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Abstract

Cosmological and astrophysical observations currently provide the only robust,
positive evidence for dark matter. Cosmic probes of dark matter, which seek
to determine the fundamental properties of dark matter through observations
of the cosmos, have emerged as a promising means to reveal the nature of dark
matter. This report summarizes the current status and future potential of
cosmic probes to inform our understanding of the fundamental nature of dark
matter in the coming decade.ar
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3.1 Executive Summary

The existence of dark matter, which constitutes ∼ 85% of the matter density and ∼ 26% of
the total energy density of the universe, is a clear demonstration that we lack a complete
understanding of fundamental physics. The importance, impact, and interdisciplinary nature
of the dark matter problem make it one of the most exciting questions in science today. In
this report, we explain how cosmic probes of dark matter, which determine microscopic
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properties of dark matter through cosmic observations on macroscopic scales, have emerged
as one of the most promising ways to unveil the nature of dark matter. The HEP community
must seize the opportunity to fully realize the potential of cosmic probes of dark matter and
broaden its approach to the dark matter problem accordingly in the coming decade.

Cosmological and astrophysical observations currently provide the only robust, empirical
evidence for dark matter. These observations, together with numerical simulations of cosmic
structure formation, have established the cold dark matter (CDM) paradigm and lay the
groundwork for all other experimental efforts to characterize the fundamental properties
of dark matter. In the coming decade, we will measure the distribution of dark matter
in the cosmos with unprecedented precision. In particular, we are at the threshold of
definitively testing the predictions of CDM on galactic and sub-galactic scales, and any
observed deviation would revolutionize our understanding of the fundamental nature of
dark matter. Furthermore, by accessing extreme scales and environments, cosmic probes
are sensitive to very rare interactions between dark matter and normal matter that are
inaccessible in conventional dark matter searches. Cosmic measurements of dark matter
properties are entering the precision era.

This report summarizes the ways in which cosmic probes have emerged as a new field in
the endeavor to measure the fundamental, microscopic properties of dark matter. We first
identify three core HEP community priorities for cosmic probes of dark matter:

• Current/near-future HEP cosmology experiments have direct sensitivity to dark matter
particle physics [1–3]. Cosmological studies of dark matter should be supported as a key
component of the HEP Cosmic Frontier program due to their unique ability to probe
dark matter microphysics and link the results of terrestrial dark matter experiments
to cosmological measurements.

• The construction of future cosmology experiments is critical for expanding our under-
standing of dark matter physics. Proposed facilities across the electromagnetic spec-
trum, as well as gravitational waves, can provide sensitivity to dark matter physics [4].
The HEP community should make strategic investments in the design, construction,
and operation of these facilities in order to maximize their sensitivity to dark matter
physics.

• Cosmic probes provide robust sensitivity to the microphysical properties of dark matter
due to enormous progress in theoretical modeling, numerical simulations, and as-
trophysical observations. Theory, simulation, observation, and experiment must be
supported together to maximize the efficacy of cosmic probes of dark matter physics.

We have identified the following major scientific opportunities for cosmic probes of dark
matter physics in the coming decade. These opportunities are summarized below, presented
at length in the subsequent sections of this report, and discussed in detail in a set of
community white papers [1–11].

Community Planning Exercise: Snowmass 2021
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Major Scientific Opportunities

1. The HEP community should support measurements of the dark matter
distribution as a key element of its Cosmic Frontier program. The Standard
Model of particle physics and cosmology can be tested at unprecedented levels of
precision by measuring the cosmic distribution of dark matter. These measurements
span an enormous range of scales from the observable universe to sub-stellar-mass
systems (e.g., the matter power spectrum, the mass spectrum of dark matter halos,
dark matter halo density profiles, and abundances of compact objects) [5, 7, 12]. Novel
particle properties of dark matter (e.g., self-interactions, quantum wave features, tight
couplings with radiation) can lead to observable signatures in the distribution of dark
matter that differ from the CDM prediction.

2. The HEP community should pursue the detection of dark matter halos be-
low the threshold of galaxy formation as an exceptional test of fundamental
dark matter properties. The CDM model makes the strong, testable prediction
that the mass spectrum of dark matter halos extends below the threshold at which
galaxies form, O(107) M� [5]. Sub-galactic dark matter halos are less influenced by
baryonic processes making them especially clean probes of fundamental physics of dark
matter. We are on the cusp of detecting dark matter halos that are devoid of visible
stars through several cosmic probes (e.g., strong lensing and the dynamics of stars
around the Milky Way).

3. Instruments, observations, and theorists that study extreme astrophysical
environments should be supported as an essential way to explore the ex-
panding landscape of dark matter models. Extreme astrophysical environments
provide unique opportunities to explore dark matter couplings to the Standard Model
that are inaccessible with conventional dark matter search experiments and span ∼50
orders of magnitude in dark matter particle mass [8].

4. HEP computational expertise and resources should be combined with as-
trophysical simulation expertise to rapidly advance numerical simulations
of dark matter physics. Numerical simulations of structure formation and baryonic
physics are critical to robustly interpret observational results and disentangle new dark
matter physics from astrophysical effects [6]. Simulations are thus essential to address
particle physics questions about the nature of dark matter.

5. While large experimental collaborations are naturally matched to the HEP
community, new mechanisms are also needed to support emerging, inter-
disciplinary efforts. The interdisciplinary nature of cosmic probes of dark matter
calls for innovative new ways to support the pursuit of scientific opportunities across
traditional disciplinary boundaries. Sustained collaboration between particle theorists,
gravitational dynamicists, numerical simulators, observers, and experimentalists is
required to fully realize the power of cosmic probes of dark matter.

Community Planning Exercise: Snowmass 2021
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These major opportunities represent pathways for transforming our understanding of dark
matter. We observe that the trend in dark matter research has changed profoundly in the
last 10 years. In particular, particle physicists and astrophysicists have collaborated to make
a series of breakthroughs in studying dark matter theories beyond the CDM paradigm. For
example, the idea of dark sectors, i.e., that dark matter may reside in its own sector and carry
its own forces, has been firmly established, together with associated theoretical tools. Such
a dark force could operate at the most fundamental level with a range of O(10−12) cm,
but it would change the dark matter distribution within O(1022) cm in galactic halos.
Simulators can now perform cosmological hydrodynamical simulations of structure formation
that account for the particle physics properties of dark matter, such as self-interactions [13–
15], quantum wave features [16], and tight couplings with radiation [17]. These studies set
the basis for quantifying astrophysical uncertainties and disentangling dark matter physics
from baryon physics, a key step for extracting the Lagrangian parameters that describe a
particular dark matter model. Advances since the last Snowmass study combined with the
scientific outlook assembled in this Snowmass study motivate the possibility that cosmic
probes may result in a transformational change in our understanding of dark matter in the
coming decade.

On the experimental side, new observational facilities that directly measure dark matter in
the cosmos will be taking data within the next decade, see [4] for details. For example, the
DOE- and NSF-supported Rubin Observatory Legacy Survey of Space and Time (LSST) is
scheduled to start full operations in 2024 [18]. The primary HEP interest in Rubin LSST is
the study of dark energy; however, it has enormous potential to discover new physics beyond
CDM [2, 19]. Rubin LSST will observe the faintest satellite galaxies of the Milky Way, stellar
streams, and strong lens systems to detect the smallest dark matter halos, thereby probing
the minimum mass of ultra-light dark matter and thermal warm dark matter. Gravitational
lensing will provide precise measurements of the densities and shapes of dark matter halos,
which are sensitive probes of interactions in the dark sector. Microlensing measurements
will directly probe primordial black holes and the compact object fraction of dark matter
at the sub-percent level over a wide range of masses. On a longer time horizon, the CMB
Stage-4 (CMB-S4) project [20, 21], another cosmology experiment supported by DOE and
NSF, has access to rich dark matter physics as well [3]. For instance, detection of additional
relativistic degrees of freedom in the early universe would immediately imply the existence of
a dark sector. The HEP community strongly supports the inclusion of dark matter physics
in the research programs of these experiments alongside studies of dark energy and inflation.

Since cosmic probes of dark matter are multidisciplinary and interdisciplinary, we must
develop new ways to cultivate and sustain collaboration, as well as new approaches to
mentoring the next-generation of scientists. A program like the DOE Dark Matter New
Initiatives is well-suited to support a small-scale collaborative effort from particle physicists
and astrophysicists with a well-defined scientific goal. Within upcoming HEP cosmology
experiments such as Rubin LSST and CMB-S4, new effort is needed to assemble collaborative
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teams to study cosmic probes of dark matter physics. Additional support must be provided
to enable dark matter as a parallel branch of fundamental physics being pursued by these
experiments. Such a program will fully leverage the unprecedented capabilities of these
facilities [2]. On large scales, the construction of future cosmology experiments is critical for
expanding our understanding of dark matter physics. HEP involvement will be essential for
the design and construction of these facilities [4], and dark matter physics should be a core
component of their scientific missions.

Identifying the nature of dark matter is one of the most important tasks in science. Cosmic
probes are the most “expansive” (and may be the only viable) approach to understanding
fundamental properties of dark matter, because they are valid even if the coupling between
dark matter and normal matter is extremely weak, even as weak as gravity. With new
observational facilities coming online, plans for future facilities emerging, and tremendous
progress being made in numerical simulations and semi-analytical modeling, we are entering
a transformative decade in the effort to measure the microscopic properties of dark matter
from cosmic observations. In this report, we present the possibilities created by a community
commitment to a decade of dark matter.

3.2 Introduction

Over the past several decades, experimental searches for non-baryonic dark matter have
proceeded along several complementary avenues. Collider experiments attempt to produce
and detect the presence of dark matter particles, while direct detection experiments attempt
to measure energy deposition from very rare interactions between dark matter and Standard
Model particles. In parallel, indirect dark matter searches seek to detect the energetic
Standard Model products from the annihilation or decay of dark matter particles in situ in
astrophysical systems. Despite these extensive efforts, the only positive measurements of
dark matter to date come from astrophysical and cosmological observations. This report
summarizes the exciting scientific opportunities presented by cosmic probes of fundamental
dark matter physics in the coming decade, as highlighted in Fig. 3-1 schematically. The
content of this report has been primarily guided by five solicited white papers [4–8] and six
contributed white papers from the HEP community [1–3, 9–11].

Astrophysical and cosmological observations are a unique, powerful, and complementary
technique to study the fundamental properties of dark matter. They probe dark matter
directly through gravity, the only force to which dark matter is known to couple. On large
cosmological scales, current observational data can be described by a simple cosmological
model containing stable, non-relativistic, collisionless, cold dark matter. However, many
viable theoretical models of dark matter predict observable deviations from CDM that are
testable with current and future experimental programs. Fundamental physical properties
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3.2 Introduction 7

Figure 3-1. Cosmic observations bound the available dark matter parameter space and
probe dark matter physics over the entire allowed mass range. Cosmic probes explore the
fundamental physics of dark matter both through gravity alone and through dark matter
interactions with the Standard Model. Cosmic probes of dark matter physics are highly
complementary to cosmological measurements of dark energy, inflation, and neutrinos.
Furthermore, cosmic probes provide essential information for designing and interpreting
terrestrial searches for dark matter. Figure inspired by similar figures in the literature [e.g.,
22–24].

of dark matter—e.g., particle mass, time evolution, self-interaction cross section, and cou-
pling to the Standard Model or other dark sector particles—can imprint themselves on the
macroscopic distribution of dark matter in a detectable manner.

In addition, astrophysical observations complement terrestrial dark matter searches by pro-
viding input to direct and indirect dark matter experiments, and by enabling alternative
tests of any non-gravitational coupling(s) between dark matter and the Standard Model. For
example, astrophysical observations are required to (i) measure the local density and velocity
distribution of dark matter, an important input for designing and interpreting direct dark
matter searches, (ii) identify and characterize regions of high dark matter density, an impor-
tant input for targeting and interpreting indirect searches, and (iii) set strong constraints on
the particle properties of dark matter, an important input for designing novel terrestrial dark
matter experiments with viable discovery potential. In the event of a terrestrial dark matter
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detection—e.g., the detection of a weakly interacting massive particle (WIMP) or axion—
cosmic observations will be crucial to interpret terrestrial measurements in the context of
cosmic dark matter. Furthermore, cosmic probes provide critical information to direct future
terrestrial searches for novel dark matter candidates. Finally, in many cases, astrophysical
and cosmological observations provide the only robust constraints on the viable range of
dark matter models.

There is also immense discovery potential at the intersection of particle physics, cosmology,
and astrophysics. The detection of dark matter halos that are completely devoid of visible
galaxies would provide an extremely sensitive probe of new dark matter physics. Measuring
a deviation from the gravitational predictions of CDM in these halos would provide much-
needed experimental guidance on dark matter properties that are not easily measured in
particle physics experiments (e.g., dark matter self-interaction cross sections). Likewise,
results from terrestrial particle physics experiments can suggest specific deviations from
the CDM paradigm that can be tested with astrophysical observations. The expanding
landscape of theoretical models for dark matter strongly motivates the exploration of dark
matter parameter space beyond the current sensitivity of the HEP program.

In fact, cosmology has a long history of testing the fundamental properties of dark matter.
For instance, neutrinos were long considered a viable candidate to make up all the dark
matter [e.g., 25, 26]. The 30 eV neutrino dark matter candidate of the 1980s is an especially
interesting case study of the interplay between particle physics experiments and astrophysical
observations. In 1980, Lubimov et al. reported the discovery of a non-zero neutrino rest
mass in the range 14 eV < mν < 46 eV [27]. Neutrinos with this mass would provide a
significant fraction of the critical energy density of the universe, but would be relativistic
at the time of decoupling, thus manifesting as hot dark matter. Over the next decade, this
“discovery” was aggressively tested by several other tritium β-decay experiments. During
this same period, the first measurements of the stellar velocity dispersion of dwarf spheroidal
galaxies showed that these galaxies are highly dark matter dominated. The inferred dark
matter density within the central regions of dwarf galaxies was used to place lower limits
on the neutrino rest mass that were incompatible with the 30 eV neutrino dark matter
candidate [28, 29]. Furthermore, numerical simulations of structure formation demonstrated
that large-scale structure observations are incompatible with a universe dominated by hot
dark matter in the form of neutrinos [30]. Similar stories can be told of stable heavy
leptons and other dark matter candidates that have been excluded by cosmological and
astrophysical measurements [31–33]. Cosmology has continually shown that the microscopic
physics governing the fundamental nature of dark matter and the macroscopic distribution
of dark matter are intimately intertwined.

The strong connection between cosmology, astrophysics, and particle physics serve as the
motivation for the Dark Matter: Cosmic Probes Topical Group (CF3) within the Snowmass
Cosmic Frontier. CF3 focuses on the use of cosmological techniques and astrophysical
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3.3 Dark Matter Halo Measurements 9

observations to study the fundamental nature of dark matter over the full range of allowed
dark matter masses. While many experimental studies of dark matter search for a previously
undetected interactions between dark matter and Standard Model particles, CF3 also seeks
to measure the behavior of dark matter ever more precisely in order to compare against the
predictions of ΛCDM. Thus, some of the scientific approaches and experimental facilities
proposed by CF3 overlap significantly with cosmological studies of dark energy and the early
universe. CF3 discussions took place between November 2020 and July 2022 through a series
of meetings that occurred on a roughly bi-weekly cadence. CF3 received 75 letters of intent,1

which resulted in the coordinated submission of five solicited white papers:

• WP1 - Dark matter physics from dark matter halo measurements [5].
• WP2 - Cosmological simulations for dark matter physics [6].
• WP3 - Primordial black hole dark matter [7].
• WP4 - Dark matter in extreme astrophysical environments [8].
• WP5 - Observational facilities to study dark matter physics [4].

These solicited white papers were complemented by six white papers that were contributed
directly to CF3 [1–3, 9–11] and numerous related white papers that were contributed to other
topical groups by the HEP community [e.g., 12, 24, 34–36]. Furthermore, we present three
cases that highlight how cosmic probes can play a central role in identifying fundamental
properties of dark matter and/or providing complementary information for designing search
strategies in terrestrial experiments. This report summarizes nearly two years of community
input, and its structure largely follows the CF3 solicited community white papers [4–8].

3.3 Dark Matter Halo Measurements

In the standard model of cosmic structure formation, dark matter in the late-time universe
is clustered into gravitationally bound over-densities called halos. These halos provide sites
for baryons to cool, collapse, and form galaxies. Astronomical observations show that dark
matter halos are distributed according to a power-law mass spectrum extending from the
scales of galaxy clusters (∼ 1015M�) to those of ultra-faint dwarf galaxies (∼ 108M�). In
the prevailing CDM theory, dark matter is made of collisionless, cold particles or compact
objects. The CDM theory does a good job of explaining the large-scale structure of the
universe [46] and overall properties of galaxies [47, 48]. However, there are many reasons to
believe that CDM is an approximation and that the dark sector is more complex and vibrant.
From the theory perspective, CDM provides a parametric description of cosmic structure,
but it is far from a complete theory. In CDM, the particle properties of dark matter, such
as the mass, spin, interaction(s), and production mechanism(s), remain unspecified. In
fact, many theoretical models describing the particle physics of dark matter predict that

1https://snowmass21.org/cosmic/dm_probes
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Figure 3-2. The dimensionless linear matter power spectrum extrapolated linearly to
z = 0. Theoretical predictions are plotted for four models that suppress power: (1) ultra-
light axion “fuzzy” dark matter with a mass m = 10−22 eV (magenta; [37]), (2) dark
matter–baryon interactions with interaction cross section that scales with velocity as σ0v

−4

for σ0 = 10−22cm2 (blue; [38]), (3) thermal relic warm dark matter with a mass m ∼ 40 keV
(orange; [39]), (4) weakly interacting massive particle dark matter represented by a bino-like
neutralino with a mass, m ∼ 100 GeV (black; [40]). Also shown are four models that affect
power on very small scales: (1) early matter domination assuming a reheat temperature
of 10 MeV (green; [41]), (2) post-inflationary production of QCD axions dominated by
the misalignment mechanism (pink; [42]), (3) vector dark matter produced during inflation
assuming an inflationary scale of 1014 GeV and a DM mass of 10−6 eV (gold; [43]), and
(4) post-inflationary production of axions dominated by strings (cyan; [44]). Note that the
position of the power spectrum cutoff and/or enhancement depends on model parameters
and is flexible for most cases shown here. Power spectrum measurements on large scales
are compiled from [45]. Shaded vertical bands roughly indicate the characteristic kinds of
halos formed on each scale, and the horizontal axes indicate wavenumber, halo mass, and
the temperature of the Universe when that mode entered the horizon. Figure from [5].

the simplest CDM model breaks down at small physical scales [5]. On the observational
side, CDM has faced long-standing challenges in explaining detailed measurements of dark
matter distributions on galactic and sub-galactic scales [49, 50], where we are pushing the
boundaries of both observations and numerical simulations. In the next decade, observations
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3.3 Dark Matter Halo Measurements 11

of dark matter halos over a wide range of mass scales will provide unique opportunities to
test the vast landscape of dark matter theories and potentially discover deviations from the
predictions of CDM.

Using halo measurements to study dark matter physics has several advantages. First, there
is a strong connection between dark matter halos and the physics of the early universe. The
seeds of cosmological structure formation were established in the earliest moments after the
Big Bang. As we measure the distribution of dark matter across a broad range of physical
scales, we simultaneously learn about the initial conditions of the universe and probe periods
of cosmic history that might be inaccessible by other means. Second, halo measurements are
sensitive to a broad range of dark matter models. To date, all positive experimental evidence
for the existence and properties of dark matter comes from astrophysical observations.
Measurements of the abundance, density profiles, and spatial distribution of dark matter
halos offer sensitivity to an enormous range of dark matter models, and are complementary
to both terrestrial experiments and indirect searches for dark matter annihilation and decay
products. Third, our understanding of how the fundamental properties of dark matter
at a microscopic scale impact structure formation throughout cosmic history is rapidly
advancing. Recently, there has been tremendous progress in modeling the formation and
evolution of dark matter halos in the context of novel dark matter theories beyond CDM.
There is enormous potential to further develop detailed phenomenology for a broader range
of dark matter models, and to explore new regions of theory space with new and archival
data. Thus, halo measurements provide a window into both dark matter physics and early
universe cosmology. Fig. 3-2 illustrates these connections by showing the linear matter
power spectrum predicted by several theoretical models of dark matter, together with the
relevant scales of the halo mass and temperature of the universe when that mode entered
the horizon. In Fig. 3-3, we show the complementarity between measurements of the matter
power spectrum and dark matter halos and terrestrial direct detection searches in the context
of the spin-independent dark matter–nucleon scattering cross section.

To further leverage halo measurements and extract fundamental properties of dark matter,
we set the following observational milestones. First, precision measurements of galaxy-scale
dark matter halos are critical. Current and near-future facilities will provide a detailed
mapping between luminous galaxies and their invisible dark matter halos across 13 billion
years of cosmic history and more than 8 orders of magnitude in dark matter halo mass
(1015M� & Mhalo & 107M�). Detailed measurements of halo abundances and density
profiles across cosmic time will provide increasingly stringent tests of the CDM paradigm.
Second, within the next decade, several observational techniques will become sensitive to dark
matter halos at or below the minimum mass required to host stellar populations (Mhalo .
107M�). Population studies of completely dark halos offer unique advantages to study the
microphysical properties of dark matter because the evolution of these halos is less affected
by baryonic physics. Many theoretical models of dark matter predict conspicuous deviations
from CDM in low-mass halos. Third, a suite of innovative and ambitious observational
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techniques can be used to search for compact stellar- and planetary-mass-scale halos via
their subtle gravitational effects (Mhalo . 102M�). The discovery of such low-mass halos
would immediately transform our understanding of both dark matter properties and the
physics of the early universe.

These observational breakthroughs have the potential to revolutionize our understanding
the nature of dark matter. For example, if a cored density profile is inferred in ultra-
faint dwarf galaxies, where baryonic feedback is minimal, it will indicate that dark matter
may have strong self-interactions or quantum wave features. In this case, combining the
measurements of dark matter density profiles from ultra-faint dwarfs to clusters of galaxies,
we may narrow down the mass of dark matter particle(s), as well as that of the dark
mediator(s). Observations of dark matter halos below the galaxy formation threshold will
put strong constraints on the “warmth” of dark matter and set upper limits on the interaction
strength between dark matter and any warm species, including baryons or dark radiation,
in the early universe. On the other hand, if such halos are not detected, it would imply a
cutoff in the matter power spectrum and a radical deviation from CDM. Since a cutoff in the
matter power spectrum could also reduce the abundance of Milky Way satellite galaxies and
affect the Lyman-alpha forest, we could further confirm a departure from CDM with these
complementary measurements. Numerical simulations are essential to understand baryonic
systematics and to connect the Lagrangian parameters that describe a particle physics model
for dark matter to halo observables. Simulations are the topic of the following section.

3.4 Cosmological Simulations of Dark Matter

Cosmological N-body simulations are essential to predict and interpret the imprints of
fundamental dark matter physics on structure formation in the nonlinear regime. Properly
modelling baryon physics associated with galaxy formation in these simulations is often a
key step to distinguish effects of baryon physics from those of new dark matter physics. With
enormous datasets expected from Rubin LSST and other forthcoming facilities, we are at
the critical stage to develop techniques for efficient forward simulations in order to extract
information about dark matter from the data. In what follows, we give a brief overview
and propose a plan for building simulation program to interpret observations so that we
can robustly search for novel signatures of dark matter microphysics across a large dynamic
range of length scales and cosmic time [6].

Over the last 40 years, cosmological simulations have played a vitally important role in
studying dark matter particle properties. They have been essential to the development of
the CDM paradigm and to eliminating neutrinos as a dominant component of the dark
matter. During the last decade, particle physicists and simulators have come together to
generate cosmological predictions for a subset of novel dark matter scenarios beyond CDM
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Figure 3-3. Cosmic probes of the matter power spectrum and dark matter halos set
strong constraints on the minimum thermal dark matter particle mass [e.g., 51, 52] and
spin-independent dark matter–nucleon scattering cross section [e.g., 53–59] (green regions).
Projected improvements in sensitivity coming from future facilities and observations are
indicated with a dashed green line, based on the estimate with a potential discovery of
105 M� subhalos using Rubin LSST stream observations. Constraints from Big Bang
nucleosynthesis [e.g., 60] and and cosmic rays upscattering dark matter in the XENON1T
experiment [e.g., 61] are indicated in light green and are subject to additional model
dependence. These constraints are highly complementary to constraints from direct
detection experiments [as collected by 62, 63] (gray regions). The neutrino fog for xenon
direct detection experiments is shown with dashed black line [64].

(e.g., Fig. 3-4 [65–67]). The challenge and opportunity for this decade is to develop a
robust and vibrant simulation program that connects the ground-breaking capabilities of
observational facilities [1–4, 68, 69] to an expanding landscape of particle models for dark
matter and targeted terrestrial experiments [22]. Because a well-synthesized program of
theory, simulation, observation, and experiment is critical to revealing the nature of dark
matter, we identify six areas of focus for simulations that advance along the key opportunities
described in Sec. 3.1.

First, increased collaboration between simulators and particle theorists will help identify
significant dark matter models and areas of parameter space for further study. Model
builders and observers both rely on simulations as a crucial link that draws their ideas
and work together. This approach underpins the key opportunity of using cosmic probes to
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Figure 3-4. Cosmological simulations play a critical role in informing the observational
effects of dark matter particle physics. This image demonstrates the simulated distribution
of dark matter around a Milky-Way-mass galaxy in three different models of dark matter:
CDM (left), a 2 keV warm dark matter model (middle), and a self-interacting dark matter
model with a cross section of σSIDM/mχ = 1 cm2/g (right). The effects of some models are
immediately obvious by eye (e.g., the middle panel), while others can be detected at high
statistical significance with cosmic observations (e.g., the right panel). Figure adapted from
[50].

understand fundamental properties of dark matter by mapping dark matter microphysics to
astrophysical structure formation and observables associated with it. For example, knowing
the scale on which structures are expected to be modified relative to CDM can enable
simulators to efficiently target well-motivated regions of parameter space. In turn, targeted
parameter space searches can help theorists focus their work on realistic model-building
efforts. Guidance from theorists will be particularly valuable to rigorously develop initial
conditions for simulations of specific dark matter models.

Second, it is important to advance algorithm development and develop code benchmarks
to ensure that simulations meet the required precision targets set by the sensitivity of
new facilities. Broadly speaking, there are four major classes of dark matter models that
currently capture the attention of simulators: CDM, fuzzy dark matter, self-interacting dark
matter, and warm dark matter. Each of these presents distinct challenges in numerical
implementation, requiring benchmarks for validating simulations and ensuring that they
achieve the necessary precision to successfully support dark matter inference. Key predictions
include measurements of (sub)halo mass functions; (sub)halo density profiles; and subhalo
radial distributions, infall times, and phase space distributions.

Third, it is critical to perform simulations with full hydrodynamics using validated sub-
grid models and numerical resolution at the relevant redshifts and cosmological scales.
Understanding the role of baryonic physics at small scales is critically important, since
key discrepancies between the predictions of CDM and alternative dark matter models
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Measuring Dark Matter Physics using Cosmological Simulations

Generate Initial Conditions + 
Evolve Simulation (✓✓✓)

  Need #1: Collaboration between simulators and particle theorists 
  Need #2: Algorithm development and code comparison tests 
  Need #3: Hydrodynamic simulations for observational targets  
  Need #4: Compare simulations to data in observable parameter space  
  Need #5: Fast realizations of observed systems to constrain dark matter 
  Need #6: Provide guidance to observers about dark matter signatures

Analyze Simulation Output 
(✓✓✓)

Translate to Observable 
Parameter Space (✓✓✓)

Efficiently Model Observables 
(✓✓✓) 

κeff,CDM(θlens) κeff,WDM(θlens)

κeff,obs(θlens)

P(CDM,θlens|κeff,obs) P(WDM,θlens|κeff,obs)Compare to Data (✓✓✓) 

κeff,obs(θlens)

CDM WDM

Figure 3-5. An example flowchart for distinguishing cold and warm dark matter models
in the context of dark matter halo substructure as observed in strong gravitational lens
systems. This example highlights the need for collaborative efforts among particle physicists,
simulators and observers, in order to harness the full power of new observational facilities to
quantitatively test dark matter models. The two right columns show images of simulations
and lensing observables assuming cold and warm dark matter models. From top to bottom:
large-box numerical simulations of structure formation, simulated dark matter substructure
within a galaxy halo, a possible realization of dark matter structure generated under the
model, and a particular realization of dark matter structure generated under the model
consistent with observations of the strong lens system WGDJ0405-3308. Figure adapted
from [6]. Community Planning Exercise: Snowmass 2021
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occur at small scales where baryonic physics plays an important role [50]. Degeneracies
between baryon physics and alternative dark matter models presents a challenge. Breaking
these degeneracies requires full inclusion of baryonic physics in simulations and dedicated
comparisons between validated simulations. Data from current and near-future facilities will
usher in the discovery of many new types of systems with the potential to provide better
sensitivity to dark matter physics, should support be provided for that specific scientific goal.

Fourth, we will benefit significantly from the analysis of simulation outputs in the realm of
observations. Forward modeling simulations into the space of observables enables apples-
to-apples comparisons between models and data. Such investigations are necessary to fully
prepare for and utilize unprecedented datasets from DESI, Rubin LSST, CMB-S4, and other
forthcoming instruments. Rigorous comparisons between theory and observation, as well
as tools that translate theoretical predictions to observable parameter spaces will continue
to be essential. These comparisons will help us determine when a problem arises from
numerical techniques and when it is a true physical problem. As data analysis pipelines and
simulations become more elaborate – and datasets become larger – strengthening our capacity
to disentangle numerical effects from physical phenomena will be of critical importance.
Furthermore, translating simulations into observable parameter spaces will assist in designing
and evaluating new facilities.

Fifth, we need fast realizations of observables to infer dark matter properties from observation
on feasible timescales. Cosmological simulations with full hydrodynamics are a critical tool to
reveal how the physical properties of dark matter alter the abundance and internal structure
of dark matter halos and subhalos, which can result in observable differences in astronomical
objects and systems. These simulations produce “mock universes” that allow us to compare
theoretical prediction with observations in the space of observables. As such, running
these simulations will become the bottleneck of parameter inference and model comparison,
because these tasks typically require the generation of a large sample of simulated datasets
covering different input parameters (dark matter properties in this case). Multiple methods
have been identified to address these challenges [6]. They broadly fall into the categories of
(1) reducing the computational cost of individual simulations by swapping some simulation
components with models, and (2) reducing the number of simulations needed for analyses.
We will likely need to combine these approaches to cover the vast space of untested dark
matter theories and the diversity of observational measurements. These efforts will benefit
from the introduction of machine learning and artificial intelligence techniques that are
described later in this chapter.

Finally, numerical simulations and fast realizations should inform observers and experimen-
talists where to look for new signatures of dark matter physics. Simulations can play a
major role in motivating new observational strategies by revealing unforeseen signatures of,
and affirming analytic predictions for, dark matter physics. One example of this dynamic in
operation is the development of an accurate model for the dark matter distribution in our
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Milky Way galaxy. Understanding the local density and velocity distribution of dark matter
is key to properly design terrestrial direct detection experiments. Furthermore, in the event
that a positive signal is detected in a terrestrial experiment, we need to interpret that signal
in an astrophysical context and confirm whether it is consistent with what cosmic constraints
on dark matter. Another example is the identification of dark matter (sub)halos that do not
contain baryons, as predicted by CDM. Simulations can inform observational strategies to
characterize phenomena that are potentially entirely sourced by non-luminous objects.

In Fig. 3-5, we show an example flowchart for distinguishing cold and warm dark matter
models using strong gravitational lens systems with the collaborative efforts from the six
areas discussed above. With upcoming observational and experimental facilitates, the next
decade will be transformative in the HEP community’s ability to learn about dark matter in
the sky and in the lab. Numerical simulations of structure formation are a bridge between
theory and observation. A close collaboration among simulators, particle physicists, and
observers is essential to interpret observational data, break degeneracies between baryon
physics and dark matter physics, and reveal the microscopic nature of dark matter. Only
with a vibrant and cohesive simulation program will we be able to leverage the full power
and precision of cosmic probes of dark matter.

3.5 Primordial Black Holes and the Early Universe

As potentially the first density perturbations to collapse, primordial black holes may be our
earliest window into the birth of the universe and energies between the QCD phase transition
and the Planck scale. The corresponding length scales (k = 107 − 1019 hMpc−1) are much
smaller than those measured by other current and future cosmological probes, see Fig. 3-2.
While previous estimates suggested that primordial black holes were constrained to be a
subdominant component of dark matter over much of the viable mass range, more recent
analyses have relaxed many of these constraints, re-opening the possibility that, in certain
mass ranges, primordial black holes may comprise a dominant component of dark matter,
as shown in Fig. 3-6.

The detection of primordial black holes would change our understanding of the fundamental
physics of the early universe and the composition of dark matter [7, 12]. Primordial black
holes are a probe of primordial density fluctuations in a range that is inaccessible to other
techniques. These curvature fluctuations are imprinted on space-time hypersurfaces during
inflation, at extremely high energies, beyond those currently accessible by terrestrial and
cosmic accelerators. Our understanding of the universe at these high energies (& 1015 GeV)
comes predominantly from extrapolations of known physics at the electroweak scale. Mea-
surements of the primordial density fluctuations via the abundance of primordial black holes
would provide unique insights into physics at these very high energy scales.
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Figure 3-6. Constraints on the dark matter fraction comprised of primordial black holes
of a given mass. Constraints derived with more and less conservative assumptions are shown
in dark and light green, respectively. Projected sensitivity for future cosmic probes are
shown with green dashed lines. Existing constraints come from the gamma-ray background
[70], microlensing observations of M31 with HSC [71, 72], microlensing observations of the
Milky Way with MACHO/EROS [73–75], supernovae lensing [76], dynamical heating of
dwarf galaxies [77–81], wide binary stars [82, 83], X-ray binaries [84], CMB distortions from
accreting plasma in early universe [85, 86], and disk stability constraints [87]. Dashed lines
show the projected sensitivity of a Rubin LSST microlensing survey of the Galactic Bulge
[19], a dedicated Roman microlensing survey of M31, and a future MeV gamma-ray facility
[88, 89]. Figure adapted from [7, 19].

This significant reward motivates the development of several complementary techniques that
are sensitive to primordial black holes and subject to different astrophysical systematics,
such as gravitational microlensing, gravitational wave detection, and gamma-ray signatures
of black hole evaporation. In many cases, the science of primordial black holes can be
performed by facilities that have well-motivated and multi-faceted scientific programs, e.g.,
optical/near-infrared time-domain imaging surveys, gravitational wave detectors, precision
astrometry from radio interferometry, future MeV–TeV energy gamma-ray facilities. That
said, realizing primordial black hole science from these facilities often requires specialized
observing schemes, dedicated data analysis, and devoted theoretical studies. Therefore, it
is important to closely integrate scientific efforts with enabling facilities across the scientific
funding agencies (DOE, NASA, NSF).
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Current and near-future observations can provide unprecedented sensitivity to the search
for primordial black holes. However, it is necessary to ensure that these facilities acquire
their data with a cadence and sky coverage that enables the searches [19, 90, 91]. In
addition, the sensitivity of the searches will be maximized by combining datasets from
multiple observational facilities. Development of joint processing and analyses of Rubin
LSST, the Nancy Grace Roman Space Telescope (Roman), and Euclid will maximize the
opportunity to detect primordial black holes. Furthermore, current and future gravitational
wave facilities will provide an unparalleled opportunity to detect primordial black holes
directly through gravity. These facilities include both ground-based detectors, such as LIGO
and Cosmic Explorer, and space-based detectors, such as LISA and AEDGE [e.g., 92].

The scale of current and near-future datasets and the complexity of analyses benefit from
collaborative scientific teams. These teams will develop the tools to perform rigorous and
sensitive searches for primordial black holes in current and near-future observational data.
The computational challenges presented by these searches are well-matched to the capa-
bilities of HEP scientists and facilities. In addition, theoretical studies will help us better
understand the production mechanisms, clustering, and spin properties of primordial black
holes. These characteristics will inform the expected abundance of black hole microlensing
and gravitational-wave events and systematics with cosmic surveys, as well as the connections
to primordial physics in the early universe. Furthermore, improved simulations of the merger
rate of primordial black holes and of specific accretion rates will help inform observational
constraints.

3.6 Dark Matter in Extreme Astrophysical Environ-

ments

Astro-particle searches for dark matter have historically focused on measuring cosmic-ray
or photon products from the annihilation or decay of dark matter particles. However,
dark matter interactions could also alter the physical processes occurring in the interiors
of stars or stellar remnants, the dynamics of black holes, or the mergers of compact objects.
These alterations would imprint characteristic signals in electromagnetic and gravitational
wave observations. Exploring dark matter via observations of these extreme astrophysical
environments—defined here as heavy compact objects such as white dwarfs, neutron stars,
and black holes, as well as supernovae and compact object merger events—has been a major
field of growth since the last Snowmass study. In the coming decade, observations of extreme
astrophysical targets have the potential to open sensitivity to novel dark matter parameter
space across a broad mass range (Fig. 3-7) [8]. Exploiting these opportunities relies on both
advances in theoretical work and on current and near-future observatories, including both
gravitational-wave instruments and instruments spanning the full electromagnetic spectrum,
from radio to gamma-rays. To help guide the discussion on the search in extreme astrophys-
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Figure 3-7. A wide array of observations of extreme astrophysical environments have
sensitivity to novel dark matter properties over ∼50 orders of magnitude in dark matter
particle mass. Figure adapted from [8].

ical environments, we organize these searches by the dark matter mass range that is probed:
ultralight dark matter (< 1 keV), light dark matter (keV–MeV), and heavy dark matter
(&GeV). Despite this categorization, we emphasize that many of these probes overlap in
mass range, as summarized in Fig. 3-7. In addition, we note that the parameter space of
the dark matter that is probed does not always saturate the relic abundance; instead, dark
matter is broadly defined as matter that does not interact appreciably with Standard Model
matter.

Extreme astrophysical environments provide unique opportunities to probe ultralight dark
matter (< 1 keV). Ultralight particles can be produced in the hot, dense cores of stars
and stellar remnants and affect their evolution. Ultralight dark matter—either ambient in
the environment or produced in a neutron star—can convert in the high magnetic field
environment of the neutron star into radio waves or X-rays that could be detected by
telescopes. In the last decade, new ideas unique to bosonic dark matter have been developed.
Specific models of ultralight dark matter can alter the shape of the gravitational waveforms
of merging neutron stars through their coupling to the dense neutron star matter. Black
hole superradiance is a process that can extract energy and angular momentum from rotating
black holes and place it into bound states of exponentially large numbers of ultralight bosons,
as long as the Compton wavelength of the particle is comparable to the size of black holes.
These systems yield signals of coherent gravitational waves as well as black hole spin down,
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which do not depend on particle interactions but only on gravity. Finally, ultralight dark
matter can form collapsed structures like compact halos and boson stars that could be
detected using gravitational waves, microlensing, or electromagnetic signals.

Opportunities to probe light dark matter (keV–MeV) exist from a variety of astrophysical
situations: supernova explosions, the properties of neutron stars, binary neutron star merg-
ers, and black hole population statistics (measured with gravitational waves from binary
inspirals). Key observational targets for dark matter in this mass range include observation
of gamma rays, neutrinos, and the populations of neutron stars and black holes as observed
electromagnetically and via gravitational waves. Light dark matter produced in core collapse
supernovae can be constrained from limits of their supernova cooling, or lead to visible signals
in the X-ray or gamma-ray bands. During a binary neutron star merger, dark matter can
lead to a bright transient gamma-ray signal. In the cores of blue supergiants, dark matter can
affect stellar evolution, ultimately changing black hole population properties including the
location of the black hole mass gap. Dark matter scattering and annihilating in exoplanets,
brown dwarfs, Population III stars, and stellar remnants can be probed through infrared
and optical radiation, and through gamma rays. Neutron stars can be heated by light dark
matter via the Auger effect, which is probed by telescopes in the ultraviolet, optical and
infrared ranges of the electromagnetic spectrum. Lastly, accumulation of dark matter (in
particular bosonic light dark matter) can lead to the collapse of astrophysical objects. Most
of the signals arise from couplings to Standard Model photons and fermions. As an example,
in Fig. 3-8 we show the complementarity between cosmic probes of light and ultra-light dark
matter and terrestrial helioscope and haloscope in the context of searches for the signatures
of axion-like particles.

Compact astrophysical objects such as neutron stars and black holes provide unique envi-
ronments to test heavy dark matter (> GeV). Dark matter captured by neutron stars and
their subsequent heating can be observed by upcoming infrared and radio telescopes. Dark
matter that is produced in neutron stars may collect in the interior or form neutron star
halos, with implications for the equation of state, mass-radius relation, and gravitational
wave signals. Moreover, dark matter can collect in high-density spikes around black holes
enhancing annihilation rates. A black hole–compact object binary can form a dark matter
spike that can be observed by future space-based gravitational wave observatories. Merging
compact objects can also give insight into a wide variety of dark sector particles that modify
the dynamics of the merger process. This includes fifth forces and modifications to gravity.
Finally, sufficient accumulation of dark matter around a compact object can cause the dark
matter particles themselves to collapse into a black hole. Upcoming pulsar searches and
gravitational wave observatories will be sensitive to this kind of dark matter signature.

The coming decade presents a key opportunity to maximize the sensitivity of observations
to novel dark matter theory space. Observational and theoretical astrophysicists should
collaborate to constrain the standard astrophysical properties of these extreme environments.
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Figure 3-8. Cosmic probes of extreme astrophysical environments [93–98] combined
with measurements of dark matter halos [52, 99] and other cosmological observations [100–
103] set strong constraints on the parameter space of axion-like particles (green regions).
Projected improvements in sensitivity coming from future facilities and observations are
indicated with a dashed green line. Cosmic probes are sensitive well-motivated regions for
the QCD axion [104–107] and axion-like particles [108], and they are highly complementary
to other experimental searches with helioscopes and haloscopes (gray regions taken from
[109]). This figure uses limit data available from [110].

We need coordination between the experimental collaborations responsible for upcoming
major observatories across all astrophysical messengers: gravitational waves, neutrinos and
electromagnetic radiation at all wavelengths. Theoretical developments will improve our
understanding of the signatures of dark matter in extreme environments, which will in turn
help optimize the design and data taking strategies of future instruments.

3.7 Facilities for Cosmic Probes of Dark Matter

Over the next decade, observational facilities spanning the electromagnetic spectrum, as well
as gravitational waves, offer the potential to significantly expand our understanding of dark
matter physics. In this section, we briefly discuss current and near-future facilities that are
aligned with the HEP Cosmic Frontier program and offer the opportunity to greatly enhance
our understanding of dark matter physics. In many cases, these facilities have multi-faceted
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scientific portfolios that include sensitivity to dark energy, inflation, neutrino physics, and
modifications to gravity. Furthermore, the technology used in these facilities leverages the
core technical and scientific capabilities of the HEP community. Strong involvement from
the HEP community will maximize the scientific output of these facilities, and in many cases,
HEP involvement is necessary for the construction and/or operation of these facilities. The
capability to probe dark matter physics should be considered in the design phase of these
new facilities.

The discussion in this section focuses on a series of facilities-oriented white papers submitted
to CF3 as part of the Snowmass process [1–4, 11]. We note that the facilities described
here complement other multi-messenger facilities [111], gamma-ray and X-ray experiments
[112, 113], and gravitational wave facilities [92] submitted to other topical groups in the
Snowmass process.

3.7.1 Current/Near-Future Facilities

Dark Energy Spectroscopic Instrument
The Dark Energy Spectroscopic Instrument (DESI) began regular operations in 2021 and
is currently performing one of the most powerful wide-field spectroscopic surveys [78, 114].
The synergy between DESI and other current and near-future observing facilities will yield
datasets of unprecedented size and quality, with sensitivity to dark matter physics over a wide
range of scales and redshifts. DESI will detect four times as many Lyman-α quasars as were
observed in the largest previous survey, yielding about 1 million medium-resolution spectra.
Observations of these spectra will constrain the formation of dark matter halos through
measurements of the clustering of low-density intergalactic gas out to z ∼ 5. Measurements of
stellar radial velocities from DESI in conjunction with astrometry from Gaia (and eventually
Roman) will enable us to constrain the global distribution of dark matter within the Milky
Way, its dwarf satellites, and stellar streams. However, suites of numerical simulations
of non-CDM cosmologies are needed to interpret observations from DESI in the context
of fundamental dark matter physics. Such simulations must be transformed into realistic
mock datasets that account for observational selection effects. The creation of these mock
datasets is a significant investment that could heavily leverage HEP infrastructure that is
already integrated into the DESI Collaboration [1]. The proposed DESI-II [115, 116] would
extend the science capabilities of DESI through an extended operational period.

Vera C. Rubin Observatory
The Rubin Observatory Legacy Survey of Space and Time (LSST), which is scheduled to
start in 2024, has the potential to become a flagship dark matter experiment [18]. LSST
will probe dark matter through a wide suite of observations including measurements of
Milky Way satellites, stellar streams, galaxy clusters, weak lensing, microlensing searches for

Community Planning Exercise: Snowmass 2021



24 CONTENTS

primordial black holes, and studies of stellar populations and stellar remnants [2, 19, 117].
Due to the size and complexity of the Rubin LSST dataset and the need for devoted, high-
resolution numerical simulations, a coordinated effort is required to perform rigorous dark
matter analyses. A large collaborative team of scientists with the necessary organizational
and funding support is needed to lead this effort. Furthermore, studies of dark matter
with Rubin LSST will also guide the design of, and confirm the results from, other dark
matter experiments. Transforming Rubin LSST into a dark matter experiment is key to
achieving the dark matter science goals that have been identified as a high priority by the
HEP community [2].

CMB-S4
CMB-S4 is a ground-based experiment that will perform exquisite measurements of the CMB
temperature and polarization anisotropies [21, 23]. These measurements (on their own and in
combination with other surveys) will provide new means to probe the nature of dark matter.
These measurements will provide a snapshot of the universe as it was around the time of
recombination, and they will also reveal the imprints of structure growth at much later
times. Gravitational lensing of the CMB leads to characteristic distortions of the primary
CMB maps [118], allowing us to statistically reconstruct maps of the integrated line-of-
sight density. Scattering of CMB photons in galaxy clusters (the Sunyaev-Zel’dovich effect)
[119, 120] allows for the identification of the most massive bound structures in the universe
out to very high redshifts. Cosmological measurements in general, and CMB measurements
in particular, provide insights into dark matter physics that are complementary to direct,
indirect, and collider searches for dark matter. Cosmological observables are impacted by the
influence of dark matter on the entire cosmic history. Dark matter constraints derived from
cosmology do not rely on assumptions about the dark matter density in the neighborhood
of the Earth or of any specific astrophysical object. Furthermore, CMB observations are
sensitive to regions of parameter space that are out of reach of current direct searches.
Several aspects of the dark matter program are already included among the CMB-S4 core
science cases; however, support must be provided to achieve these science goals [3].

3.7.2 Future Facilities

Here we briefly describe the landscape of proposed future facilities, starting with those
probing the most energetic photons and moving to those with lower energies, and concluding
with gravitational wave detectors. While these facilities are synergistic with a broad range
of scientific objectives, strong support from the HEP community is necessary to enable the
design, construction, and operation of these facilities.

X-ray/Gamma-ray Facilities
Instruments operating at X-ray and gamma-ray energies have been indispensable for the
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indirect dark matter detection and multi-messenger communities [111–113]. While indirect
detection is discussed elsewhere, these experiments also provide an important test of PBH
evaporation and dark matter in extreme astrophysical environments. In particular MeV-scale
γ-ray experiments like AMEGO-X [121] and GECCO [122] are important for probing PBH
evaporation, while X-ray experiments like XRISM [123], Athena [124], and proposed facilities
such as STROBE-X [125] are important for probing the physics of extreme environments
around neutron stars and black holes.

Optical/Near-Infrared Facilities
Optical/near-infrared telescopes have been the work-horse for dark matter studies on galactic
scales. Proposed near-future optical/near-infrared facilities include a Stage-V Spectroscopic
Facility (Spec-S5) [126, 127] and the US Extremely Large Telescope program (US-ELT)
[128]. Both facility classes plan to target stars in the Milky Way halo, stellar streams,
and dwarf galaxies, as well as dark matter-dominated galaxies in the local universe, strong
lens systems, and galaxy clusters at higher redshift [4]. A Spec-S5 would combine a large
telescope aperture, wide field of view, and high multiplexing, enabling it to obtain medium-
to high-resolution spectra of millions of stars while simultaneously providing information on
tens of millions of higher-redshift objects distributed over wide areas of sky [129]. Proposed
concepts for a Spec-S5 include MegaMapper [116, 130], the Maunakea Spectroscopic Explorer
(MSE) [131], and the ESO SpecTel concept [132]. In contrast, the US ELTs, including the
Giant Magellan Telescope (GMT) [133] and the Thirty Meter Telescope (TMT) [134], will
provide unprecedented sensitivity, image resolution, astrometry, and extreme precision radial
velocity observations, but with much smaller fields of view and multiplexing than a Spec-S5.

In all cases, these facilities seek to use a variety of methods to extend measurements of the
dark matter halo mass function below the threshold of galaxy formation (106–108M�) and
to measure the density profiles of dark matter halos both in the local universe (e.g., for our
Milky Way, its satellites, and other nearby galaxies) and at higher redshifts (e.g., strong
lens systems and galaxy clusters). Measurements of the dark matter halo mass function
and density profiles can be translated into sensitivity to the dark matter particle mass and
interaction cross-sections. Additionally, these facilities provide multi-faceted fundamental
physics programs that include measurements of dark energy and inflation [126, 129]. They
would leverage HEP technology developed for Stage III and Stage IV dark energy experiments
(DES, DESI, Rubin LSST) and advance technology toward a Stage V dark energy experiment
[129]. HEP technical expertise is well-matched to the design and construction of fiber
positioners, CCD detectors, and spectrographs. Furthermore, HEP computational resources
and expertise are well matched to the task of data processing and distribution. These
experiments have strong support from the astronomy community; however, HEP support
will be critical to enable their construction and to ensure that they maximize fundamental
physics output.
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Microwave Facilities
The proposed millimeter-wavelength facility CMB-HD [135] will extend the resolution of
cosmic microwave background surveys by a factor of five and the sensitivity by a factor of
three or more. These observations will open a new window of small-scale CMB observations
and will uniquely enable measurements of the small-scale matter power spectrum (scales
of k ∼ 10hMpc−1) from weak gravitational lensing using the CMB as a backlight. These
observations will also enable measurements that rule out or detect any new light particle
species (Neff) that were in thermal equilibrium with the Standard Model at any time in
the early Universe [36], and enable probes of axion-like particles through CMB photon
conversion, time-dependent CMB polarization rotation, cosmic birefringence, and ultra-high-
resolution kinetic Sunyaev-Zel’dovich measurements. CMB-HD would leverage and extend
the scientific and technical investment of HEP in CMB-S4.

Radio Facilities
Proposed centimeter-wavelength radio observatories, including the ngVLA [136] and DSA-
2000 [137], can employ pulsar timing measurements to map the dark matter halo of the
Milky Way and the substructures it contains. These experiments could complement other
gravitational wave facilities at higher frequency. Proposed low-frequency radio experiments,
such as LuSEE Night [11, 138], PUMA [139], and successors to HERA [140] can use the 21-cm
line of hydrogen from the Dark Ages (z ∼ 50) through cosmic dawn and reionization (z ∼ 6)
to probe dark matter physics via the thermal history of intergalactic gas and the timing
of the formation of the first stars and galaxies. These facilities would have complementary
programs to probe dark energy (measuring the expansion history and growth of the universe
up to z = 6) and the physics of inflation (constraining primordial non-Gaussianity and
primordial features).

Gravitational Wave Facilities
Proposed gravitational wave facilities, such as Cosmic Explorer and LIGO-Voyager, can
probe dark matter directly through gravity [92]. These experiments are sensitive to channels
including the detection of axion-like particles in binary neutron star mergers, ultralight
bosons through superradiant instabilities of rotating black holes, the identification of boson
stars in compact binaries, dark matter density spikes around black holes, and the existence
of sub-solar-mass primordial black holes.

3.8 Tools for Cosmic Probes of Dark Matter Physics

Collaborative Infrastructure
Historically, many cosmic probes of dark matter physics have been pursued by small groups
of scientists. However, as the scale and complexity of cosmic survey experiments increase,
the need for numerical simulations to interpret data grow, and the range of possible dark
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matter models expands, it becomes difficult to find sufficient expertise within a small group
of scientists. Similar challenges have been faced by the dark energy community, which has
motivated the formation of large collaborative efforts to build and analyze data from new
facilities. These collaborations bring together the efforts of university groups, international
collaborators, and scientists at national laboratories to accomplish scientific tasks that are
too large for any single investigator. Modern efforts to assemble collaborative teams to study
cosmic probes of dark matter physics have already started in the context of the Dark Energy
Survey [141] and the Rubin LSST Dark Energy Science Collaboration [2]. In many cases,
these teams can reside within existing collaborative infrastructure that has been established
for other HEP mission goals. However, additional support must be provided to enable dark
matter as a parallel branch of fundamental physics being pursued by these experiments.

New Support Mechanisms
Cosmic probes of dark matter provide a rich, diverse, and interdisciplinary area of research.
While this leads to an exciting discovery space, it also leads to logistical difficulties in
classifying the research within the existing research support structures (i.e., DOE HEP,
NSF-PHY, NSF-AST, and NASA). In particular, support for cosmic probes of fundamental
dark matter properties often falls in the cracks between these disciplines and agencies. This
has been especially challenging for theoretical research in this domain, which has been
increasingly been difficult to fund. We recommend that inter-agency coordination is required
to assure that cosmic probes of dark matter physics are firmly supported. Multi-agency
support extending across the spectrum of theory, simulation, and experiment will enable
large gains in the coming decade.

Artificial Intelligence/Machine Learning
The interplay between models and observations is a cornerstone of the scientific method,
aiming to inform which theoretical models are reflected in the observed data. Within
cosmology, as both models and observations have substantially increased in complexity over
time, the tools needed to enable a rigorous comparison have required updating as well. In
the next decade, vast data volumes will be delivered by ongoing and upcoming cosmology
experiments, as well as the ever-expanding theoretical search space. We are now at a crucial
juncture where we may be limited by the statistical and data-driven tools themselves rather
than the quality or volume of the available data. Methods based on artificial intelligence
and machine learning have recently emerged as promising tools for cosmological applications,
demonstrating the ability to overcome some of the computational bottlenecks associated with
traditional statistical techniques. Machine learning is starting to see increased adoption
across different sub-fields of and for various applications within cosmology. At the same
time, the nascent and emergent nature of practical artificial intelligence motivates careful
continued development and significant care when it comes to their application in the sciences,
as well as cognizance of their potential for broader societal impact [9].
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Cosmology Data Preservation
Cosmology datasets and simulations have useful lifetimes that extend long beyond the
operational period of individual projects. As datasets from facilities and simulations grow in
size, the “take out” model of manual download followed by local computation will become
insufficient and unwieldy. Future work needs to focus on co-locating data with computing,
and automating the coordination between multiple data/compute centers. Furthermore,
special attention should be paid toward facilitating the joint analysis of datasets beyond the
lifetime of individual projects. Implementing a comprehensive data preservation system will
require support not only for hardware, but also for personnel to develop and maintain the
technologies to simplify cross-site data sharing and personnel to curate the relevant datasets.
The authors of [34] recommend that the HEP community support a new cosmology data
archive center to coordinate this work across multiple HEP computing facilities.

3.9 Roads to New Physics

Cosmic probes of dark matter present exciting opportunities with powerful synergies to other
dark matter search techniques, namely ground-based direct and indirect detection facilities.
In this section, we consider three exemplar scenarios where astrophysical observations lead
to the characterization of fundamental dark matter properties, and discuss their implications
for revealing the particle nature of dark matter and understanding early-universe cosmology.
In particular, we highlight how astrophysical observations, terrestrial experiments, and
theoretical modelling can work together to extract fundamental parameters of dark matter.

3.9.1 Warm and Self-Interacting Dark Matter

We first consider a scenario where dark matter differs from the standard CDM model by
having a warm thermal velocity distribution and an appreciable self-interaction cross section.
The matter power spectrum of warm dark matter is suppressed compared to CDM, resulting
in a reduction in the number and the central density of low-mass dark matter halos. For
thermal warm dark matter, the power spectrum is completely determined by the dark matter
particle mass, mWDM [50]. The observed population of satellite dwarf galaxies of the Milky
Way can be used to measure mWDM if such a suppression is observed. Furthermore, dark
matter self-interactions can thermalize the inner regions of dark matter halos and change the
dark matter density profile. Thus, the self-interaction cross section per unit mass, σSIDM/mχ,
can be inferred from measurements of stellar velocities of galaxies, which are sensitive to the
central dark matter content.

Fig. 3-9 demonstrates the ability of Rubin LSST combined with a future spectroscopic
survey to measure the particle properties of dark matter from observations of Milky Way
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Figure 3-9. Potential measurements of the self-interacting cross section and warm dark
matter mass from upcoming observations by the Rubin Observatory and a future Stage-V
Spectroscopic Facility (e.g., MSE [131] or MegaMapper [116, 130]). The projection assumes
a dark matter model with a cross section of σSIDM/mχ = 2 cm2/g and a suppressed matter
power spectrum corresponding to a warm dark matter mass ofmWDM = 6 keV (red asterisk).
The uncertainties contours are created by following a procedure similar to [142]. Figure
adapted from [19].

satellite galaxies, adapted from [19]. This projection assumes a self-interaction cross section
of σSIDM/mχ = 2 cm2/g and a matter power spectrum corresponding to thermal warm dark
matter with mWDM = 6 keV; see [19] for details.2 The projection should be regarded as an
illustration of the capability of future facilities to measure fundamental dark matter particle
properties using observations of the cosmic distribution of dark matter. This measurement
does not assume that dark matter couples to the Standard Model. Furthermore, we can
break degeneracies between dark matter particle properties and the physics of galaxy for-
mation (e.g., the long tail towards large dark matter mass) by combining satellite galaxy

2More recent studies show that a larger cross section on dwarf scales may be needed to fully explain
diverse dark matter densities of the Milky Way satellite galaxies in self-interacting dark matter models [143–
149]. In this case, dark matter (sub)halos with a high concentration can experience gravothermal collapse,
resulting in a high inner density, which can be probed using strong lensing observations with Rubin LSST,
see, e.g., [150–154] for relevant discussion.
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measurements with a probe that is independent of subhalo luminosity, such as strong lensing
and stellar streams, ultimately resulting in closed contours at high statistical significance.

Astrophysical observations can provide precision measurements of interactions in the dark
sector. To achieve this goal, a collaborative effort is crucial. First, after Rubin LSST discovers
new satellite galaxies, spectroscopic followup measurements of their stellar velocity dispersion
are needed to constrain the dark matter density. Second, with the population of newly-
discovered satellites, it will be possible to update models that capture the connection be-
tween invisible subhalos and visible galaxies to better control baryonic uncertainties. Third,
dedicated N-body simulations are needed to make concrete predictions of self-interacting and
warm dark matter models in terms of the properties of subhalos, such as their mass function,
orbital parameters and central density. Fourth, in order to implement the novel dark matter
properties in the simulations and interpret the observational results, we need to use the
methods of particle physics to calculate the self-interaction cross section and determine how
it depends on the velocity and scattering angle, as well as the linear matter power spectrum
that encodes the evolution of the dark matter candidate in the early universe. Last but
not the least, we will make predictions for observables on different galactic systems, such as
density profiles in isolated dwarf galaxies and substructures of galaxy clusters, and search
for signatures of new physics beyond CDM in these systems.

The possibility that dark matter has strong self-interactions indicates that there is a light
mass scale O(1) MeV in the dark sector, which is much below the weak scale. Such a light
dark sector motivates dedicated searches in upcoming and proposed terrestrial experiments
in the intensity frontier, such as FASER [155] and LDMX [156]; see [157] for an overview
of relevant experiments and facilities. It is also natural to expect that the light dark sector
contains relativistic degrees of freedom [158, 159], i.e., dark radiation, which can be probed
in CMB-S4 [20]. In addition, after combining observations from dwarf to cluster scales,
spanning from ∼ 108 M� to 1015 M�, we may determine masses of dark matter and mediator
particles [160]. The discovery of a large self-interaction cross section and a cut-off in the
matter power spectrum will have profound implications for constructing particle theories of
dark matter and understanding its evolutionary history in the early universe, see [49, 69,
158, 161] for related discussion.

3.9.2 Primordial Black Holes

Next, we consider the discovery of primordial black holes, a realization of compact object dark
matter. Primordial black holes represent a gravitational dark matter candidate that cannot
be produced in terrestrial experiments and can only be detected and studied observationally.
Much of the primordial black hole dark matter parameter space has been constrained by
existing observations [e.g., 70], but windows still remain where primordial black holes can
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Figure 3-10. Projected sensitivity of Rubin LSST to primordial black holes that make up
a subdominant fraction of the dark matter (black circles). This figure assumes a log-normal
mass function that provides an integrated contribution of 3% of the dark matter [162].
Fractional uncertainties on the projected measurements are estimated from the Poisson
uncertainties on the predicted number of microlensing events that would be observed by
Rubin LSST. Current (green regions) and future (dashed green) constraints on compact
object dark matter come from Fig. 3-6.

make up some or all of the dark matter, see Fig. 3-6. Even if primordial black holes make
up a subdominant component of the dark matter, their existence would revolutionize our
understanding of early universe physics at extreme temperatures that are inaccessible to
laboratory experiments [7].

Rubin LSST provides an exciting opportunity to directly measure the mass function of
compact objects through microlensing observations. If scheduled optimally, LSST will
provide sensitivity to microlensing event rates corresponding to 10−4 of the dark matter
density in compact objects with masses & 0.1 M�, a factor 102–103 improvement compared
to the existing limits. In addition, the Roman Space Telescope also provides microlensing
opportunities in the search for primordial black holes in the next decade. As a high resolution
space-based imaging system, Roman has the potential to detect or constrain primordial black
holes through various types of lensing.

Fig. 3-10 shows discovery potential for primordial black holes making up a subdominant
component of the dark matter. We follow the prescription of Carr et al. 2017 [162] and
model the normalized primordial black hole mass function with a log-normal distribution
(see their Eq. 3). We set the parameters of our mass function to be consistent with existing
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observational constraints [162], choosing a peak mass of Mc = 30 M�, a width of σ = 1,
and an integrated contribution to the dark matter density of fPBH = 0.03 (3%). We bin
into logarithmic mass bins with width of 0.33 dex and calculated the integrated contribution
to the dark matter abundance and the expected number of microlensing events that would
be observed by LSST using the projected sensitivity [19].3 We assign uncertainties on the
measured compact object fraction from the fractional Poisson uncertainties on the number
of observed events. Rubin LSST will be sensitive to the existence of this primordial black
hole population with high confidence; however, this analysis does not include contamination
from astrophysical black holes, which is expected to be small at these high masses [19, 164].

The detection of primordial black holes by Rubin LSST and/or Roman would provide insights
into early universe cosmology. Primordial black holes could form at early times from the
direct gravitational collapse of large density perturbations that originated during inflation.
The same fluctuations that initialize seeds of galaxies, if boosted on small scales, can lead
to some small areas having a Schwarzschild mass within the horizon, which collapse to
form black holes. Thus the detection of primordial black holes would directly constrain
the amplitude of density fluctuations. These constraints probe small scales between k =
107–1019 h/Mpc, much smaller than those measured by other current and future probes.

3.9.3 Axions and Axion-like Particles

Interest in axion and axion-like particles as potential dark matter candidates has increased
significantly since the last Snowmass study [24, 109, 165]. The diversity of terrestrial axion
experiments has increased dramatically during this time period [109]. Current experiments
now probe the QCD axion model space in the µeV mass range [166–168], and future
experiments are poised to extend sensitivity to higher and lower masses [109]. Meanwhile, the
expanding theoretical landscape of axion-like particle models makes it increasingly important
to understand the cosmological implications of these models and their detectable signatures
in the cosmos. For example, a thermal population of sub-eV mass axions would leave a
cosmological imprint that could be detected through measurements of Neff [36].

Cosmic probes provide important complementary information in the search for QCD axions
and axion-like particles. In particular, a detailed understanding of the local dark matter
distribution is important for both designing terrestrial search strategies and interpreting
any positive experimental results from those searches [169]. For example, many terrestrial
cavity experiments search for a distinct, narrow feature coming from axion conversion into
photons [109]. The width of the axion feature depends on the velocity dispersion of dark
matter in the Milky Way, and more precisely, the Solar neighborhood. Thus, precision cosmic

3This width of our mass bins is roughly comparable to the mass uncertainty reported for the recent
detection of a microlensing event [163].

Community Planning Exercise: Snowmass 2021



3.10 Summary and Outlook 33

measurements of the local dark matter velocity and density distributions are an important
guide when planning future searches for axions and axion-like particles.

The existence of dynamically cold dark matter substructure within the Solar System can
change the signal strength and temporal modulation behavior in dark matter direct detec-
tion [170, 171]. In addition, gravitational focusing of dark matter streams by the Sun, Moon
and Earth can affect the phase-space distribution of local dark matter particles [172–174] and
have an impact on direct detection signals accordingly. Many current studies are based on
WIMPs models, and more work is needed to extend them to axion detection. For instance,
since axions are much colder than WIMPs in the streams, the axion signal strength can be
boosted more significantly due to gravitational focusing [175]. In fact, the possible existence
of cold dark matter structures has motivated alternative “high-resolution” experimental
scan strategies [176]. Conversely, the discovery of an axion signal in terrestrial haloscope
experiment would immediately provide information about the local velocity dispersion of
dark matter and enable improved modeling of the local dark matter distribution [177].

Cosmic probes can also help guide future terrestrial searches over the much broader parame-
ter space of axion-like particles. Cosmic observations are currently the most sensitive probes
of axion-like particles coupling to photons in the mass range below ∼ 10−6 eV, see Fig. 3-8.
In this regime, upcoming probes of extreme astrophysical environments, such as observations
of neutron stars or a Galactic supernova, may provide positive signal of axion-like particles
[8]. Such a signal could help guide the design of future terrestrial searches using lumped
element approaches or superconducting radiofrequency cavities [109]. While these terrestrial
experiments are currently envisioned to cover large regions axion-like particle parameter
space [109], their design and operation could be accelerated if cosmic probes identified a
specific target mass range and coupling strength. In the regime below ∼ 10−12 eV, cosmic
probes such as searches for axion-like particle condensates through microlensing [178] and
black hole superradiance [97] may yield a positive signal that could motivate the design of
novel atomic clock or nuclear magnetic resonance experiments [24]. Moreover, below ∼ 10−12

eV, the length scales associated with equilibrium states for axion dark matter approach scales
of astrophysical significance, making observations of cosmic phenomena an essential probe
in this mass regime. For example, an axion-like particle with mass ∼ 10−21 eV produces a
dwarf galaxy-scale halo with a distinct soliton core [179–181]. Cosmic probes are currently
our only option for experimentally testing models in this mass regime.

3.10 Summary and Outlook

More than 80 years after the first astrophysical discovery of dark matter, its fundamental
nature remains an open question. Over the last several decades, the HEP community has
designed and executed extensive searches for dark matter in a wide variety of terrestrial
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experiments. Despite these heroic efforts, the only positive measurements of dark matter
continue to come from cosmic observations. Scientific advances over the last decade have
made it possible to use precision measurements of macroscopic astrophysical systems to
probe the microscopic particle properties of dark matter. This Snowmass report presents
the critical opportunity for the HEP community to fully realize the potential of cosmic probes
of dark matter.

In this report, we have described methods of measuring fundamental properties of dark
matter that are valid even when the coupling between dark matter and normal matter
is extremely weak (e.g., as weak as gravity). Cosmic measurements of the distribution
of dark matter, including the matter power spectrum, dark matter halos, and compact
objects, can constrain particle properties of dark matter, such as the mass, interaction cross
section, and production mechanism. Moreover, if dark matter has feeble non-gravitational
interactions with normal matter, extreme astrophysical environments, such as neutron stars
and black holes, provide unique opportunities to explore dark matter physics over 50 orders of
magnitude in the mass; much of this model space is inaccessible with terrestrial experiments.
In addition, precision astrophysical measurements of dark matter with current and near-
future observational facilities are critical for interpreting results from conventional dark
matter searches.

We have further demonstrated that with the unprecedented coverage and sensitivity of
current and near-future observational facilities, the rapidly improving scale and accuracy
of numerical simulations, and better theoretical modelling, astrophysical uncertainties can
be controlled and the fundamental parameters of dark matter can be extracted. This
makes it possible to map Lagrangian parameters describing a particular dark matter model
to astrophysical observables, and vice versa. Thus cosmic probes can provide precision
measurements of particle physics properties of dark matter in a way that is similar to how
HEP experiments have enabled the construction of the Standard Model of particle physics.

Cosmic probes of particle properties of dark matter have emerged as a new research field
since the last Snowmass community study, largely due to tremendous progress in theoretical
investigations of novel dark matter scenarios, N-body simulations of structure formation, as
well as astrophysical observations of dark matter distributions. There is a new and exciting
trend in the HEP community that more and more theoretical particle physicists have begun
working on astrophysical aspects of dark matter. At the same time, astrophysicists working
on N-body simulations have started to develop simulation algorithms that can model novel
dark matter scenarios beyond CDM. We must encourage and support this promising and
evolving trend from both communities.

Furthermore, we must develop new mechanisms to further support synergistic efforts among
theorists, simulators, dynamicists, observers, and experimentalists/instrumentalists, who
are traditionally supported by different agencies and/or programs. Cosmic probes of dark
matter are fundamentally multidisciplinary and interdisciplinary, and traditional disciplinary
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divisions limit scientific outcomes. New support mechanisms can be pursued from small
to large scales. On small scales, a program like the DOE Dark Matter New Initiatives
(DMNI) is well suited to support a small-scale collaborative effort from particle physicists
and astrophysicists with a well-defined scientific goal. Cosmic probes of dark matter were
not included in the current DMNI program. If the program continues, we strongly urge that
DOE integrates cosmic probes into its portfolio. Alternatively, a similar program could be
established to make rapid progress in this emerging field.

Dark matter physics associated with current and near-future facilities, such as DESI, Rubin
LSST, and CMB-S4, is extremely rich. Dark matter science should be supported within these
projects on intermediate scales in parallel to studies of dark energy and inflation. Such a
program will fully leverage the unprecedented capabilities of these facilities. On large scales,
the construction of future cosmology experiments is critical for expanding our understanding
of dark matter physics. HEP involvement will be essential for the design and construction
of these facilities, and dark matter physics should be a core component of their scientific
mission.

Cosmic probes of dark matter are unique and important, because they have sensitivity
to microscopic physics of dark matter and provide precision measurements, regardless of
whether dark matter has sizable interactions with normal matter. The HEP community has
recognized the power of this approach, and it is now time to maximize its full potential.
The support for comic probes, which may be the only viable way to measure dark matter
properties, is essential for the decade of dark matter to come.
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