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3.1 Executive Summary3

The existence of dark matter represents direct evidence that the Standard Model of particle physics is4

incomplete. However, despite extensive empirical evidence for the existence of dark matter, its fundamental5

composition and microphysical properties have yet to be determined. The impact, importance, and interdis-6

ciplinarity of the dark matter problem make it one of the most exciting questions in science today. Over the7

next decade, cosmic probes of dark matter will continue to be a unique approach to study physics beyond8

the Standard Model of particle physics.9

Cosmological and astrophysical observations currently provide the only robust, positive empirical measure-10

ments of dark matter. In particular, cosmic probes of dark matter are unique in that many do not rely11

on the assumption that dark matter has interactions with normal matter beyond gravity; thus they are12

the most “expansive” (and may be the only viable) approach to increasing our empirical understanding of13

dark matter. Furthermore, due to the extreme scales and environments studied by cosmic probes, they14

are sensitive to very rare interactions between dark matter and Standard Model particles. The sensitivity15

to both gravitational and particle interactions of dark matter makes cosmic probes of dark matter highly16

complementary to other experimental efforts in the Cosmic Frontier (i.e., CF1, CF2, CF7) and other HEP17

Frontiers (i.e., EF10, TF9, RF6, NF3). Furthermore, there are strong scientific and experimental synergies18

between cosmic probes of dark matter, dark energy, and the physics of the early universe (i.e., CF4, CF5,19

CF6, CF7).20

Strong HEP support for cosmic probes is essential, not only for their independent capacity to provide21

insight into the fundamental properties of dark matter, but also for interpreting any future direct or indirect22

detections via a terrestrial experiment. Sustained collaboration between particle theorists, gravitational23

dynamicists, numerical simulators, observers, and experimentalists are required to fully realize the power of24

cosmic probes of dark matter. Such large collaborations are naturally matched to the HEP community, but25

new mechanisms are needed to support these emerging, interdisciplinary efforts. This report summarizes26

the ways in which cosmic probes are a key particle physics tool in the endeavor to fully characterize dark27

matter. First, we identify three core ways that cosmic probes of dark matter are a HEP community priority,28

in order to provide context for five major science opportunities described below:29

• Current/near-future HEP cosmology experiments have direct sensitivity to dark matter particle physics30

[1–3]. Cosmological studies of dark matter should be supported as a key component of31

the HEP Cosmic Frontier program due to their unique ability to constrain dark matter32
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microphysics and link the results of terrestrial dark matter experiments to cosmological33

measurements.34

• The construction of future cosmology experiments is critical for expanding our under-35

standing of dark matter physics. Proposed facilities across the electromagnetic spectrum, as well36

as gravitational waves, can provide sensitivity to dark matter physics, as well as physics of dark energy37

and the early universe [4]. HEP involvement will be essential in constructing these facilities, and38

optimizing their sensitivity to dark matter physics should be a core consideration in their design.39

• Cosmic probes provide robust sensitivity to the microphysical properties of dark matter due to enor-40

mous progress in theoretical modeling, numerical simulations, and astrophysical data. Theory, sim-41

ulation, and experiment must all be supported to maximize the efficacy of cosmic probes42

of dark matter physics.43

The allowed parameter space of dark matter models is large and requires a range of techniques for full44

exploration and testing. The experiments, observations, and interpretations of cosmic probes of dark45

matter are necessarily interdisciplinary. Emphasizing interdisciplinary coordination – both scientifically46

and bureaucratically – will enable strong scientific outcomes. However, because of the unique nature of the47

scientific problem that dark matter represents, a single figure of merit approach is not necessarily the best48

way to characterize progress. Instead, there are a plethora of clear opportunities that are sensitive to the49

particle nature of dark matter. Major scientific opportunities for cosmic probes of dark matter physics in50

the coming decade are summarized below, presented at length in the following document, and discussed in51

detail in a set of community white papers [1–11].52

Major Scientific Opportunities53

1. The Standard Model of particle physics and cosmology can be tested at unprecedented levels of precision54

by measuring the cosmic distribution of dark matter. These measurements span an enormous range55

of scales from the observable universe to sub-stellar-mass systems [7, 12, 13]. Measurements of56

the distribution of dark matter (e.g., the matter power spectrum, the mass spectrum of57

dark matter halos, dark matter halo density profiles, and abundances of compact objects)58

can constrain the fundamental properties of dark matter (e.g., particle mass, production59

mechanism, and interaction cross sections) and should be supported as a key element of60

the HEP Cosmic Frontier program.61

2. The ΛCDM model makes the strong, testable prediction that the mass spectrum of dark matter62

halos extends below the threshold at which galaxies form [5]. Sub-galactic dark matter halos are63

less influenced by baryonic processes making them especially clean probes of fundamental physics of64

dark matter. The HEP community should pursue the detection of dark matter halos below65

the threshold of galaxy formation as an exceptional test of fundamental dark matter66

properties.67

3. Extreme astrophysical environments provide unique opportunities to explore dark matter couplings to68

the Standard Model that are inaccessible with terrestrial experiments [8]. Instruments, observa-69

tions, and theorists that study extreme astrophysical environments should be supported70

as an essential means to constrain the expanding landscape of dark matter models.71

4. Numerical simulations of structure formation and baryonic physics play a key role in addressing particle72

physics questions about the nature of dark matter. HEP computational resources and expertise73

can be combined with astrophysical simulation expertise to rapidly advance numerical74

simulations of dark matter physics.75

5. The interdisciplinary nature of dark matter research calls for interagency mechanisms76

that support a complete pursuit of scientific opportunities without regard to traditional77

disciplinary boundaries.78
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When engaged together, these major opportunities provide a potential pathway for transforming our un-79

derstanding of the basic constituents of matter in the universe. Though dark matter’s existence has long80

been broadly accepted through community consensus, it remains the case that its fundamental properties81

remain a mystery. As we discuss later in this document, the possibility of successfully identifying the nature82

of dark matter using traditional and emerging cosmic probes arises from a variety of techniques embodied83

in the major opportunities above. This array of opportunities include using measurements of dark matter84

halos [5], observations of extreme astrophysical environments [8], searches for primordial black holes [7], and85

strengthening synergies between simulation and experiment [6]. These opportunities will be enabled by a86

suite of current and future facilities [4].87

Dark matter is beyond Standard Model physics, but we know of its existence because of its impact, writ large,88

on our universe. Cosmic observations are a foundational tool for understanding the fundamental nature of89

dark matter. Furthermore, any terrestrial detection will need to explain and be informed by astrophysical90

observations. As new DOE- and NSF-supported facilities come online and plans for future facilities emerge,91

we find ourselves beginning a transformative decade in the effort to characterize dark matter, and in doing so,92

characterize dark energy, early universe inflation, and neutrinos. In this report, we present the possibilities93

created by a community commitment to a decade of dark matter.94

3.2 Introduction95

The existence of dark matter, which constitutes ∼ 85% of the matter density and ∼ 26% of the energy96

density of the universe, is a clear demonstration that we lack a complete understanding of fundamental97

physics. Over the past several decades, experimental searches for non-baryonic dark matter have proceeded98

along several complementary avenues. Collider experiments attempt to produce and detect the presence99

of dark matter particles, while direct detection experiments attempt to measure energy deposition from100

very rare interactions between dark matter and Standard Model particles. In parallel, indirect dark matter101

searches seek to detect the energetic Standard Model products from the annihilation or decay of dark matter102

particles in situ in astrophysical systems. Despite these extensive efforts, the only robust, positive empirical103

measurements of dark matter to date come from astrophysical and cosmological observations. This report104

summarizes the exciting scientific opportunities presented by cosmic probes of fundamental dark matter105

physics in the coming decade. The content of this report has been primarily guided by five solicited white106

papers [4–8] and six contributed white papers from the HEP community [1–3, 9–11].107

Astrophysical and cosmological observations are a unique, powerful, and complementary technique to study108

the fundamental properties of dark matter. They probe dark matter directly through gravity, the only109

force to which dark matter is known to couple. On large cosmological scales, current observational data110

can be described by a simple cosmological model containing stable, non-relativistic, collisionless, cold dark111

matter (CDM). However, many viable theoretical models of dark matter predict observable deviations from112

CDM that are testable with current and future experimental programs. Fundamental physical properties of113

dark matter—e.g., particle mass, self-interaction cross section, coupling to the Standard Model, and time-114

evolution—can imprint themselves on the macroscopic distribution of dark matter in a detectable manner.115

In addition, astrophysical observations complement terrestrial dark matter searches by providing input to116

direct and indirect dark matter experiments, and by enabling alternative tests of any non-gravitational117

coupling(s) between dark matter and the Standard Model. For example, astrophysical observations are118

required to (i) measure the local density and velocity distribution of dark matter, an important input for119

designing and interpreting direct dark matter searches, (ii) identify and characterize regions of high dark120

matter density, an important input for targeting and interpreting indirect searches, and (iii) set strong121

constraints on the particle properties of dark matter, an important input for designing novel terrestrial dark122
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matter experiments with viable discovery potential. In the event of a terrestrial dark matter detection—e.g.,123

the detection of a weakly interacting massive particle (WIMP) or axion—cosmic observations will be crucial124

to interpret terrestrial measurements in the context of cosmic dark matter. Furthermore, cosmic probes125

provide critical information to direct future terrestrial searches for novel dark matter candidates. Finally, in126

many cases, astrophysical and cosmological observations provide the only robust, empirical constraints on127

the viable range of dark matter models.128

There is also immense discovery potential at the intersection of particle physics, cosmology, and astrophysics.129

The detection of dark matter halos that are completely devoid of visible galaxies would provide an extremely130

sensitive probe of new dark matter physics. Measuring a deviation from the gravitational predictions of CDM131

in these halos would provide much-needed experimental guidance on dark matter properties that are not132

easily measured in particle physics experiments (e.g., dark matter self-interaction cross sections). Likewise,133

results from terrestrial particle physics experiments can suggest specific deviations from the CDM paradigm134

that can be tested with astrophysical observations. The expanding landscape of theoretical models for dark135

matter strongly motivates the exploration of dark matter parameter space beyond the current sensitivity of136

the HEP program.137

In fact, cosmology has a long history of testing the fundamental properties of dark matter. For instance,138

neutrinos were long considered a viable candidate to make up all the dark matter [e.g., 14, 15]. The 30 eV139

neutrino dark matter candidate of the 1980s is an especially interesting case study of the interplay between140

particle physics experiments and astrophysical observations. In 1980, Lubimov et al. reported the discovery141

of a non-zero neutrino rest mass in the range 14 eV < mν < 46 eV [16]. Neutrinos with this mass would142

provide a significant fraction of the critical energy density of the universe, but would be relativistic at the time143

of decoupling, thus manifesting as hot dark matter. Over the next decade, this “discovery” was aggressively144

tested by several other tritium β-decay experiments. During this same period, the first measurements of145

the stellar velocity dispersion of dwarf spheroidal galaxies showed that these galaxies are highly dark matter146

dominated. The inferred dark matter density within the central regions of dwarf galaxies was used to place147

lower limits on the neutrino rest mass that were incompatible with the 30 eV neutrino dark matter candidate148

[17, 18]. Furthermore, numerical simulations of structure formation were similarly found to be incompatible149

with a neutrino-dominated universe [19]. Similar stories can be told of stable heavy leptons [20–22] and150

other dark matter candidates that have been excluded by cosmological and astrophysical measurements.151

Cosmology has continually shown that the microscopic physics governing the fundamental nature of dark152

matter and the macroscopic distribution of dark matter are intimately intertwined.153

The strong connection between cosmology, astrophysics, and particle physics serve as the motivation for the154

Dark Matter: Cosmic Probes Topical Group (CF3) within the Snowmass Cosmic Frontier. CF3 focuses on155

the use of cosmological techniques and astrophysical observations to study the fundamental nature of dark156

matter over the full range of allowed dark matter masses. While many experimental studies of dark matter157

search for a previously undetected interactions between dark matter and Standard Model particles, CF3 also158

seeks to measure the behavior of dark matter ever more precisely in order to compare against the predictions159

of ΛCDM. Thus, some of the scientific approaches and experimental facilities proposed by CF3 overlap160

significantly with cosmological studies of dark energy and the early universe. CF3 discussions took place161

between November 2020 and July 2022 through a series of meetings that occurred on a roughly bi-weekly162

cadence. CF3 received 75 letters of intent,1 which resulted in the submission of 5 solicited white papers [4–8]163

and 6 contributed white papers [1–3, 9–11] from the HEP community. This report summarize nearly two164

years of community input, and its structure has been primarily guided by the five solicited community white165

papers.166

• WP1 - Dark matter physics from dark matter halo measurements [5].167

1https://snowmass21.org/cosmic/dm_probes
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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. Inspired by similar figures in the literature [e.g., 23–25]

• WP2 - Cosmological simulations for dark matter physics [6].168

• WP3 - Primordial black hole dark matter [7].169

• WP4 - Dark matter in extreme astrophysical environments [8].170

• WP5 - Observational facilities to study dark matter physics [4].171

3.3 Dark Matter Halo Measurements172

In the standard model of cosmic structure formation, dark matter in the late-time universe is clustered into173

gravitationally bound over-densities called halos. These halos provide sites for baryons to cool, collapse and174

form galaxies. Astronomical observations show that dark matter halos are distributed according to a power-175

law mass spectrum extending from the scales of galaxy clusters (∼ 1015M⊙) to those of ultra-faint dwarf176

galaxies (∼ 108M⊙). In the prevailing theory (CDM), dark matter is made of collisionless, cold particles177

or objects. The CDM theory does a good job of explaining the large-scale structure of the universe [35]178

and overall properties of galaxies [36, 37]. However, there are many reasons to believe that CDM is an179

approximation and that the dark sector is more complex and vibrant. From the theory perspective, CDM180

provides a parametric description of cosmic structure, but it is far from a complete theory. In CDM, the181

particle properties of dark matter, such as the mass, spin, interaction and production mechanism, remain182

Community Planning Exercise: Snowmass 2021



D
RA
FT

6 Cosmic Probes of Dark Matter

10−2 100 102 104 106 108 1010

Wavenumber k [h/Mpc]

10−8

10−6

10−4

10−2

100

102

104

106

108

L
in

ea
r

m
at

te
r

p
ow

er
sp

ec
tr

u
m

∆
2
(k

)
=
k

3
P

m
(k

)/
2π

2

100 102 104 106 108 1010 1012 1014

Temperature of universe [eV]

1016 1012 108 104 100 10−4 10−8 10−12 10−16 10−20

Halo mass Mhalo [M�]

C
lu

st
er

H
al

os

G
al

ac
ti

c
H

al
os

S
u

b
-G

al
ac

ti
c

H
al

os

S
u

b
-S

te
ll
ar

H
al

os

S
u

b
-E

ar
th

H
al

os

CDM

WIMP

Fuzzy DM

Interacting DM

Warm DM

Early MD

Axion Misalignment

Vector DM

Axion String

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; [26]), (2) dark matter–baryon interactions with interaction cross section
that scales with velocity as σ0v

−4 for σ0 = 10−22cm2 (blue; [27]), (3) thermal relic warm dark matter with
a mass m ∼ 40 keV (orange; [28]), (4) weakly interacting massive particle dark matter represented by a
bino-like neutralino with a mass m ∼ 100 GeV (black; [29]). Also shown are four models that enhance power
on very small scales: (1) early matter domination assuming a reheat temperature of 10 MeV (green; [30]),
(2) post-inflationary production of QCD axions dominated by the misalignment mechanism (pink; [31]), (3)
vector dark matter produced during inflation assuming an inflationary scale of 1014 GeV and a DM mass
of 10−6 eV (gold; [32]), and (4) post-inflationary production of axions dominated by strings (cyan; [33]).
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
[34]. 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. Taken from [5].

unspecified. In fact, many theoretical models describing the particle physics of dark matter predict that the183

simplest CDM model breaks down at small physical scales [5]. On the observational side, CDM has faced184

long-standing challenges to explain detailed measurements of dark matter distributions on galactic and sub-185

galactic scales [38, 39], where we are pushing the boundaries of both observations and numerical simulations.186

In the next decade, observations of dark matter halos over a wide range of mass scales will provide unique187

opportunities to test the vast landscape of dark matter theories and potentially discover deviations from the188

predictions of CDM.189

Using halo measurements to study dark matter physics has several advantages. First, they are sensitive190

to a broad range of dark matter models. To date, all positive experimental evidence for the existence191

and properties of dark matter comes from astrophysical observations. Measurements of the abundance,192
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density profiles, and spatial distribution of dark matter halos offer sensitivity to an enormous range of dark193

matter models, and are complementary to both terrestrial experiments and indirect searches for dark matter194

annihilation and decay products. Second, our understanding of how the fundamental properties of dark195

matter at a microscopic scale impact structure formation throughout cosmic history is rapidly advancing.196

Recently, there has been tremendous progress in modeling the formation and evolution of dark matter197

halos for novel dark matter theories beyond CDM. There is enormous potential to further develop detailed198

phenomenology for a broader range of dark matter models, and to explore new regions of theory space with199

new and archival data. Third, there is a strong connection between dark matter halos and the physics of200

the early universe. The seeds of cosmological structure formation were established in the earliest moments201

after the Big Bang. As we measure the distribution of dark matter across a broader range of physical scales,202

we simultaneously learn about the initial conditions of the universe and probe periods of cosmic history203

that might be inaccessible by other means. Thus halo measurements provide a window on both dark matter204

physics and early universe cosmology. Fig. 3-2 illustrates these connections by showing the linear matter205

power spectrum predicted in several representative dark matter theories, together with relevant scales of the206

halo mass and temperature of the universe. In Fig. 3-3, we show the complementarity between constraints on207

the spin-independent dark matter–nucleon scattering cross section coming from measurements of the matter208

power spectrum and dark matter halos, and terrestrial direct detection searches.209

To achieve the goal of leveraging halo measurements to extract fundamental dark matter particle physics, we210

set the following observational milestones. Firstly, precision measurements of galaxy-scale dark matter halos211

are critical. Current and near-future facilities will provide a detailed mapping between luminous galaxies212

and their invisible dark matter halos across 13 billion years of cosmic history and 7 orders of magnitude213

in dark matter halo mass. Detailed measurements of halo abundances and density profiles across cosmic214

time will provide a stringent test of the CDM paradigm. In addition, within the next decade, several215

observational techniques will become sensitive to dark matter halos at or below the minimum mass required216

to host stellar populations. Population studies of such completely dark halos offer unique advantages to217

constrain the microphysical properties of dark matter because their evolution is less affected by baryonic218

physics. Many theoretical models of dark matter predict conspicuous deviations from CDM in low-mass219

halos. Furthermore, a suite of innovative and ambitious observational techniques can be used to search for220

stellar- and planetary-mass-scale halos via their subtle gravitational effects. The discovery of such low-mass221

halos would immediately transform our understanding of both dark matter properties and the physics of the222

early universe. Numerical simulations are essential to connect dark matter models to halo observables and223

are the topic of the following section.224

3.4 Dark Matter Simulations225

Because dark matter research is uniquely situated at the intersection of particle physics, cosmology, as-226

trophysics, and astronomy, it draws from the research toolkits of these different fields in a distinct way.227

Simulations are widely used across particle physics, but comprehensively understanding their particular228

utility in dark matter research requires careful attention to and expansion of techniques from astronomy and229

astrophysics. Astrophysical and cosmological measurements tell us where the dark matter is. Simulations230

tell us how to translate this measurement to the particle properties of dark matter. Using this combination231

of observational techniques and simulations, together particle physicists and astronomers can determine what232

type of particle dark matter is and how to confirm and further explore its properties in the lab [23]. As we233

look ahead to the second half of the 2020s and into the 2030s, there are a variety of exciting opportunities234

to advance this goal. Doing so requires a robust and well-supported approach to simulations. The time is235

now to build a novel simulation program to interpret observations so that we can robustly search for novel236

signatures of dark matter microphysics across a large dynamic range of length scales and cosmic time.237
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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., 40, 41] and spin-independent dark matter–
nucleon scattering cross section [e.g., 41–43] (green regions). These constraints are highly complementary
to constraints from direct detection experiments [as collected by 44, 45] (gray regions). The neutrino fog for
xenon direct detection experiments is shown in blue [46].

Over the last 40 years, simulations have played an essential role in constraining dark matter particle238

properties. They have contributed to the development of the CDM paradigm as a dominant framework for239

interpreting data indicating the presence of dark matter and to eliminating neutrinos as a potential dominant240

component of the missing matter. The challenge and opportunity for this decade is to develop a robust and241

vibrant simulation program that connects the ground-breaking capabilities of observational facilities [1–242

4, 47, 48] to an expanding ecosystem of particle models for dark matter and tailored terrestrial experiments243

[23]. Because a well-synthesized theoretical, simulation, observational, and experimental program is critical244

to revealing the nature of dark matter, we identify six areas of focus for simulations that advance along key245

opportunities described in Sec. 3.1.246

We identify the six key opportunities for numerical simulations to study the fundamental properties of247

dark matter with cosmic observations. The first valuable opportunity is an emphasis on collaboration248

between simulators and particle theorists in order to identify significant models and areas of parameter249

space for further study and successful implementation. As described in [6], cosmic probes are potentially the250

only arena in which certain tests of dark matter properties are possible. Model builders and observers both251

rely on simulations as a crucial link that draws their ideas and work together. This approach underpins the252

key opportunity of using cosmic probes to understand the microphysics of dark matter by enabling a mapping253

of dark matter microphysics to astrophysical structure formation and observables associated with it. For254

example, knowing the scale on which small structures are expected to be suppressed in a model can enable255

simulators to efficiently target well-motivated regions of parameter space. In turn, targeted parameter space256

searches can help theorists focus their efforts on realistic model-building efforts. A specific focus on theorists257

guiding correct initial conditions for simulations of different dark matter models will be of particular value.258
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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 3-4. An example flowchart for distinguishing predictions from 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 of collaborative efforts among particle physicists, simulation experts and observers, in
order to harness the full power of new observational facilities in testing dark matter models quantitatively.
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 galactic 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
HST observations of the strong lens system WGDJ0405-3308. Taken from [6].
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Figure 3-5. An example of pipelines that can be used to convert outputs from numerical simulations into
mock observations made with specific instruments. Taken from [6].

Second, it is important to sustain algorithm development and develop code benchmarks to ensure259

that simulations meet the required precision targets set by the sensitivity of new facilities. Broadly speaking,260

we have four major classes of models/paradigms in dark matter that currently capture our attention:261

cold dark matter, fuzzy dark matter, self-interacting dark matter, and warm dark matter. Each of these262

presents distinct challenges in numerical implementation, requiring benchmarks for validating simulations263

and ensuring that they achieve the necessary precision to successfully support dark matter inference. Key264

predictions include measurements of (sub)halo mass functions; (sub)halo density profiles; and subhalo radial265

distributions, infall times and phase space distributions. There is also a great need to strengthen combined266

hydrodynamic and dark matter simulations, which necessitates evaluating and comparing different subgrid267

physics parameterizations for hydrodynamics.268

Third, it is of key importance to perform simulations with full hydrodynamics using validated269

subgrid models and numerical resolution at the relevant redshifts and cosmological scales.270

Understanding the role of baryonic physics at small scales is critically important since key discrepancies271

between predictions of ΛCDM and alternative dark matter models occur at small scales where baryonic272

physics plays an important role [49]. Degeneracies between baryon physics and alternative dark matter273

models presents a challenge. Breaking these degeneracies requires full inclusion of baryonic physics in274

simulations and dedicated comparisons between validated simulations. Upcoming surveys from facilities275

such as the Vera C. Rubin Observatory, JWST, and the Nancy Grace Roman Space Telescope will usher276

in the discovery of many new types of systems with the potential to provide even sharper dark matter277

constraints, should support be provided for that specific scientific goal.278

Fourth, we will benefit significantly from analysis of simulation outputs in the realm of observations.279

Forward modeling to the space of observables to enable apples-to-apples comparison between model and data280

is necessary to fully prepare for and utilize what will be unprecedented datasets from Rubin Observatory,281

JWST, and Roman Telescope. Proper theory-observation comparisons and tools that translate theoretical282

predictions to the land of observable quantities have been of great importance and are essential going forward.283

These kinds of comparisons can ensure that we are able to determine when a problem is in our numerical284

techniques and when it is a true physical problem. Fig. 3-5 gives an example of a pipeline that can be285

used to convert numerical simulations to mock observations from instruments of specific interest. As data286

analysis pipelines and simulations become more elaborate – and datasets become larger – strengthening our287

capacity to disentangle numerical effects from physical phenomena will be of critical importance. This will288

also enable evaluation of and planning for proposed new facilities.289

Fifth, we need fast realizations of observables for inference of dark matter properties in order to290

constrain dark matter particle parameters from observation on feasible timescales. Cosmological simulations291

with full hydrodynamics are a critical tool to reveal how different physical properties of dark matter alter292

the abundance and internal structure of dark matter halos and subhalos, which can result in observable293
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differences in astronomical objects and systems. These simulations produces “mock universes” that allow294

us to compare theoretical prediction with observations in the space of observable. As such, running these295

simulations will become the bottleneck of parameter inference and model comparison, because these tasks296

typically require generating a large sample of simulated datasets of different input parameters (dark matter297

properties in this case). Multiple methods have been identified [6] to address these challenges. They broadly298

fall into the categories of (1) reducing the computational cost of individual simulations by swapping some299

simulation components with models, and (2) reducing the number of simulations needed in our analyses.300

We will need to combine an array of approaches to cover vast space of unconstrained dark matter theories301

and the diversity of observational measurements. These efforts will benefit from the introduction of machine302

learning and artificial intelligence techniques that are described later in this chapter.303

Finally, research synergies will be supported by identifying novel signatures from simulations and304

providing guidance to observers derived both from numerical simulations and fast realizations that305

point to signatures of dark matter physics. Simulations can play a major role in generating new observational306

strategies by revealing unforeseen and affirming analytic predictions of dark matter physics signatures. One307

example of this dynamic in operation is developing an understanding of the unique dark matter distribution308

in our home Milky Way galaxy. This example is particularly significant in a particle physics context because309

understanding how dark matter is locally distributed is key to proper design of terrestrial direct detection310

experiments. Moreover, other dark matter-related challenges sometimes only become visible on astrophysical311

scales, meaning that even with a direct detection, fully characterizing dark matter as a phenomenon requires312

understanding its behavior on cosmological scales. We face an additional challenge: we expect that not all313

dark matter (sub)halos will contain baryons. Simulations can help us gain insight into how to use observations314

to characterize phenomena that are potentially entirely non-luminous.315

The next decade will be game-changing in the dark matter community’s ability to learn about dark matter316

in the sky and in the lab. Simulations and the simulators who create them are the connectors between these317

two critical pathways to the discovery of the nature of dark matter. A close collaboration among simulators,318

particle physicists, and observational astronomers is essential to the success of simulations to serve as the319

connector. Only with a vibrant and cohesive cosmological simulation program will we be able to connect320

the lab to the sky to reveal the secrets of dark matter.321

3.5 Primordial Black Holes, Dark Matter, and the Early Universe322

As potentially the first density perturbations to collapse, primordial black holes may be our earliest window323

into the birth of the universe and energies between the QCD phase transition and the Planck scale. The324

corresponding length scales (k = 107 − 1019 hMpc−1) are much smaller than those measured by other325

current and future cosmological probes, see Fig. 3-2. While earlier estimates suggested that primordial black326

holes were constrained to be a subdominant component of dark matter over much of the viable mass range,327

more recent analyses have relaxed many of these constraints, re-opening the possibility that, in certain mass328

ranges, primordial black holes may comprise a dominant component of dark matter, as shown in Fig. 3-6.329

The detection of primordial black holes would change our understanding of the fundamental physics of the330

early universe and the composition of dark matter [7, 13]. Primordial black holes are a probe of primordial331

density fluctuations in a range that is inaccessible to other techniques. These curvature fluctuations are332

imprinted on space-time hypersurfaces during inflation, at extremely high energies, beyond those currently333

accessible by terrestrial and cosmic accelerators. Our understanding of the universe at these high energies334

(≳ 1015 GeV) comes predominantly from extrapolations of known physics at the electroweak scale. Mea-335

surements of the primordial density fluctuations via the abundance of primordial black holes would provide336

unique insights into physics at these very high energy scales.337
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Figure 3-6. Current constraints on the dark matter fraction composed of compact objects of a given
mass (blue and gray) and selected projections for future gamma-ray and microlensing probes (gold). The
blue and gray regions denote constraints based on more and less conservative assumptions, respectively.
The existing constraints are from the gamma-ray background (GB) [50], M31 microlensing (M31ML) [51],
MACHO/EROS microlensing (MWML) [52–54], supernovae lensing (LSN) [55], the Eridanus II dwarf galaxy
(EII) [56, 57], wide binary stars (WB) [58, 59], dwarf galaxy dynamical heating (DH) [60–62], X-ray binaries
(XB) [63], CMB distortions from accreting plasma by PBHs in early universe (CMB) [64, 65], and disk
stability (DS) constraints [66]. Forecast projections for a Rubin microlensing survey of the Galactic Bulge
[67], a dedicated Roman microlensing survey of M31, and for MeV gamma-ray facilities [68] are displayed.
Note that recent work by [69] suggests that it is challenging to extend the Rubin microlensing probes beyond
103M⊙. Taken from [7].

This significant reward motivates the development of several complementary techniques that are sensitive to338

primordial black holes and subject to different astrophysical systematics, such as gravitational microlensing,339

gravitational wave detection, and gamma-ray signatures of black hole evaporation. In many cases, the science340

of primordial black holes can be performed by facilities that have well-motivated and multi-faceted scientific341

programs, e.g., optical/near-infrared time-domain imaging surveys, gravitational wave detectors, precision342

astrometry from radio interferometry, future MeV–TeV energy gamma-ray facilities. That said, realizing343

primordial black hole science from these facilities often requires specialized observing schemes, dedicated344

data analysis, and devoted theoretical studies. Therefore, it is important to closely integrate science efforts345

with enabling facilities across the scientific funding agencies (DOE, NASA, NSF).346

Current and near-future observations can provide unprecedented sensitivity to the search of primordial347

black holes. However, it is necessary to ensure that these facilities acquire their data with a cadence and348

sky coverage that enables the searches [67, 70, 71]. In addition, the sensitivity of the searches will be349

maximized by combining data sets from multiple observational facilities. Development of joint processing350

and analyses of Rubin Observatory, Roman Space Telescope, and Euclid will maximize the opportunity to351

detect primordial black holes. Furthermore, current and future gravitational wave facilities will provide an352

Community Planning Exercise: Snowmass 2021



D
RA
FT

3.6 Dark Matter in Extreme Astrophysical Environments 13

10-25 10-20 10-15 10-10 10-5 100 105 1010 1015 1020 1025

BNS inspirals (2.1.2)

BH superradiance (2.2)

SNe cooling, gamma ray emission (3.1)

annihila-
tion near 
BH (4.2)

DM spikes around BH (4.2)

NS overheating due to neutron-DM mixing (3.5)

NS heating due to DM coupling (4.1)

Stellar overheating, gamma ray/neutrino emission (3.4)

Binary merger constraints on axions and LDM (4.3) DM and binary 
mergers (4.3)

NS collapse (3.6 + 4.4)

Pair-instability supernovae (3.3)

X-rays from magnetars (2.1.2)

Radio lines from 
neutron stars (2.1.1)

-dependent cosmic distance (2.3.2)z

Radio lines DM decay by 
SN remnants (2.3.2)

Boson star inspirals (2.3.1)

Stellar evolution (2.4)

Gamma-rays from 
BNS mergers (3.2)

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. The parenthetical
numbers refer to specific sub-sections in [8]. Taken from [8].

unparalleled opportunity to detect primordial black holes directly through gravity. These facilities include353

both ground-based detectors, such as LIGO and Cosmic Explorer, and space-based detectors, such as LISA354

and AEDGE [e.g., 72].355

The scale of current and near-future data sets and the complexity of analyses benefit from collaborative356

scientific teams. These teams will develop the tools to perform rigorous and sensitive searches for primordial357

black holes in current and near-future observational data. The computational challenges presented by these358

searches are well-matched to the capabilities of HEP scientists and facilities. In addition, theoretical studies359

will help us better understand the production mechanisms, clustering, and spin properties of primordial black360

holes. These characteristics will inform the expected abundance of black hole microlensing and gravitational-361

wave events and systematics with cosmic surveys, as well as the connections to primordial physics in the early362

universe. Furthermore, improved simulations of the merger rate of primordial black holes and of specific363

accretion rates will help inform observational constraints.364
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3.6 Dark Matter in Extreme Astrophysical Environments365

Astro-particle searches for dark matter have historically focused on measuring the cosmic-ray or photon366

products from the annihilation or decay of a dark matter particle. However, dark matter interactions367

could also alter the physical processes occurring in the interiors of stars or stellar remnants, the dynamics368

of black holes, or the mergers of compact objects. These alterations would imprint characteristic signals369

in electromagnetic and gravitational wave observations. Exploring dark matter via observations of these370

extreme astrophysical environments—defined here as heavy compact objects such as white dwarfs, neutron371

stars, and black holes, as well as supernovae and compact object merger events—has been a major field of372

growth since the last Snowmass study. In the coming decade, observations of extreme astrophysical targets373

have the potential to open sensitivity to novel dark matter parameter space across a broad mass range374

(Fig. 3-7) [8]. Exploiting these opportunities relies on both advances in theoretical work and on current375

and near-future observatories, including both gravitational-wave instruments and instruments spanning the376

full electromagnetic spectrum, from radio to gamma-rays. We organize these searches by the dark matter377

mass range that is probed: ultralight dark matter (< 1 keV), light dark matter (keV–MeV), and heavy dark378

matter (≳GeV). Despite this categorization, we emphasize that many of these probes overlap in mass range,379

as summarized in Fig. 3-7. In addition, we note that the parameter space of the dark matter that is probed380

does not always saturate the relic abundance; instead, dark matter is broadly defined as matter that does381

not interact appreciably with Standard Model matter.382

Extreme astrophysical environments provide unique opportunities to probe ultralight dark matter. Ultralight383

particles can be produced in the hot, dense cores of stars and stellar remnants and affect their evolution.384

Ultralight dark matter—either ambient in the environment or produced in a neutron star—can convert in385

the high magnetic field environment of the neutron star into radio waves or X-rays that could be detected by386

telescopes. In the last decade, new ideas unique to bosonic dark matter have been developed. Specific models387

of ultralight dark matter can alter the shape of neutron star waveforms through their coupling to the dense388

neutron star matter. Black hole superradiance is a process that can extract energy and angular momentum389

from rotating black holes and place it into bound states of exponentially large numbers of ultralight bosons,390

as long as the Compton wavelength of the particle is comparable to the size of black holes. These systems391

yield signals of coherent gravitational waves as well as black hole spin down, which do not depend on particle392

interactions but only on gravity. Finally, ultralight dark matter can form collapsed structures like compact393

halos and boson stars that could be detected in gravitational waves or electromagnetic signals.394

Opportunities to probe light dark matter exist from a variety of astrophysical situations: supernova explo-395

sions, the existence of neutron stars, neutron star temperatures, binary neutron star mergers, and black hole396

population statistics (made possible by gravitational waves from binary inspirals). Key observational targets397

for dark matter in this mass range include observation of gamma rays, neutrinos, and the populations of398

neutron stars and black holes as observed electromagnetically and via gravitational waves. Light dark matter399

produced in core collapse supernovae can be constrained from limits of their supernova cooling, or lead to400

visible signals in the X-ray or gamma-ray bands. Light dark matter produced during a binary neutron star401

merger can lead to a bright transient gamma-ray signal. Light dark matter produced in the cores of blue402

supergiants can affect stellar evolution, ultimately changing black hole population properties including the403

location of the black hole mass gap. Light dark matter scattering and annihilating in exoplanets, brown404

dwarfs, Population III stars, and stellar remnants can be probed through infrared and optical radiation,405

and through gamma rays. Neutron stars can be heated by light dark matter via the Auger effect, which is406

probed by telescopes in the ultraviolet, optical and infrared ranges of the electromagnetic spectrum. Lastly,407

accumulation of dark matter (in particular bosonic light dark matter) can lead to the collapse of astrophysical408

objects. Most of the signals arise from couplings to Standard Model photons and fermions. As an example,409
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Figure 3-8. Cosmic probes of extreme astrophysical environments [73–76] combined with measurements
of dark matter halos [41, 77] and other cosmological observations [78–81] set strong constraints on the
parameter space of axion-like particles (green regions). These constraints are highly complementary to other
experimental searches with helioscopes and haloscopes [gray regions taken from 82]. This figure uses limit
data available from [83].

in Fig. 3-8 we show the complementarity between cosmic probes of light and ultra-light dark matter and410

terrestrial helioscope and haloscope in the context of searches for the signatures of axion-like particles.411

Compact astrophysical objects such as neutron stars and black holes provide unique test beds for heavy (>412

GeV) dark matter. Dark matter captured by neutron stars and their subsequent heating can be observed by413

upcoming infrared and radio telescopes. Dark matter can collect in high-density spikes around black holes414

causing enhanced annihilation rates. A black hole–compact object binary can form a dark matter spike that415

can be observed by future space-based gravitational wave observatories. Merging compact objects can also416

give insight into a wide variety of dark sector particles that modify the dynamics of the merger process. This417

includes fifth forces and modifications to gravity. Finally, sufficient accumulation of dark matter around418

a compact object can cause the dark matter particles themselves to collapse into a black hole. Upcoming419

pulsar searches and gravitational wave observatories will be sensitive to this kind of dark matter signature.420

The key opportunities of the coming decade to maximize the sensitivity of these observations to novel421

dark matter phase space are summarized as follows. Observational and theoretical astrophysicists should422

collaborate to constrain the standard astrophysical properties of these extreme environments. We need423

coordination with the collaborations responsible for the upcoming major observatories: ground- and space-424

based gravitational wave interferometers, pulsar timing, radio, infrared, X-ray, and neutrino instruments.425

The goal is to ensure that the performance and capabilities of these future instruments are understood426

by particle theorists, and that observational campaigns and the resulting datasets are optimized as far as427

possible for the cutting-edge dark matter search strategies. Further theoretical development of dark matter428

signatures in extreme environments is needed, such as evaluating theoretical uncertainties related to the429

constraints and exploring interconnections among the observables.430
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3.7 Facilities for Cosmic Probes of Dark Matter431

Over the next decade, observational facilities spanning the electromagnetic spectrum, as well as gravitational432

waves, offer the potential to significantly expand our understanding of dark matter physics. In this section,433

we briefly discuss current and near-future cosmology facilities that are aligned with the HEP portfolio and434

offer the opportunity to greatly enhance our understanding of dark matter physics. In many cases, these435

facilities have multi-faceted scientific portfolios that include sensitivity to dark energy, inflation, neutrino436

physics, and modifications to gravity. Furthermore, the technology used in these facilities leverages the core437

technical and scientific capabilities of the HEP community. Strong involvement from the HEP community438

will maximize the scientific output of these facilities. The capability to probe dark matter physics should be439

considered in the design phase of these new facilities.440

The discussion in this section focuses on a series of facilities-oriented white papers submitted to CF3 as441

part of the Snowmass process [1–4, 11]. We note that the facilities described here complement other multi-442

messenger facilities [84], gamma-ray and X-ray experiments [85, 86], and gravitational wave facilities [72]443

submitted to the Snowmass process associated with other topical groups.444

3.7.1 Current/Near-Future Facilities445

Dark Energy Spectroscopic Instrument446

The Dark Energy Spectroscopic Instrument (DESI) began regular operations in 2021 and is currently447

performing one of the most powerful wide-field spectroscopic surveys [57, 87]. The synergy between DESI448

and other current and near-future observing facilities will yield datasets of unprecedented size and quality,449

with sensitivity to dark matter physics over a wide range of scales and redshifts. DESI will measure the450

small-scale clustering of dark matter through observations of the Lyman-α (Ly-α) forest out to z ∼ 5 and451

radial velocities of ∼10 million stars around the Milky Way. DESI will detect four times as many Ly-α452

QSOs as were observed in the largest previous survey, yielding about 1 million spectra, which will put453

constraints on clustering of the low-density intergalactic gas. Radial velocities from DESI in conjunction454

with astrometry from Gaia (and eventually Roman) will enable us to constrain the global distribution of455

dark matter within the Milky Way, its dwarf satellites, and stellar streams. Large numerical simulations of456

non-CDM cosmologies are needed to interpret observations from DESI in the context of dark matter physics.457

Such simulations must be transformed into suites of queryable mock datasets which account for selection458

effects and survey volume. The creation of these mock data sets is a significant investment that could heavily459

leverage the infrastructure of the DESI Collaboration.460

Vera C. Rubin Observatory461

The Rubin Observatory Legacy Survey of Space and Time (LSST), which is scheduled to start in 2024, has the462

potential to become a flagship dark matter experiment [88]. LSST will probe dark matter through a wide suite463

of observations including measurements of Milky Way satellites, weak lensing halo measurements, galaxy464

clusters, microlensing searches for primordial black holes, and studies of stellar populations representing465

extreme environments [2, 12, 67] Due to the size and complexity of the Rubin LSST data set, a coordinated466

effort is required to perform rigorous dark matter analyses. A large collaborative team of scientists with the467

necessary organizational and funding support is needed to lead this effort. Studies of dark matter with Rubin468

LSST will also guide the design of, and confirm the results from, other dark matter experiments. Supporting469

a collaborative team to carry out a dark matter experiment with Rubin LSST is the key to achieving the470

dark matter science goals that have already been identified as high priority by the high-energy physics and471

astronomy communities.472

Community Planning Exercise: Snowmass 2021



D
RA
FT

3.7 Facilities for Cosmic Probes of Dark Matter 17

CMB-S4473

CMB-S4 is a ground-based experiment that will perform exquisite measurements of the CMB temperature474

and polarization anisotropies [24]. These measurements (on their own and in combination with other surveys)475

will provide new means to probe the nature of dark matter. These measurements will provide a snapshot of476

the universe as it was around the time of recombination, and they will also reveal the imprints of structure477

growth at much later times. Gravitational lensing of the CMB [89] leads to characteristic distortions478

of the primary CMB maps, allowing us to statistically reconstruct maps of the integrated line-of-sight479

density. Scattering of CMB photons in galaxy clusters (the Sunyaev-Zel’dovich effect) [90, 91] allows for the480

identification of the most massive bound structures in the universe out to very high redshifts. Cosmological481

measurements in general and CMB measurements in particular provide insights into dark matter physics482

that are complementary to direct, indirect, and collider searches for dark matter. Cosmological observables483

are impacted by the influence of dark matter on the entire cosmic history. Dark matter constraints derived484

from cosmology do not rely on assumptions about the dark matter density in the neighborhood of the Earth485

or of any astrophysical object. Furthermore, CMB observations are sensitive to regions of parameter space486

that are out of reach of current direct searches. Several aspects of the dark matter program are included487

among the CMB-S4 core science cases.488

3.7.2 Future Facilities489

Here we briefly discuss the landscape of proposed future facilities, starting with those probing the most490

energetic photons and moving to those with lower energies, and concluding with gravitational wave detectors.491

While these facilities are synergistic with a broad range of scientific objectives, strong support from the HEP492

community will be a key factor in getting these facilities built.493

X-ray/Gamma-ray Facilities494

Instruments operating at X-ray and gamma-ray energies have been indispensable for the indirect dark matter495

detection and multi-messenger communities [84–86]. While indirect detection is discussed elsewhere, these496

experiments also provide an important test of PBH evaporation and dark matter in extreme astrophysical497

environments. In particular MeV-scale γ-ray experiments like AMEGO [92] and GECCO [93] are important498

for probing PBH evaporation, while X-ray experiments like XRISM [94] and Athena [95] are important for499

probing the physics of extreme environments around neutron stars.500

Optical/Near-Infrared Facilities501

Optical/near-infrared telescopes have been the work-horse of dark matter studies on galactic scales. Proposed502

optical/near-infrared facilities include wide-field multi-object spectroscopic (WFMOS) surveys, such as503

DESI-II [96], MegaMapper [97], MSE [98], and SpecTel [99], and the US extremely large telescopes program504

[100], including the Giant Magellan Telescope (GMT) [101] and the Thirty Meter Telescope (TMT) [102].505

Both classes of instruments plan to target stars in the Milky Way halo, stellar streams, and dwarf galaxies, as506

well as dark matter dominated galaxies in the local universe, and strong lens systems and galaxy clusters at507

higher redshift. The WFMOS survey instruments will provide medium- to high-resolution spectra of millions508

of stars, as well as providing information on a large number of higher redshift galaxies discovered by Rubin509

LSST. In contrast, the US ELTs will provide unprecedented sensitivity, image resolution, astrometry, and510

extreme precision radial velocity observations. In all cases, these facilities seek to extend measurements of511

the dark matter halo mass function below the threshold of galaxy formation (106–108M⊙) and to measure the512

density profiles of dark matter halos in the local universe (e.g., for our Milky Way, its satellites, and other local513

galaxies) and at higher redshifts (e.g., strong lens systems and galaxy clusters). Measurements of the dark514

matter halo mass function and density profiles can be translated into sensitivity to the dark matter particle515

mass and interaction cross-sections. Furthermore, these facilities provide multi-faceted fundamental physics516

Community Planning Exercise: Snowmass 2021



D
RA
FT

18 Cosmic Probes of Dark Matter

programs that include measurements of dark energy and inflation. They would leverage HEP technology517

developed for Stage III and IV dark energy experiments (DECam and DESI) and advance technology toward518

a Stage V dark energy experiment. While these experiments have strong support from the astronomy519

community, it is likely that HEP support will be critical for their construction and to ensure that they520

maximize fundamental physics output.521

Microwave Facilities522

The proposed millimeter-wavelength facility CMB-HD [103] will extend the resolution of cosmic microwave523

background surveys by a factor of five and the sensitivity by a factor of three or more. These observations will524

open a new window of small-scale CMB observations and will uniquely enable measurements of the small-525

scale matter power spectrum (scales of k ∼ 10hMpc−1) from weak gravitational lensing using the CMB as526

a backlight. These observations will also enable measurements that rule out or detect any new light particle527

species (Neff) that were in thermal equilibrium with the Standard Model at any time in the early Universe,528

and enable probes of axion-like particles through CMB photon conversion, time-dependent CMB polarization529

rotation, cosmic birefringence, and ultra-high-resolution kinetic Sunyaev-Zel’dovich measurements. CMB-530

HD would leverage and extend the scientific and technical investment of HEP in CMB-S4.531

Radio Facilities532

Proposed centimeter-wavelength radio observatories, including the ngVLA [104] and DSA-2000 [105], can533

employ pulsar timing measurements to map the dark matter halo of the Milky Way and the substructures534

it contains. These experiments could complement other gravitational wave facilities at higher frequency.535

Proposed low-frequency radio experiments, such as LuSEE Night [11, 106], PUMA [107], and successors to536

HERA [108] can use the 21-cm line of hydrogen from the Dark Ages (z ∼ 50) through cosmic dawn and537

reionization (z ∼ 6) to probe dark matter physics via the thermal history of intergalactic gas and the timing538

of the formation of the first stars and galaxies. These facilities would have complementary programs to probe539

dark energy (measuring the expansion history and growth of the universe up to z = 6) and the physics of540

inflation (constraining primordial non-Gaussianity and primordial features).541

Gravitational Wave Facilities542

Proposed gravitational wave facilities, such as Cosmic Explorer and LIGO-Voyager, can probe dark matter543

directly through gravity [72]. These experiments are sensitive to channels including the detection of axion-544

like particles in binary neutron star mergers, ultralight bosons through superradiant instabilities of rotating545

black holes, the identification of boson stars in compact binaries, dark matter density spikes around black546

holes, and the existence of sub-solar-mass primordial black holes.547

3.8 Tools for Comic Probes of Dark Matter Physics548

Collaborative Infrastructure549

Historically, many cosmic probes of dark matter physics have been pursued by small groups of scientists.550

However, as the scale and complexity of cosmic survey experiments increase, the need for numerical simu-551

lations to interpret data grow, and the range of possible dark matter models expands, it becomes difficult552

to find sufficient expertise within a small group of scientist. Similar challenges have been faced by the dark553

energy community, which has motivated the formation of large collaborative efforts to build and analyze554

data from new facilities. These collaborations bring together the efforts of university groups, international555

collaborators, and scientists at national laboratories to accomplish scientific tasks that are too large for any556

single investigator. Modern efforts to assemble collaborative teams to study cosmic probes of dark matter557

physics have already started in the context of LSST DESC [2]. In many cases, these teams can reside558

within existing collaborative infrastructure that has been established for other HEP mission goals. However,559
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additional support must be provided to enable dark matter as a parallel branch of fundamental physics being560

pursued by these experiments.561

New Support Mechanisms562

Cosmic probes of dark matter provide a rich, diverse, and interdisciplinary area of research. While this563

leads to an exciting discovery space, it also leads to logistical difficulties in classifying the research within564

the existing research support structures (i.e., DOE HEP, NSF-PHYS, NSF-ASTR, NASA). In particular,565

support for cosmic probes of fundamental dark matter properties often resides in the cracks between these566

disciplines. This has been especially challenging for theoretical research in this domain, which has been567

increasingly challenged to find funding. We recommend that inter-agency coordination is required to assure568

that cosmic probes of dark matter physics are firmly supported. Multi-agency support extending across the569

spectrum of theory, simulation, and experiment will enable large gains in the coming decade.570

Artificial Intelligence/Machine Learning571

The interplay between models and observations is a cornerstone of the scientific method, aiming to inform572

which theoretical models are reflected in the observed data. Within cosmology, as both models and observa-573

tions have substantially increased in complexity over time, the tools needed to enable a rigorous comparison574

have required updating as well. In the next decade, vast data volumes will be delivered by ongoing and575

upcoming cosmology experiments, as well as the ever-expanding theoretical search-space. We are now at a576

crucial juncture where we may be limited by the statistical and data-driven tools themselves rather than the577

quality or volume of the available data. Methods based on artificial intelligence (AI) and machine learning578

(ML) have recently emerged as promising tools for cosmological applications, demonstrating the ability to579

overcome some of the computational bottlenecks associated with traditional statistical techniques. Machine580

learning is starting to see increased adoption across different sub-fields of and for various applications within581

cosmology. At the same time, the nascent and emergent nature of practical artificial intelligence motivates582

careful continued development and significant care when it comes to their application in the sciences, as well583

as cognizance of their potential for broader societal impact [9].584

Cosmology Data Preservation585

Cosmology datasets and simulations have useful lifetimes that extend long beyond the operational period of586

individual projects. As datasets from facilities and simulations grow in size, the “take out” model of manual587

download followed by local computation will become insufficient and unwieldy. Future work needs to focus on588

co-locating data with computing, and automating the coordination between multiple data/compute centers.589

Furthermore, special attention should be paid toward facilitating the joint analysis of datasets beyond the590

lifetime of individual projects. Implementing a comprehensive data preservation system will require support591

not only for hardware, but also for personnel to develop and maintain the technologies to simplify cross-592

site data sharing and personnel to curate the relevant datasets. The authors of [109] recommend that the593

HEP community support a new cosmology data archive center to coordinate this work across multiple HEP594

computing facilities.595

3.9 Roads to New Physics596

So far, we have summarized major findings of the CF3 working group and highlighted key science oppor-597

tunities in this emerging research area for the coming decade. In this section, we further consider three598

potential scenarios where astrophysical observations lead to the characterization of fundamental dark matter599

properties, and discuss their implications for revealing the particle nature of dark matter and understanding600

early-universe cosmology. In particular, we will highlight that uncertainties associated with astrophysical601

observations and theoretical modelling can be controlled and fundamental parameters of dark matter can be602

extracted.603
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20 Cosmic Probes of Dark Matter

Figure 3-9. Discovery example 1: potential measurements of the self-interacting cross section and
warm dark matter mass from upcoming observations by the Rubin Observatory and a future spectroscopic
survey. The projection assumes a dark matter model with a cross section of σrmSIDM/mχ = 2 cm2/g and
a suppressed matter power spectrum corresponding to a warm dark matter mass of mWDM = 6 keV (red
asterisk). The uncertainties Contours are created by following a procedure similar to [110]

3.9.1 Warm and Self-Interacting Dark Matter604

We first consider a scenario where dark matter differs from the standard CDM model by having a warm605

thermal velocity distribution and an appreciable self-interaction cross section. The matter power spectrum606

of warm dark matter is suppressed compared to CDM, resulting in a reduction in the number of low-mass607

dark matter halos. For thermal warm dark matter, the power spectrum is completely determined by the608

dark matter particle mass, mWDM [39]. The observed population of satellite dwarf galaxies of the Milky Way609

can be used to measure mWDM if such a suppression is observed. Furthermore, dark matter self-interactions610

can thermalize the inner regions of dark matter halos and change the dark matter density profile. Thus, the611

self-interaction cross section per unit mass, σ/mχ, can be inferred from measurements of stellar velocities of612

galaxies, which are sensitive to the central dark matter content.613

Fig. 3-9 demonstrates the ability of Rubin LSST combined with a future spectroscopic survey to measure614

the particle properties of dark matter from observations of Milky Way satellite galaxies. This projection615

assumes a thermally produced dark matter particle with a self-interaction cross section σ/mχ = 2 cm2/g616

and a particle mass mWDM = 6 keV. We have used the galaxy-halo connection model from Nadler et al.617

(2019) [111] to generate mock observations of faint satellite galaxies, and use the method in Drlica-Wagner618

et al. (2019) [67] to model the impact of self-interaction and a cut-off in the mass function on the central619

densities of the satellites. We construct a binned likelihood in the space of stellar dispersion and luminosity620

and jointly fit for σ/mχ and mWDM, marginalizing over galaxy-halo connection and Milky Way host halo621

nuisance parameters. Using a LSST detection threshold for Milky Way satellites of MV = 0 mag and622

µ = 32 mag/arcsec2 and assuming that future spectroscopy will be able to measure velocity dispersions of623

1 km/s, we obtain the simultaneous measurement of σ/mχ and mWDM.624

The results shown in Fig. 3-9 should be regarded as an illustration of the capability of future facilities625

to measure fundamental dark matter particle properties using observations of the cosmic distribution of626

Community Planning Exercise: Snowmass 2021



D
RA
FT

3.9 Roads to New Physics 21

10 8 10 6 10 4 10 2 100 102

Compact Object Mass (M )

10 3

10 2

10 1

100

Da
rk

 M
at

te
r F

ra
ct

io
n

Figure 3-10. Discovery example 2: potential measurements of the dark matter fraction and compact
object mass. We assume three representative masses 10−9 M⊙ (orange), 10−3 M⊙ (green) and 30 M⊙
(blue); a single mass makes up 5% of the dark matter. The errors indicate the measurement uncertainties,
assuming Poisson uncertainties associated with the observational number counts expected from the relevant
future microlensing experiment with the Rubin or Roman Observatories, and 50% uncertainties in mass.

dark matter. It is important to note that this measurement does not assume that dark matter couples627

to the Standard Model. Furthermore, while degeneracies exist between dark matter particle properties and628

the physics of galaxy formation (e.g., the long tail towards large dark matter mass), these degeneracies629

can be broken by combining satellite galaxy measurements with a probe that is independent of subhalo630

luminosity, such as strong lensing and stellar streams, ultimately resulting in closed contours at high631

statistical significance. The discovery of a large self-interaction cross section and a cut-off in the matter632

power spectrum would have profound implications for constructing particle theories of dark matter and633

understanding its evolutionary history in the early universe, see [38] for relevant discussions.634

Astrophysical observations can provide precision measurements of dark matter particle properties. To achieve635

this goal, a collaborative effort from different, but related areas is crucial. First, after LSST discovers new636

satellite galaxies, spectroscopic followup measurements of their stellar velocity dispersions are needed to637

constrain the dark matter density. Second, with the population of newly-discovered satellites, it will be638

possible to update models that capture the connection between invisible subhalos and visible galaxies to639

better control baryonic uncertainties. Third, dedicated N-body simulations are needed to make concrete640

predictions of self-interacting and warm dark matter models in terms of the properties of subhalos, such as641

their mass function, orbit and central density. Last but not the least, in order to implement the novel dark642

matter properties in the simulations and interpret the observational results, we need to use the methods of643

particle physics to calculate the self-interaction cross section and determine how it depends on the velocity644

and scattering angle, as well as the linear matter power spectrum that encodes the evolution of the dark645

matter candidate in the early universe. Thus, cosmic probes of dark matter are truly interdisciplinary.646
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3.9.2 Primordial Black Holes647

The second example we consider is the discovery of primordial black holes, a modern realization of compact648

object dark matter. Primordial black holes are fundamentally different from particle dark matter candidates649

as the former cannot be produced in particle accelerators and can only be detected observationally. Much of650

the parameter space has been constrained by existing probes, but a large window remains where primordial651

black holes with masses comparable to asteroids (10−15–10−10 M⊙) could make up the entirety of dark652

matter, see Fig. 3-6.653

Rubin LSST provides an exciting opportunity to directly measure the mass function of compact objects654

through microlensing observations. Existing microlensing surveys lose sensitivity for the mass ≳ 1 M⊙ due655

to the 10-year duration of these surveys. If scheduled optimally, LSST will provide sensitivity to microlensing656

event rates corresponding to 10−4 of the dark matter density in compact objects with masses ≳ 0.1 M⊙,657

a factor 102–103 improvement compared to the existing limits, see Fig. 3-6. In addition, the Nancy Grace658

Roman Space Telescope also provides microlensing opportunities in the search for primordial black holes in659

the next decade. As a high resolution space-based imaging system, Roman has the potential to detect or660

constrain primordial black holes through various types of lensing.661

Fig. 3-10 shows discovery potential for three representative compact object masses. The error bars indicate662

that the expected uncertainty for a population of compact objects of a single mass making up 5% of the dark663

matter. We assume Poisson uncertainties with the observational number counts expected from the relevant664

future microlensing experiment (Rubin or Roman). True compact object masses are assumed to be 10−9M⊙665

(orange), 10−3M⊙ (green), 30M⊙ (blue). Uncertainty in the final mass is shown as 50%, conservatively using666

the uncertainty in the recent detection of a microlensing event reported in [112].667

The detection of primordial black holes by Rubin LSST and/or Roman will provide insights into early universe668

cosmology. Primordial black holes could form at early times from the direct gravitational collapse of large669

density perturbations that originated during inflation. The same fluctuations that initialize seeds of galaxies,670

if boosted on small scales, can lead to some small areas having a Schwarzschild mass within the horizon,671

which collapse to form black holes. Thus the detection of primordial black holes would directly constrain672

the amplitude of density fluctuations. These constraints probe small scales between k = 107–1019 h/Mpc,673

much smaller than those measured by other current and future probes.674

3.9.3 Axion-like Dark Matter in Extreme Environments675

In this example, we demonstrate the potential to measure properties of axion-like dark matter using observa-676

tions of supermassive black holes. Near a spinning black hole, axion-like particles can form a dense cloud [113],677

analogous to the formation of a hydrogen atom. The presence of such a cloud of axion-like particles can678

lead to oscillations in the electric vector position angle (EVPA) of linearly polarized radiation emitted679

near the black hole, due to the axion-induced birefringence effect [114, 115]. Ref. [75] used polarimetric680

measurements of the emission near the supermassive black hole in M87 from the Event Horizon Telescope681

(EHT) collaboration [116] and derived the strongest constraint on the axion-photon coupling in the mass682

range ∼ 10−21–10−20 eV.683

We consider an example of a potential axion-induced birefringence signal that can be discovered by future684

EHT observations. In order to characterize the discovery potential, we perform a mock data study with685

an injected axion signal using IPOLE [117, 118]. We take the supermassive black hole of M87 as a case686

study, which can be well modeled by the analytic Radiative Inefficient Accretion Flows [119], and choose687
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Figure 3-11. Discovery example 3: potential measurements of of the axion-photon coupling and axion
mass using the Event Horizon Telescope. We assume the axion particle parameters as c ≡ 2πgaγfa = 10−0.5

and α ≡ maMBH = 0.3 (asterisk), and show 1σ and 2σ contours in the c–ma plane after taking into account
both measurement uncertainties and those from modeling accretion flows. We convert c to gaγ by assuming
fa = 1015 GeV. The color in the plot represents the value of likelihood.

the axion parameters as c ≡ 2πgaγfa = 10−0.5 and α ≡ maMBH = 0.3. The black hole mass is taken to be688

MBH = 6.5 × 109 M⊙.689

Fig. 3-11 shows 1σ and 2σ contours in the c–ma plane, including both measurement uncertainties and those690

in modeling the accretion flow. The duration of the observations is assumed to be 10 times longer than691

the four-day EHT measurement in 2017 [116]. We further assume the measurements at five different radii692

between 5.5rg and 9.5rg, equally separated by one rg, where rg is the gravitational radius of the black693

hole. In the future, the EVPA variations are expected to be measurable at larger radii from the black hole694

center. Three different radiation frequencies are considered as well. When measuring the differential EVPA695

introduced in [75], many details in accretion flow modeling become less important in the axion search. The696

dominant astrophysical uncertainty comes from the washout effects to the axion signal, which are caused by697

both the non-negligible radiation length and the contribution of the lensed photons. The lensed photons can698

be highly suppressed once we focus on the observation at larger radii and low frequencies, such as 86 GHZ.699

The non-negligible radiation length is mostly affected by the thickness of the accretion flow. To take account700

of this uncertainty, we vary the dimensionless thickness parameter [119] from 0.05 to 0.3.701

3.10 Summary and Outlook702

More than 80 years after the first astrophysical discovery of dark matter, its fundamental nature remains an703

open question. Over the last several decades, the HEP community has designed and carried out extensive704

searches for dark matter signals in a wide variety of terrestrial experiments. Despite these heroic efforts,705

the only positive empirical measurements of dark matter continue to come from cosmic and astrophysical706

observations. Importantly, scientific advances over the last 80 years have made it possible to use precision707

measurements of macroscopic astrophysical systems to probe the microscopic particle properties of dark708

matter. This Snowmass study presents the critical opportunity for the community to fully realize both the709

importance and potential of cosmic probes and broaden the approach to the dark matter problem accordingly.710
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In this report, we have laid out ways for probing and measuring fundamental properties of dark matter that711

are valid in the scenario where the coupling between dark matter and normal matter is extremely weak, even712

as weak as gravity. Cosmic and astrophysical measurements of the distribution of dark matter, including713

the matter power spectrum, the mass spectrum and abundance of dark matter halos and compact objects,714

can constrain particle properties of dark matter, such as the mass, interaction cross section and production715

mechanism. Moreover, if dark matter has feeble non-gravitational interactions with normal matter, extreme716

astrophysical environments, such as neutron stars and black holes, provide unique opportunities to explore717

dark matter physics over 50 orders of magnitude in the mass; much of this model space is inaccessible with718

terrestrial experiments. In addition, precision astrophysical measurements of dark matter with current and719

near-future observational facilities are critical for interpreting results from conventional dark matter searches.720

We have further demonstrated that with the unprecedented coverage and sensitivity of current and near-721

future observational facilities, the rapidly improving scale and accuracy of numerical simulations, and better722

theoretical modelling, astrophysical uncertainties can be controlled and the fundamental parameters of dark723

matter can be extracted. This makes it possible to map Lagrangian parameters describing a particular724

dark matter model to astrophysical observables, and vice versa. Thus cosmic probes can provide precision725

measurements of particle physics properties of dark matter in a similar way that HEP experiments have726

enabled the construction of the Standard Model of particle physics.727

Cosmic probes of particle properties of dark matter have emerged as a new research field, largely due to728

tremendous progress in broadened investigations of novel dark matter scenarios, theoretical modelling and729

N-body simulations of structure formation, as well as astrophysical observations of dark matter distributions,730

since the last Snowmass community study. There is a new and exciting trend in the HEP community that731

more and more particle physics theorists have begun working on astrophysical aspects of dark matter. At732

the same time, astrophysicists working on N-body simulations have started to develop simulation algorithms733

that can model novel dark matter scenarios beyond CDM. We must encourage and support this promising734

and evolving trend from both communities.735

Furthermore, we must develop new mechanisms to further support synergistic efforts among theorists,736

simulators, dynamicists, observers, and experimentalists/instrumentalists, who are traditionally supported737

by different agencies and/or programs. Cosmic probes of dark matter are fundamentally multidisciplinary and738

interdisciplinary, and traditional disciplinary divisions limit scientific outcomes. New support mechanisms739

can be pursued from small to large scales. On small scales, a program like the DOE Dark Matter New740

Initiatives (DMNI) is well suited to support a small-scale collaborative effort from particle physicists and741

astrophysicists with a well-defined scientific goal. Cosmic probes of dark matter were not included in the742

current DMNI program. If the program continues, we strongly urge that DOE integrates cosmic probes into743

its portfolio. Alternatively, a similar program could be established to make rapid progress in this emerging744

field.745

Dark matter physics associated with current and near-future facilities, such as DESI, Rubin, and CMB-S4,746

is extremely rich. Dark matter science should be supported within these projects on intermediate scales747

in parallel to studies of dark energy and inflation. Such a program will fully leverage the unprecedented748

capabilities of these facilities. On large scales, the construction of future cosmology experiments is critical749

for expanding our understanding of dark matter physics. HEP involvement will be essential for the design750

and construction of these facilities, and dark matter physics should be a core component of their scientific751

mission.752

Cosmic probes of dark matter are unique and important, because they have sensitivity to microscopic physics753

of dark matter and provide precision measurements, regardless of whether dark matter has sizable interactions754

with normal matter. It is the time for the HEP community to appreciate the power of this approach and755
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maximize its full potential. The support for comic probes, which may be the only viable way to measure756

dark matter properties, is essential for the decade of dark matter to come.757
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