only slightly less severe than that for subhalos,
consistent with mass loss due to DM decays driving the
disruption. This effect—i.e., severe mass loss for isolated halos
—differentiates DDM from models like self-interacting DM in
which late-time physics preferentially disrupts subhalos at late
times (e.g., Tulin & Yu 2018; Nadler et al. 2020a).

5 In particular, we analyze isolated halos by choosing systems with ROCK-
STAR upid equal to —1.
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Figure 11. Evolution of the subhalo M, functions for the CDM and DDM resimulations of MW-like halos described in Appendix A. Results are shown at z = 0 (left
panel), z =1 (middle panel), and z = 2 (right panel), and the bottom panels show the corresponding SHMF suppression. Results are shown for the resimulated DDM
models with 7= 20 Gyr, Vyie = 20 kms™! (red) and 7= 30 Gyr, Viiek = 40 kms ™! (purple). All SHMFs are restricted to subhalos above a conservative resolution
threshold of V. > 10 kms ™! and Ve > 9 kms™'; note that Vpeak 18 typically achieved at much earlier times than shown here (z ~ 4). The suppression of the DDM

SHMF only sets in significantly at late times, consistent with the intuition developed in Section 3. Shaded bands indicate 68% confidence interval Poisson
uncertainties on the simulation measurements.
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Figure 12. Evolution of the isolated halo M functions for the CDM and DDM resimulations of MW-like halos described in Appendix A. These measurements are
presented analogously to Figure 11. The abundance of isolated halos is significantly suppressed at late times in DDM and is slightly less severe than the suppression of
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Table 2
Galaxy—Halo Connection Model Parameters

Parameter Physical Interpretation Symbol Units
Faint-end slope Power-law slope of satellite luminosity function « none
Luminosity scatter Scatter in luminosity at fixed Vpeax om dex
50% occupation mass Mass at which 50% of halos host galaxies Msp M
Baryonic effects Strength of subhalo disruption due to baryons B none
Occupation scatter Scatter in galaxy occupation fraction Ogal dex
Size amplitude Amplitude of galaxy—halo size relation A pc

Size scatter Scatter in half-light radius at fixed halo size Olog R dex
Size power-law index Power-law index of galaxy-halo size relation n none
Decay lifetime Inverse of the DM particle decay rate T Gyr

Appendix D
Galaxy—Halo Connection Model and Parameters

We follow Nadler et al. (2020b) in modeling the galaxy—halo
connection used in our forward model (Section 5.1) with eight
free parameters and introduce one additional parameter for
DDM particle lifetime. These parameters are summarized in
Table 2.

D.1. Satellite Luminosities

We employ an abundance-matching procedure that relates
the absolute V-band magnitude of satellites, My, to the peak
circular velocity of subhalos, Vpe,c (Nadler et al. 2019b). This
relation is extended to dim satellites by allowing the faint-end
slope of the satellite luminosity function, «, and the lognormal
scatter in luminosity at fixed Vpea, 0, to be free parameters.
While this abundance-matching model does not capture the
entire star formation histories of ultra-faint dwarf galaxies, it is
consistent with current MW satellite data (Drlica-Wagner et al.
2020).

D.2. Satellite Sizes

The mean predicted size of each satellite at accretion is set

according to
Rvir !
rnp=A ,
2 ( Ro

where A and n are free parameters corresponding to the
amplitude and power-law index of the galaxy-halo size
relation, respectively, and R,;. denotes the subhalo virial radius
as measured at accretion; Ry=10 kpc is a normalization
constant.

In our inference, satellite sizes are drawn from a lognormal
distribution with mean given by Equation (D1) and standard
deviation ojogr, a further free parameter. While post-infall
effects—including adiabatic decays—can shrink or enlarge
satellites, Nadler et al. (2020b) found that our results are not
sensitive to these effects while using a model for satellite size
evolution due to tidal stripping; thus, these effects are not
modeled here.

(D1)

D.3. Subhalo Disruption due to Baryonic Effects

We incorporate the effects of baryonic physics—particularly the
tidal influence on the Galactic disk—on our simulated subhalo
populations following Garrison-Kimmel et al. (2017) and Nadler
et al. (2018). The strength of the disruption is modeled using the
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free parameter B for which B =1 corresponds to fiducial
hydrodynamical predictions (Nadler et al. 2018) and larger
(smaller) values of B correspond to more (less) effective subhalo
disruption. For each subhalo, we set

pdisrupt = (pdisrupl,O)l/B’ (D2)

where paisrupto 18 the fiducial disruption probability given by
the random forest algorithm of Nadler et al. (2018).

D.4. Galaxy Formation Efficiency

We parameterize the fraction of halos that host galaxies of
any mass—the galaxy occupation fraction—following Graus
et al. (2019),

1 Mpeax — Msgp
A (Mpear) = —1 1 == - > s D3
féd] ( P k) 2 l + o ( \/Eo'géﬂ )l ( )

where M. is the largest virial mass a subhalo ever attains,
M5 is the peak halo mass at which 50% of halos host galaxies
of any mass, and o, is the width of the galaxy occupation
fraction; in our inference, Msy and o4, are free parameters.

D.5. Orphan Satellites

We account for orphan satellites—subhalos that have been
artificially disrupted by approaching the resolution limit of our
simulations—by following the prescription of Nadler et al.
(2019b), which identifies disrupted subhalos in each simula-
tion, interpolations their orbits to z=0 using a softened
gravitational force law and a dynamical friction model, and
accounts for tidal stripping with a mass-loss model. The
effective abundance of orphans is parameterized by setting their
disruption probabilities equal to

pdismpt = (1 - aacc)o, (D4)

where a,. is the final scale factor at which each subhalo enters
the virial radius of the MW analog in the simulations, and O
captures deviations from disruption probabilities in hydro-
dynamic simulations. We follow Nadler et al. (2019b) by fixing
O = 1; note that Nadler et al. (2020b) found that the results of
a CDM fit to the observed MW satellite population are
insensitive to the value of O.
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