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Abstract

Over the past several decades, unexpected astronomical discoveries have been fu-
eling a new wave of particle model building and are inspiring the next generation of
ever-more-sophisticated simulations to reveal the nature of Dark Matter (DM). This
coincides with the advent of new observing facilities coming online, including JWST,
the Rubin Observatory, the Nancy Grace Roman Space Telescope, and CMB-S4. The
time is now to build a novel simulation program to interpret observations so that we can
identify novel signatures of DM microphysics across a large dynamic range of length
scales and cosmic time. This white paper identifies the key elements that are needed for
such a simulation program. We identify areas of growth on both the particle theory side
as well as the simulation algorithm and implementation side, so that we can robustly
simulate the cosmic evolution of DM for well-motivated models. We recommend that
simulations include a fully calibrated and well-tested treatment of baryonic physics,
and that outputs should connect with observations in the space of observables. We
identify the tools and methods currently available to make predictions and the path
forward for building more of these tools. A strong cosmic DM simulation program is
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Cosmological Simulations for Dark Matter Physics

key to translating cosmological observations to robust constraints on DM fundamental
physics, and provides a connection to lab-based probes of DM physics.

1 Introduction and Executive Summary

Over the past century, various astronomical measurements, from a wide range of cosmolog-
ical epochs and length-scales, have independently pointed to the existence of Dark Matter
(DM). These measurements include galaxy rotation curves1 [2, 3], the Cosmic Microwave
Background (CMB) (e.g., [4, 5]), and weak and strong gravitational lensing [6–10]. Very
little is currently known about the microphysical nature of DM, but its mere presence is
an existence proof of physics beyond the Standard Model of particle physics. For decades,
DM model building on the particle physics side focused on the Weakly Interacting Massive
Particle (WIMP) paradigm. These models can be detected/constrained through a range of
experimental techniques including collider, direct detection, and indirect detection experi-
ments [11–13]. To date, these experiments have been unable to detect the DM constituent,
but have drastically reduced the allowed parameter space of WIMPs.

In light of this, there is a major effort to move beyond the WIMP paradigm, driving
research at the intersection of astrophysics, cosmology, and particle physics. Moving beyond
the WIMP paradigm leads to some proposed particle physics models that can only be tested
by astrophysical and cosmological probes rather than terrestrial experiments (see, e.g., [14]).
They include the physics of DM or a dark sector that only communicates with the visible
sector through gravitational effects; for instance, a warm DM candidate with non-negligible
free streaming scale [15, 16], fuzzy DM models [17], DM interactions with a dark thermal
bath [18], and DM self-interactions [19].

The microphysics of DM imprints itself onto the time evolution of the DM cosmic density
in ways that are testable with a plethora of observations. As summarized in the Snowmass
contribution on halo mass [20] and on astrophysical and cosmological probes of DM [21],
different theories of DM affect the matter power spectrum and non-linear halo mass function
in model-dependent ways, which can be tested at high redshift with the formation of the
first stars, at moderate redshifts with gravitational lensing and galaxy luminosity functions,
and at z = 0 with ultrafaint satellite galaxies and stream gaps, among others. Some models
of DM affect the expansion history of the universe [22], or do not change the expansion
history but alter the growth function with respect to CDM, which may be testable using
observations that span the cosmic microwave background to low-z probes of galaxies [23, 24].
Predicting the distribution of DM on sub-kpc scales matters for stellar probes of DM physics
[25, 26] and for direct- and indirect-detection experiments [27–30]. If DM consists at all of
primordial black holes, then astronomical observations are the primary way we will learn
about this class of model [31, 32].

These new ideas in DM coincide with the commissioning of various powerful observational
facilities, including optical galaxy surveys, measurements of the CMB temperature, polar-
ization, and lensing, and line-intensity mapping (see other Snowmass contributions on the
subject, e.g., [33–36]. This includes the Legacy Survey of Space and Time (LSST) by the Vera
C. Rubin Observatory, planned to begin in 2023, and which will, among other things, provide

1see [1] for a recent review.
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the most complete census of the satellite population of the Milky Way galaxy [20, 21, 34, 37].
These new facilities promise sufficient raw sensitivity to provide powerful constraints on var-
ious classes of proposed DM models via many observational probes [20, 21, 25, 26, 32]. To
do so, however, requires a systematic method for mapping the microphysics of the particle
physics models to the space of observables at these facilities. Since the difference in the
phenomenology of these models is expected to be observable on scales and systems driven by
nonlinear physics, robust modeling of these signals must necessarily be based on simulation-
driven approaches, which can capture the full nonlinear physics. This simulation-driven
approach is also crucial to understanding and disentangling the degeneracies between stan-
dard baryonic physics and new signals of DM physics [38, 39]. It should also be stressed
that such a simulation-driven approach will also enable other crucial aspects of the Cosmic
Frontier — including constraining the nature of Dark Energy, and constraining the total
mass of the Standard Model neutrinos. These aspects are explored in greater detail in a
companion Snowmass 2021 white paper [40].

To harness the full power of the new observational facilities in placing quantitative con-
straints on various classes of DM models, it is essential that particle physicists, simulation
experts and observers collaborate to put a robust simulation and modeling program in place
as the data starts coming in. In this white paper, we outline and detail the key needs
of such a program, starting from appropriate initial conditions for the simulations, all the
way to modeling the direct observables from the aforementioned facilities. For each need,
we identify areas of growth needed both on the particle theory side and on the simulation
implementation side, which should be prioritized moving forward.

This white paper identifies the following priorities:

1. Close collaboration between simulators and particle theorists to both identify key
models and areas of parameter space and to successfully implement these models.
This includes starting from appropriate initial conditions to providing simulation out-
puts in a manner that is meaningful to particle theorists, simulators and observers alike.

2. Algorithm development and code comparison tests ensuring that simulations meet
the required precision targets set by the sensitivity of the new facilities. For hydrody-
namic modeling, this includes evaluation and comparison of different subgrid physics
parameterizations.

3. Performing simulations with full hydrodynamics with validated subgrid models and
numerical resolution at the relevant redshifts and cosmological scales.

4. Analysis of outputs in the realm of observations including mass functions, luminosity
functions, galaxy morphology, kinematics, intracluster light all measured in an apples-
to-apples manner with observations from current and upcoming facilities.
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5. Fast realizations of observables for inference of DM properties in order to constrain
DM particle parameters from observation on feasible timescales.

6. Identifying novel signatures from simulations and guidance to observers derived both
from numerical simulations and fast realizations that point to signatures of DM physics.

An example of a flowchart, showing how these six needs fit together for a single application
in the context of substructure lensing, is shown in Fig. 1.

2 Opportunities

A successful program to extract DM physics from cosmological observations depends crit-
ically on accurate theoretical predictions. Here, we propose a pathway toward achieving
the goal of characterizing DM physics with cosmological observations through the robust
mediator of a simulation program.

2.1 Need #1: Collaboration between cosmological simulators and particle

theorists

Current Status: By its very nature, the formation of structure in our Universe involves
physical processes spanning a large dynamical range. The interactions between particles on
the microphysical scale can directly impact the largest astrophysical and cosmological scales
observable. This enormous difference in scales between the models particle theorists write
down and the observations made by astronomers means that some form of coarse-graining
(see next section) is absolutely necessary to map out how structure forms within any possible
DM scenario.

The huge dichotomy in scales between particle physics and astrophysics also means that
structure formation is not necessarily sensitive to specific microscopic Lagrangian parame-
ters such as masses or couplings, but rather to key combinations of parameters determining
macroscopic quantities such as interaction rates, cutoff scales, or halo core sizes. The work
of theorists is important for identifying these important parameter combinations within any
DM theory, as these are the quantities that can ultimately be constrained by observations.
Crucially, this mapping from DM microphysics to quantities relevant to astrophysical struc-
ture formation allows the classification of DM models according to their structure formation
properties, enabling a limited number of simulations to represent models that might have
very different particle origins. For instance, the absence of a measurable suppression of
structure on small scales could be interpreted as a lower bound on the warm DM thermal
mass, or as an upper bound on the cross section between DM and a dark thermal bath.
This is powerful as it allows simulators to cover a broad range of DM model space with a
computationally realistic number of simulations.

DM microphysics affects structure formation in a multitude of ways, and the combination
of the different physical effects could lead to unique observational signatures. For example, a
given DM model might predict both a specific shape for the initial matter transfer function
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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 1: Flowchart for measuring DM physics using cosmological simulations and connec-
tions to the Needs outlined in this paper. Figures adapted from [9, 41] and provided by
Philip Mocz, Daniel Gilman, Ethan Nadler.
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and some important physical processes in the nonlinear regime such as self-interaction or
dissipation. The combination of these effects can lead to important impacts on observables
that might not be present if either effects were considered separately, hence providing new
insights on the DM microphysics. Close collaborations between theorists and simulators
is necessary to identify models and area of parameter space where such interplay between
different physical effects might be present and explore them in simulations. As an example
of such collaboration, Ref. [42] self-consistently explored through simulations a category
of models in which both dark acoustic oscillations (affecting the initial transfer function)
and self-interaction are present, unveiling an important interplay between these two effects
on the density profiles of halos. In parallel, Ref. [43] classifies such theories in terms of
their structure-formation properties, allowing one to map the simulation results to specific
corners of particle parameter space. This effective mapping, known as the “Effective Theory
of Structure Formation” (ETHOS) framework, has been successfully used to systematically
explore the role of DM physics on a range of observables [44–48].
Future Opportunities: Beyond selection of representative models, continued collaboration
between theorists and simulators is key to the successful implementation of particular sim-
ulations. This is needed even at the stage of generating appropriate initial conditions for
the simulations. Indeed, in many models, unique predictions arise largely from modifications
to the transfer function. For instance, warm DM models generically produce a small-scale
cutoff in the power spectrum, which has been well studied in many simulations, but such
scenarios also exhibit nontrivial model-dependent phase space distributions, which are more
difficult to explore generically. Going beyond thermal distributions calls for detailed exami-
nation of initial conditions in concrete models, as in Ref. [49]. Understanding these features
and their relative importance must be a shared responsibility of the theory and simulation
communities.

After fixing initial conditions, theorists still have a significant role in negotiating the
compromises necessary for practical implementation. First, theorists must identify the most
flexible formulation of the physical processes of interest, so that a limited suite of simulations
can be applied to the broadest possible set of models. Second, while simulation experts
understand the constraints of available software and computational resources, theorists are
well-positioned to propose or evaluate approximation schemes for the physical processes of
interest: the input of theorists is needed to determine which effects can be neglected and
which cannot. Thus, simulations of novel classes of DM physics will have the best foundation
for success if theorists are directly involved in the algorithm design choices and testing.

A key ongoing challenge well-suited to such collaboration is the implementation of simu-
lations with SIDM. On the one hand, the space of SIDM models gives rise to self-interaction
cross sections with a range of preferred scales and velocity dependences (such as interactions
via light mediators [50], atomic-like DM [51, 52], nuclear-like DM [53]), and to additional
dynamical features associated with e.g. excited states or radiative transfer in the dark sec-
tor [54–57]. Different forms of interactions in the dark sector can lead to various velocity
dependences in the effective cross-section. In addition, these velocity dependences can be
modified significantly due to non-perturbative Sommerfeld enhancement depending on com-
binations of parameters such as coupling strength and ratios of mediator to dark matter
mass. Furthermore, even the presence of this enhancement can depend on the nature of the
underlying interactions [58]. SIDM models give rise to a rich array of cross section behavior,
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depending closely on dark sector microphysics. On the other hand, implementation of SIDM
in simulations is notoriously complex, and requires a choice of approximation scheme to map
the effects of microscopic self-interactions to the mesoscopic scales of simulated particles.

Not only is it important for particle theorists to guide simulators in incorporating rel-
evant input from physically sound theories, but the results of simulations should be made
available in a manner that is useful to theorists. Clear communication about the data format
of outputs, the units and/or normalizations used, etc. help make simulations accessible to
the broader community. It is also beneficial for studies to provide accessible information on
how particle physics processes are coarse gained within simulations. This communication
between simulators and theorists is necessary for proper interpretation of simulation results
and the scope of their impact on particle physics properties of DM.

Summary: Given the importance for simulators and theorists to interact efficiently to pro-
duce the most impactful science, it is crucial to support the work that strives to bridge gaps
in expertise between (and within) the simulation and theory subfields. Equally important is
the support of work that connects simulation-based studies to astrophysical and cosmological
observations, as well as complementary searches of DM, such as direct detection, indirect
detection, and collider experiments. As understanding the fundamental nature of DM con-
tinues to be one of the most prominent and outstanding questions in physics, progress will
rely on the continued cooperation between theory, simulation, and experiment, each guiding
the other.

2.2 Need #2: Algorithm development and code comparison tests

Current Status: As discussed in the previous section (§2.1), detailed cosmological simulations
are necessary to accurately propagate the initial conditions and dynamical evolution for
a given particle DM model to predictions for astrophysical and cosmological observables.
Due to the computational expense of cosmological simulations, it is infeasible to simulate
each DM scenario of interest; instead, the following phenomenological classes of DM models
that capture its potential impact on structure formation are often considered2, summarized
additionally in Fig. 2:

1. Cold DM (CDM) is assumed to cluster down to extremely small scales and evolve as a
collisionless fluid. CDM particles (e.g., WIMPs and QCD axions) decouple while non-
relativistic and thus cluster down to mass scales as low as ∼ 10−10M� [67–69]. In most
cosmological simulations, this extremely small free-streaming scale is not modeled or
resolved (however, see e.g. [70, 71]). Instead, the Vlasov-Poisson system that governs
CDM is evolved in a cosmological background using N-body techniques, where each
simulation “particle” is assigned a mass many orders of magnitude larger than the DM
particle mass and a gravitational potential softened on a corresponding length scale.
Initial condition generators based on second-order Lagrangian perturbation theory [72]

2These classes are not comprehensive; for example, they do not include decaying DM, which is unstable
with a lifetime comparable to the age of the universe and has previously been simulated [24, 59, 60], or
DM–baryon interactions, which have been studied based on their suppression of the linear matter power
spectrum [61–64] and have only been simulated in specific cases [65, 66].
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and fast, massively parallelized N-body codes using tree-based [73, 74], particle mesh,
or hybrid [75, 76] solvers are commonly used. Lagrangian techniques that track the
evolution of the DM phase space sheet have also been developed in recent years [77].
Overcoming the impact of limited resolution to robustly resolve the smallest halos and
subhalos remains a key challenge for CDM simulations [78–82].

2. Warm DM (WDM) is assumed to feature a non-negligible free-streaming length but
still evolve as a collisionless fluid [83, 84]. Initial conditions for WDM are usually
calculated for a thermal relic particle that decouples while (semi)-relativistic, with a
mass of O(1) keV. However, note that many well-motivated WDM models (e.g., sterile
neutrinos) can feature non-thermal production [85]. Structure formation in WDM is
identical to that in CDM far above the free-streaming scale, and the N-body techniques
described for CDM apply in these regimes. Resolution requirements are stringent for
WDM simulations because spurious structures can artificially form if the numerical
resolution and free-streaming scales are comparable [86]. Methods exist to identify
and “clean” halo catalogs of spurious objects [87], and phase spaced-based or hybrid
methods can at least partially circumvent these issues [88, 89]. Detailed comparisons
of the algorithms and simulation schemes used to mitigate spurious structure near the
cutoff scale will be necessary to understand the systematic uncertainties associated
with predictions from WDM-like simulations.

3. Fuzzy DM (FDM) is assumed to consist of ultra-light O(10−22) eV particles and thus
feature a non-negligible, galactic-scale O(1) kpc de Broglie wavelength [17, 90]. Initial
conditions for FDM are usually assumed to be dictated by interference effects alone—in
particular, despite its extremely small particle mass, FDM is produced in a cold state,
but it cannot cluster on small scales due to the uncertainty principle (this assumption
is appropriate for many particle FDM models, e.g. ultra-light axions produced via the
misalignment mechanism; [91]). FDM evolves according to the Schrödinger-Poisson
equation, which imposes demanding spatial and temporal resolution criteria because
both the complex amplitude and phase of the FDM field must be tracked [92]. Several
complementary methods for FDM simulations exist, including (pseudo)spectral solvers
[92–96], finite difference/adaptive mesh refinement schemes [97, 98], and smoothed-
particle hydrodynamics (SPH) approaches [99–101]. The Madelung transform of the
Schrödinger-Poisson system is employed for the SPH approach to convert the wavefunc-
tion to a fluid equation, but this conversion faces challenges on resolving small scale
interference substructure [99]. All of these methods must be thoroughly compared and
benchmarked on test problems to assess their accuracy.

4. Self-interacting DM (SIDM) is assumed to interact with a non-negligible cross section
of O(1) cm2 g−1 [19, 102]. Although particle SIDM models can feature a suppres-
sion of the linear matter power spectrum (often with dark acoustic oscillations, as in
e.g. dark photon mediator models) [43], many SIDM simulations only model the ef-
fects of self-interactions on the late-time evolution of DM. SIDM is typically assumed
to interact elastically, with a velocity-independent cross section, though several sim-
ulations with inelastic and/or velocity-dependent interactions have been performed
[103–111]. Self-interactions are simulated using modified N-body algorithms in which
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nearby simulation particles can exchange momentum with a probability determined by
the interaction cross section and their relative velocity [103, 112, 113]. These interac-
tions between coarse-grained N-body particles operate over a much larger range than
the corresponding microphysical interactions, and specific implementation choices may
yield different predictions for evolution on small scales; thus, detailed code compari-
son studies will be necessary to ensure robustness [108]. Recently, velocity-dependent
SIDM models featuring core collapse in small halos have gained interest, both obser-
vationally [114–118] and theoretically [119–121]. Robust understanding and reliable
numerical modeling of the phenomenon of core collapse in both idealized and cosmo-
logical simulations, will therefore, be necessary to enable precision predictions using
SIDM simulations.

Future Opportunities: Simulations of the DM model classes described above must be val-
idated to ensure that they reach the required precision for DM inference given the length
scales and redshifts corresponding to cosmological observables of interest (see Needs 4-5).
This validation should include the coupled (and potentially degenerate) effects of baryonic
and DM physics, although DM-only simulations will continue to provide a useful benchmark
given their interpretability and lower computational cost. Multiple kinds of DM phenomenol-
ogy may appear simultaneously in specific particle models; for example, dark photon SIDM
models also suppress the linear matter power spectrum and are effectively warm [122], and
ultra-light axion FDM models can also feature significant self-interactions [123]. Identifying
theoretically motivated “composite” scenarios (Need 1; §2.1) to explore in simulations is an
important area for development.

Key predictions to validate for each DM model class include: The (sub)halo mass func-
tion, particularly on mass scales and in cosmological environments where precise small-scale
structure measurements are feasible (e.g. within strong lenses and along their lines of sight,
and within Milky Way analog halos); (Sub)halo density profiles, including their dependence
on mass, environment, and DM properties, with descriptions of the mass–concentration rela-
tion as appropriate; Subhalo radial distributions, particularly near the centers of host halos,
where numerical biases can be severe even in CDM [82]. Additional subhalo population prop-
erties including infall time and phase-space distributions (e.g., velocity anisotropy profiles).
Currently, there are sizable systematics associated with simulations’ predictions for these
quantities, except (in some cases) for DM-only CDM simulations. Quantifying the level
of precision the predictions must reach in each case, and performing code and algorithm
comparison studies to ensure that these levels are reached, is therefore crucial.

For hydrodynamic simulations, different algorithms and sub-grid physics parameteriza-
tions can lead to significantly different predictions even for a fixed DM model (see Need
3; §2.3). Studying the interplay between DM microphysics and hydrodynamics, including
star and galaxy formation physics, will be important for observables including ultra-faint
dwarf galaxies and 21cm signals from cosmic dawn. Key predictions to validate include the
stellar mass–halo mass relation and the galaxy occupation fraction. Baryons can also al-
ter small-scale DM distributions (for example, through enhanced tidal stripping by central
galaxies; [124–127]), and the efficiency of these processes may depend on the DM model class
in question.

Finally, we emphasize that simulation analysis tools, including halo finders and merger
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tree algorithms, should be benchmarked for each DM scenario of interest. Code comparison
studies have been performed in the CDM context that standard tools were developed in
[128–130], but have not been carried out in alternative DM scenarios and will be vital. This
is particularly important because several models (e.g. WDM) are known to cause difficulties
for standard halo finders [88], and spurious behavior may also arise for halos affected by
self-interactions, fuzzy DM interference, or baryonic physics.

Summary: Detailed comparisons of simulation algorithms and analysis tools for benchmark
cold, warm, fuzzy, and self-interacting DM, including in the presence of baryons, are necessary
to respectively overcome challenges associated with limited numerical resolution, artificial
fragmentation, robustly solving the Schrödinger-Poisson equation, and accurately resolving
the effects of ram-pressure stripping and gravothermal collapse. Addressing these challenges
through code comparison studies will enable theoretical predictions at the level of precision
demanded by upcoming data.

2.3 Need #3: Simulations with full hydrodynamics for observational tar-
gets

Current Status: Many of the key discrepancies between predictions of ΛCDM and alterna-
tive DM models occur at small scales where baryonic physics plays an important — if not
fundamental — role [41]. At these scales, however, the impact of baryons is often degenerate
with that of alternative DM models. For instance, the discrepancy between cuspy density
profiles predicted by dark-matter-only simulations [135] and observational hints of cores in
some galaxies [e.g. 136, 137], can be explained both by popular alternative DM models such
as SIDM [19, 138, 139] or FDM [17], as well as baryonic feedback from repeated starbursts
[e.g. 140], and other processes that induce potential fluctuations [e.g. 141, 142]. Likewise,
the number of observable satellite galaxies around galaxies like the Milky Way (MW) de-
pends strongly on the suppression—if any—of low-mass subhalos, which can be induced by
a suppression of power at small scales as in WDMas well as tidal stripping and destruction
by the MW’s baryonic disk. These degeneracies pose a major challenge in producing robust
DM constraints.
Future Opportunities: What is needed to break these degeneracies? The complex interplay
of the baryonic physics involved alone make simulations with full hydrodynamics essential.
Hydrodynamical simulations couple N-body methods to describe the DM component with
hydrodynamical methods to model the gas dynamics. The latter methods can be divided into
Lagrangian (e.g. smoothed particle hydrodynamics), Eulerian (e.g. adaptive mesh refinment)
and arbitrary Lagrangian-Eulerian (e.g. moving mesh) methods. In addition to the gas
dynamics these simulations also employ different sub-resolution models for astrophysical
processes that can not be directly resolved. This includes, among others: star formation,
supermassive black holes, stellar feedback, active galactic nuclei, magnetic fields, cosmic
rays, interstellar medium physics and cooling processes. The exact implementation of these
sub-resolution models differs between different simulations and still remains a significant
source of uncertainties [e.g. 143–145]. It is therefore crucial that different methods and
implementations are compared against each other to understand systematic differences and
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∼3 keV
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Numerical methods:
N-body:
· Tree, Fast Multipole
· Particle-mesh/multigrid
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removed via
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N-body methods:
with Monte Carlo
probabilistic
scattering

challenges:
Limited scattering
cross-section types
resolved

Multi-Physics

Hydrodynamics
· Lagrangian SPH
· Eulerian AMR
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Zoom-in

Figure 2: Cosmological simulation numerical methods and limitations for four types of DM
models (CDM, WDM, FDM, SIDM), and common coupled multi-physics packages.
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how they impact the details of galaxy formation and its back reaction on the DM component.
Further, in order to constrain these models, better observational tests of these sub-resolution
models must be identified. For example, gas kinematics [146] and stellar mass-metallicity
relations in low-mass dwarf galaxies [147] are sensitive to the strength of feedback, and may
present a promising avenue to constrain feedback models.

While more accurate hydrodynamic CDM simulations will help constrain the extent to
which baryonic physics can impact small scales, and simulations with alternative DM models,
such as those highlighted in §2.2, will similarly constrain the extent DM physics can impact
small scales, dedicated comparisons of fully hydrodynamic simulations with alternative DM
models will be key to breaking degeneracies between the two. Studies in this vein have
shown that while baryonic physics often cause galaxy properties in alternative DM models
to converge with CDM, some differences remain. For instance, while baryons can produce
cores in SIDM, WDM, and CDM, only SIDM can produce cores in the smallest dwarfs [39,
148]. Further, different physics underlying core formation imprint different signatures onto
stellar properties—SIDM galaxies are more extended [149], have more isothermal velocity
dispersions, and exhibit shallower stellar metallicity gradients than their CDM counterparts
with cores induced by supernovae feedback [150]. A similar study of subhalos of the MW
indicate that baryonically-induced tidal stripping induces a mass-independent suppression
of subhalo abundances, while SIDM and WDM induce a mass-dependent suppression, and
that subhalo distributions are more isotropic in SIDM [110]. Further simulations along this
vein is needed.

While we have highlighted the degeneracies between DM and baryonic physics for cen-
tral densities and low mass halo abundances, the Vera C. Rubin Observatory, JWST, and
the Nancy Grace Roman Space Telescope will usher in the discovery of many new types
of systems with the potential to provide even sharper DM constraints. These include the
discovery of new stellar streams, strong lens systems, satellites of dwarf galaxies, isolated
dwarf galaxies, and the first generation of stars and galaxies [37]. For many of these probes,
detailed hydrodynamic simulations—much less detailed hydrodynamic simulations with al-
ternative DM physics—are in their infancy (e.g. satellites of dwarf galaxies, the highly tidally
stripped satellites of lens galaxies, or Milky Way streams with dwarf galaxy progenitors), or
are non-existent (e.g. Milky Way streams with globular cluster progenitors and line-of-sight
substructures). Many of these promising DM probes share similar degeneracies between
baryonic and alternative DM physics as with core formation and the abundances low-mass
halos. Hydrodynamic simulations will be key to establishing robust DM constraints for them
as well.

Summary: Upcoming surveys will be able to map out matter on unprecedentedly small
scales. These scales are heavily influenced not just by DM physics but also by baryons,
which both produce effects that can mimic the other. Hydrodynamic simulations will be
key to exploring the interplay between the two and in identifying robust signatures of DM
physics.
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Missing Satellites ``Problem" Velocity Function ``Problem" 

Figure 3: Examples where a proper comparison between simulations and observations has
helped resolve purported “problems” in CDM. Left and middle panels: modeling galaxy
formation physics on top of N-body simulations helps resolve the missing satellites problem.
Galaxy formation lowers the predicted number of subhalos in CDM (shown in gray) to the
number of predicted luminous dwarf galaxies (green/blue), which are in good agreement with
observations of the MW and the Local Volume [151]. Right: in addition to galaxy formation
physics, the translation from circular velocity function (solid gray and dashed lines) to HI-
width function (blue lines) helps explain the shallow slope in the observed HI-width velocity
function [38].

2.4 Need #4: Comparison of observations and simulations should be car-
ried out in the space of observables

Current Status: A robust comparison between theoretical models and observations is of-
ten complicated by the fact that the properties that models best predict are rarely direct
observables. During the last decades we have learned that the correct translation between
theoretical predictions and what they mean for the observational data is of paramount im-
portance to determine the validity, or not, of our cosmological models. For instance, several
of the strongest “problems” for ΛCDM can be resolved when a proper apples-to-apples com-
parison is established.

Such is the case of, for example, the“missing satellites problem”which early on pointed to
a far lower number of dwarf satellites observed in the Milky Way compared to the number of
DM subhalos predicted by N-body only simulations of Milky Way-like halos [e.g., 152, 153].
Several teams have now successfully demonstrated that this problem arises primarily because
it compares two very different things: galaxies versus DM subhalos [e.g., 154]. Once the
modeling of galaxy formation is coupled to that of the DM in order to predict the stellar
content of those subhalos, predictions from CDM and the observed number of dwarfs can be
reconciled (see Fig. 3). Similarly, the shallow low-velocity end of the velocity distribution,
as measured by Hi-width observations, has been considered to be in tension with the steep
rise of the velocity function predicted by CDM [155, 156]. However, Hi-widths are not a

13



Cosmological Simulations for Dark Matter Physics

Figure 4: Examples of pipelines that can be used to convert outputs from numerical sim-
ulations into mock observations made with specific instruments. Although there are many
post-processing suites (e.g., Powderday or SKIRT) available to add the effects of dust or
other physics not included in simulations to data from simulation snapshots, outputs from
these programs often need to be combined with instrument-specific software in order to in-
clude the effects of e.g., point spread functions. Examples of the top and middle pipelines
can be found in [177] and [175], respectively.

good proxy for circular velocity, the quantity traditionally predicted in theoretical models, in
particular in the regime of dwarf galaxies. Works that not only take into account the baryonic
physics but also make an effort to establish a fair comparison with observations [e.g., 38, 157]
find good agreement between the observed HI-width distribution in observations and those
predicted in CDM simulations (see Fig. 3). A careful comparison between predicted velocities
in simulations and observations is also necessary for reconciling the Baryonic Tully-Fisher
relation in dwarfs [e.g., 158, 159] and to understand the observed diversity of rotation curves
[e.g., 160–164].
Future Opportunities: The above examples highlight the power of proper theory-observation
comparisons and the need to build solid tools to translate theoretical predictions to the land of
observable quantities. Several such efforts have already been established and many have been
made publicly available. Some of the most commonly used tools for galaxy formation studies
are algorithms that take snapshots from hydrodynamic simulations as inputs and translate
them into spectral energy distributions (SEDs) and images in user-specified filters. These
include Sunrise [165, 166], SKIRT [167–169], and Powderday [170], all of which use Monte
Carlo radiative transfer to incorporate the effects of e.g., dust absorption and scattering,
which are often not included in situ in simulations. Outputs from these and similar software
packages can also be combined with image simulators adapted to the specifics of a given
telescope or mission (e.g., STIPS, WebbPSF [171, 172], SEDpy [173]) or packages to translate
the 6D information of simulations into projected positions and kinematics (e.g., Galaxia [174],
SNAPDRAGONS [175], Ananke [176]) for the construction of mock surveys. These mock
observation packages (see Figure 4 for several sample pipelines) can be used not only to
enhance simulation data and convert it into a format that can be fed into observational data
reduction pipelines, but also to incorporate typical observational uncertainties. This allows
for a more accurate assessment of potential tension between theory and observations.

While the physics of galaxy formation is extremely important in shaping the population
of galaxies, the underlying DM physics that is assumed in a given cosmological model may
leave clear imprints in the number, inner structure and the distribution of those galaxies.
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Currently, there are several observables that have been identified to hold the most promise in
constraining the cosmological model. These include: internal dwarf galaxy kinematics (rota-
tion curves, stellar/gas/globular-clusters velocity dispersion); galaxy luminosity and stellar
mass functions; satellite numbers and their luminosity functions; radial distributions of satel-
lites; morphology of dwarfs and Milky Way-like galaxies (frequency of bulges, thickness of
disks); among others. In addition, such studies may be combined with other techniques
which offer the possibility to constrain the population of “dark” subhalos, or gravitationally
collapsed halos that would not host any observable galaxy. Such efforts include studies of
gravitational lensing [e.g., 178–182], gaps in stellar streams [e.g., 183–187] and limits from
the Lyman-alpha forest [e.g., 188–191]. However, whether or not we can truly use these
phenomena to constrain the physics that underpins our Universe depends critically upon
whether or not we can actually observe them. Data taken from physically motivated, high
resolution simulations and reduced using methods identical to those applied to observations
are necessary to determine which observations are most likely to yield concrete answers.

Summary: Upcoming surveys linked to JWST, the Vera C. Rubin Observatory, DES, and
Roman, among others, will dramatically increase our capability to detect and study galaxies
– in particular, the smallest dwarf galaxies in the universe, which are expected to be entirely
DM-dominated. Theoretical models should, as much as possible, be prepared and upgraded
in order to predict galaxy properties in an observation-friendly fashion, taking into account
survey and telescope specifications. This means that the next decade will be a crucial
period for collaboration between theorists and observers. Observers must share the pipelines
being developed to reduce data from these next-generation instruments, as well as expected
uncertainties, and theorists must be willing to examine not only the ground truth from their
simulations, but also how that may differ (or cease to be visible at all) from an observer’s
point of view.

2.5 Need #5: Fast realization of observed systems for dark matter pa-
rameter constraints

Current Status: As discussed above, cosmological simulations with full hydrodynamics are
a critical tool to reveal how different physical properties of DM alter the abundance and
internal structure of DM halos and subhalos, which can result in observable differences in
astronomical objects and systems. These simulations produces “mock universes” that allow
us to compare theoretical prediction with observations in the space of observable. As such,
running these simulations will become the bottleneck of parameter inference and model
comparison, because these tasks typically require generating a large sample of simulated
datasets of different input parameters (DM properties in this case).

The speed with which simulated datasets can be generated in a forward model varies
depending on the specific observational dataset used to test a particular theory. If the
observational dataset requires a more sophisticated model to fully map out the space of
observable, then more computational resource may be needed. For example, analyses of dwarf
galaxies typically require a prescription to handle baryonic feedback inside Milky Way-sized
halos [e.g. 143, 192, 193]. Analyses of stellar streams, other the other hand, requires detailed
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dynamical evolution of a stream inside a host halo with the presence of perturbations from
dark subhalos [194, 195]. Strong gravitational lensing can measure subhalo population of
massive ellitptical galaxies, but simulating substructures in the ∼ 1013M� halos that tend to
host early-type galaxies [196] can lead to significant increase in the computational expense
[197].
Future Opportunities: Here we identify a few methods that can lead to an increased effi-
ciency of simulated structure formation processes for DM physics. Generally speaking, these
methods can be classified into two categories: (1) reducing the computational cost of indi-
vidual simulations by swapping some simulation components with models, and (2) reducing
the number of simulations needed in our analyses.

In the first category, the most commonly used approach is to reduce the computational
expense of solving full hydrodynamics in cosmological simulations by using an empirical or
semi-analytic model that are painted onto a lower-resolution, gravity-only simulation. This
approach can significantly reduce the computational cost, often by 1–2 orders of magnitude
or more. Semi-analytic models, some examples of which include galacticus [198], SatGen
[199], and UniverseMachine [200]3, bypass the computational expense of tracking individual
particle orbits by identifying certain properties of halos, such their bound mass and tidal
radius, and evolve them analytically. These models can either directly map halo properties
into galaxy properties (or other observables), or generate high-resolution statistics (e.g.,
subhalo properties) based on low-resolution, large-scale environments [e.g. 203–206]. While
empirical or semi-analytic models can significantly increase the speed of running cosmological
simulations, they require calibration against full hydro-dynamical simulations [207, 208].
Once carefully calibrated, these models can rapidly generate representative samples of host
halos with substructure, as is required for analyses of stellar streams and strong gravitational
lenses. The predictions from semi-analytic models can be directly utilized by codes targeted
to a particular aspect of structure formation targeted by a particular observational probe.

In the second category, as discussed in §2.1, one way to reduce the number of simulations
needed is by identifying a property of DM structure that does not depend on a particular
DM theory, and interpret the results of experiments in terms of this quantity. This approach
allows us to translate the constraint we obtain from a single measurement into constraints on
a variety of DM theories. For example, models of warm and interacting DM, as well as ultra-
light fuzzy DM, predict a cutoff in the matter power spectrum on small scales, resulting in a
paucity of of gravitationally bound halos below a characteristic mass [e.g. 94, 110, 209–211].
A single measurement of a minimum halo mass can therefore be interpreted in the context
of warm and fuzzy DM, thus constraining two separate classes of DM theories with a single
measurement. As another example, for models of self-interacting DM, the number of core
collapsed halos as a function of halo mass can be interpreted in the context of a variety of
self-interaction cross sections [118].

Also in the second category, one can build emulators from a set of simulations with dif-
ferent input DM properties. The emulator will interpolate how the observables responds to
the change in the input DM properties. With emulators, we eliminate the need to run new
simulations during parameter inference. This emulation method has already been imple-
mented to enable constraints on, for example, the dark energy equation of state (EOS) and

3Additional examples include [201, 202].
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the total neutrino mass [see e.g. 212–218]. Recently, emulation techniques have also been
applied to enable DM science [see e.g. 219, 220]. There is, however, a unique challenges in
using emulators for DM physics: multiple emulators might be needed for different classes of
DM, as they have very different input parameter spaces (e.g., WDM masses vs. SIDM cross
sections), and also for different DM probes, as they have very different observable spaces
(e.g., dwarf galaxies vs. strong lenses).

Given the vast space of unconstrained DM theories, whose growth over the course of the
last decade has outpaced the observational constraints, a combination of the aforementioned
strategies will likely be required. One potential path forward proceeds as follows: First we
generate a small suite of small-volume, high-resolution simulations with different DM prop-
erties and full hydrodynamics. Then we generate a larger set of larger-volume simulations,
and apply empirical and semi-analytic models, calibrated against the first suite of full hydro-
dynamical simulations. Finally we build emulators based on the second suite of simulations.
These emulators will become the backbone of the analysis pipelines that are specific to the
measurments (e.g., dwarf galaxies, streams, and strong lenses). In addition, these suites of
simulations can also shed light on how best to set up experiments to target key observable
quantities that distinguish ΛCDM from alternatives.

Summary: Generating cosmological simulations with full hydrodynamics and different DM
properties will become the bottleneck of parameter inference and model comparison. Empiri-
cal or semi-analytic models can help reduce the computational cost of individual simulations.
Identifying macroscopic properties that can be used to constrain multiple DM models and
building emulators can help reduce the number of simulations needed in our analyses. We
will need to combine both approaches to cover vast space of unconstrained DM theories and
the diversity of observational measurements.

2.6 Need #6: Provide guidance to observers about promising new signa-

tures of dark matter physics

The Path to Future Opportunities via Current Status: Given the complex relationship
between DM properties at the microscopic level and cosmic observables, simulations can
reveal unforeseen signatures of DM physics that generate new observational strategies. We
illustrate this principle by describing recent simulation-based predictions that have proven
important to interpret current observations and to prepare for upcoming ones. We also
highlight opportunities for the next generation of simulations to establish novel observational
probes of DM.
Example 1: The Unique DM Distribution in the Milky Way

The DM phase space distribution encompasses two quantities: the DM density distribu-
tion and the DM velocity distribution. Understanding these distributions within the Milky
Way is crucial because (1) DM detection experiments are sensitive to the unique phase space
distribution of DM in the solar neighborhood and throughout the Milky Way halo, and
(2) observational deviations from ΛCDM, including the too-big-to-fail problem, the missing
satellites, and the diversity problem often occur at Galactic scales (see [14, 41] for reviews).

Recent stellar catalogs, particularly Gaia [222–224], show that the Milky Way has had
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Figure 1. from Off the Beaten Path: Gaia Reveals GD-1 Stars outside of the Main Stream
null 2018 APJL 863 L20 doi:10.3847/2041-8213/aad7b5
http://dx.doi.org/10.3847/2041-8213/aad7b5
© 2018. The American Astronomical Society. All rights reserved.

Figure 5: Gaps, spurs, and density inhomogeneities in the GD-1 stellar stream as observed
by the Gaia satellite (taken from [221]). Such features are sensitive to DM substructure in
the Milky Way.

a more active and unique merger history than previously thought (see [225] for a review).
Thus, it is essential to empirically measure the DM velocity distribution because standard
assumptions of isotropy and equilibrium that lead to a Maxwell Boltzmann DM velocity
distribution do not hold in detail. Refs. [226, 227] introduced a new strategy for such a
measurement, based on correlations between the stellar and DM velocity distributions. Such
correlations were observed in the Eris and FIRE zoom-in hydrodynamic simulations of the
Milky Way [228–230] in the case of fully phase-mixed mergers. However, these correlations
only hold for CDM, and understanding the implications for different DM particle models
requires further simulations implementing new microphysics on Galactic scales.

Additionally, using stars as a proxy for the DM velocity distribution holds only in ha-
los that include stars. While massive satellites can contribute DM locally with no stellar
tracer [231], it is important to separately study the contribution of dark subhalos (subhalos
containing no luminous baryons) using zoom-in simulations at different resolutions. In the
Aquarius simulation [232], it was shown that dark subhalos might contribute a large fraction
to the local DM density [233]. Such dark subhalos can be probed for example via gaps in
stellar streams. Ref. [221] has shown that the GD-1 stream [234] contains gaps (see Fig.
5) that could be caused by collisions with low-mass (and potentially baryon-free, or “dark”)
subhalos [235, 236]. DM microphysics can influence the population of such subhalos, and
extracting predictions for the disruption of streams requires new simulations that implement
non-minimal DM models on Galactic scales with substantial resolution.

Simulations that capture the unique assembly history of the Milky Way have also proven
crucial to interpret observations of its substructure on larger scales. For example, the Milky
Way’s largest satellite galaxy, the Large Magellanic Cloud (LMC), is predicted to fall into the
Milky Way with its own population of satellites, which has been characterized using zoom-in
simulations and is required to explain the anisotropy in the observed satellite population
after accounting for observational selection effects [204, 237]. The LMC has also significantly
perturbed several of the Milky Way’s stellar streams, and idealized simulations including
the dynamical impact of the LMC have been used to facilitate simultaneous inference of
streams’ orbital properties and the mass of the LMC [238, 239]. Simulations also predict
that the presence of the LMC system may amplify certain signatures of DM physics at
late times [110], induces global responses in the Milky Way halo that may be sensitive to
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DM properties [240], and impacts the interpretation of direct detection experiments [231].
In parallel, observational efforts to map out satellite galaxies and stellar streams in the
vicinity of the Magellanic Clouds (e.g., [241]) and around LMC analogs (e.g., [242–244])
have recently intensified, creating new synergies between simulators and observers studying
DM substructure on Galactic and sub-Galactic scales. These examples illustrate that the
complexity of the DM distribution (particularly on small scales) in specific observed systems
requires simulations to predict accurately, and that these predictions feed back into concrete
observational strategies and synergies.
Example 2: The Smallest DM Halos

Many features of DM microphysics can influence the formation of small DM halos. To
infer the population of very low-mass halos from upcoming surveys, an extensive simulation
program is needed to establish robust predictions for the underlying distribution of low-
mass halos and the relationship between these systems and baryonic tracers. In addition to
predicting the mass function, spatial distribution, and density profiles of the smallest halos in
various DM models, simulations must determine the minimum halo mass for star formation
at different epochs and characterize the impact of baryons on the extremely low-mass halo
population.

DM halos well below the galaxy formation threshold are remnants of the first stages of
structure formation that contain information about the early Universe and the properties of
the DM particle. Enhancements to the primordial power spectrum [245] and early periods
of matter domination (EMDE) [246] or kination [247] can trigger the formation of DM
microhalos (M . 0.01M�) at redshifts greater than 200, long before they are expected to
form under standard assumptions. The size of the smallest halos may be determined by
the free-streaming length of the DM particle, but it is also possible that other particles
[248–250] and the expansion history of the Universe [248, 251] can influence the minimum
halo mass. In the case of axion DM, isocurvature fluctuations in the axion field generate
axion miniclusters at high redshifts, with a minimum mass set by the horizon size when the
Peccei-Quinn symmetry was broken [123, 252–256].

Sub-solar-mass microhalos are not expected to contain baryons; excitingly, simulations
predict that these systems may nevertheless be observable. If DM is self-annihilating, then
microhalos boost the DM annihilation rate, leading to constraints on both the primordial
power spectrum [257, 258] and an early matter-dominated era (EMDE) [28, 248, 259, 260].
Microhalos can also be detected gravitationally. Upcoming pulsar timing arrays, like those
that will be enabled by the Square-Kilometer Array (SKA; [261]), will be capable of detecting
halos with masses as small as 10−13M� [29, 262–264] . Sub-Earth-mass halos can also be
detected using variations in light curves as stars pass near lensing caustics in galaxy clusters
[265, 266].

All of these detection strategies depend on the abundance and internal structure of the
microhalos, and dedicated small-box microhalo simulations are required to generate robust
predictions. Simulations of microhalos subjected to tidal forces and impulsive energy injec-
tion indicate that early-forming microhalos are generally compact enough to survive tidal
disruption [267] and stellar encounters [268], but simulations of microhalo interactions are
needed to determine how mergers affect the microhalo population [269]. Furthermore, an
EMDE can result in halo formation during the radiation-dominated era [248], and new simu-
lations of microhalo formation are required to determine the abundance and density profiles
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of these halos. New simulations are also needed to determine how the formation of halos
during the EMDE inhibits the formation of microhalos after the EMDE [248, 251]. For axion
DM, recent simulations have determined the minihalos’ mass function and density profiles at
z . 19 [256, 270], but simulations of axion minihalos within galactic tidal fields and simula-
tions of stellar encounters are needed to determine how the minihalo population evolves after
that time. All of these predictions will help determine observational strategies for detecting
the signatures of the smallest halos, leading to exciting new connections between observers
and theorists.
Example 3: The Impact of DM Physics on Cosmological Observables

Large-volume simulations will help sharpen cosmological tests of DM physics that affect
cosmological observables, allowing upcoming datasets to simultaneously probe DM physics
and cosmology. One of the most pressing needs is to establish robust, simulation-based
predictions for the connection between DM physics and the epochs of cosmic dawn and
reionization. For example, energy released by annihilating or decaying DM can heat the
intergalactic medium and contribute to reionization. Upcoming probes of the Epoch of
Reionization (EoR), such as HERA [271] and SKA [261], therefore have the potential to
provide a new window into DM microphysics.

Thus far, most analyses of DM’s potential role in the EoR have relied on semi-analytical
calculations of the global energy injection from DM annihilation [e.g. 272–277]. Hydrody-
namical simulations are required to determine how DM halos introduce spatial variations
in reionization; such simulations indicate that neglecting spatial variations in the DM an-
nihilation rate underestimates the 21cm power spectrum and obscures a potential means of
distinguishing between energy injection from DM and astrophysical sources [278]. However,
these simulations assume that energy emitted by DM is immediately absorbed by the inter-
galactic medium, and that is not the case [279]. Additional hydrodynamic simulations of
reionization that include delayed deposition of the energy injected by DM and nonstandard
structure formation scenarios are required to fully realize the potential of upcoming 21cm
observations to probe DM.

Such large-volume simulations can also be used to refine probes of modified cosmologies.
Cosmological discrepancies such as the H0 tension have motivated numerous DM models
that yield modified expansion histories, which in turn have implications for structure in the
late universe [280, 281]. Among the most mature class of models features an early dark en-
ergy (EDE) component [282, 283], and gross features of DM structure in these models have
already been explored [284]. At a minimum, establishing the best observational targets to
test these models requires large scale DM-only simulations incorporating novel cosmologies.
Such simulations will be most valuable in combination with studies of baryonic tracers in
small-scale simulations, in addition to their inherent complementarity.

Summary: Simulations have revealed connections between the stellar and DM velocity dis-
tributions and the impact subhalos have on their galactic hosts, the ways DM microphysics
affects the smallest baryonic structures, and how the DM halo population preserves a record
of the universe’s evolution and the origins of DM. Further development of these novel probes
of DM requires additional simulations at cosmological and galactic scales that incorporate
alternatives to CDM, baryonic physics, and nonstandard cosmological histories, as well as
small-box simulations of the formation and evolution of the first DM halos in multiple cos-
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mological contexts. Such specialized simulations will establish new synergies between astro-
nomical observations and DM physics.

3 Conclusion

Since the discovery of excess mass in clusters and galaxies decades ago [285–287], parti-
cle physics inspiration for, and constraints on, DM have been mediated from astronomical
observations by cosmological simulations. Forty years ago, when paired with observations,
simulations showed that neutrinos could not be the dominant component of DM, and that
something like cold DM described the universe on large scales [288–290]. This observation
fueled excitement for finding a DM candidate in newfangled supersymmetry theory [291],
leading to years of work by particle physicists to characterize the physical effects of neu-
tralinos and other particles in astronomical objects and laboratory searches [11–13, 292]. In
the past twenty years, unexpected astronomical discoveries fueled a new wave of particle
modeling building and inspired the next generation of ever-more-sophisticated simulations
to connect the physics of DM and gas to observations [38, 293]. We use observational astron-
omy to measure where the DM is. Simulations tell us how to translate this measurement to
the particle properties of DM. Using this combination of observation and simulation, particle
physicists can tell what DM is, and how to confirm its properties in the lab [293].

A well-synthesized simulation, observational, theoretical, and experimental program is
critical to revealing the nature of DM. The challenge and opportunity for this decade is
to develop a robust and vibrant simulations program that connects the ground-breaking
capabilities of observational facilities [14, 21, 33–36] to an expanding ecosystem of particle
models for DM and tailored lab experiments [293]. For a simulation program to be successful,
simulators must work with particle physicists to identify promising particle DM models
and map their phenomenology into a space of cosmological simulation parameters (Need
#1; §2.1). The numerical algorithms to fold these new physics into simulation must be
robustly tested (Need #2; §2.2). Importantly, simulations to test these models must include
the physics of gas and stars—the past two decades of work in our community show that
this is absolutely critical to making realistic predictions of observations as a function of
new physics (Need #3; §2.3). As much as is possible simulations need to be “observed”
in the same way as the sky is—in the past, many discrepancies between theory and data
arose because of differences in how theorists and observers were measuring properties of
astronomical systems (Need # 4; §2.4). Even when simulations are well-tuned to interesting
astronomical systems, there is a need to scale up their speed quickly in order to make DM
parameter constraints using ensembles of observational and simulation data. This is an
important step to “likelihood-function-izing” DM constraints from a wide set of astronomical
observables, and connecting them to laboratory probes of DM (Need #5; §2.5). Finally,
simulations play an essential role in developing new and promising pathways for astronomical
constraints on DM (Need #6; §2.6).

The next decade will be game-changing in the DM community’s ability to learn about
DM in the sky and in the lab. Simulations and the simulators who create them are the
connectors between these two critical pathways to the discovery of the nature of DM. A
close collaboration among simulators, particle physicists, and observational astronomers is
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essential to the success of simulations to serve as the connector. Only with a vibrant and
cohesive cosmological simulation program will we be able to connect the lab to the sky to
reveal the secrets of DM.
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Snowmass2021 Computational Frontier White Paper: Cosmological Simulations and
Modeling, arXiv e-prints (2022) arXiv:2203.07347 [2203.07347].

[41] J.S. Bullock and M. Boylan-Kolchin, Small-Scale Challenges to the ΛCDM Paradigm,
ARA&A 55 (2017) 343 [1707.04256].

[42] M. Vogelsberger, J. Zavala, F.-Y. Cyr-Racine, C. Pfrommer, T. Bringmann and
K. Sigurdson, ETHOS - an effective theory of structure formation: dark matter
physics as a possible explanation of the small-scale CDM problems, MNRAS 460
(2016) 1399 [1512.05349].

[43] F.-Y. Cyr-Racine, K. Sigurdson, J. Zavala, T. Bringmann, M. Vogelsberger and
C. Pfrommer, ETHOS—an effective theory of structure formation: From dark
particle physics to the matter distribution of the Universe, Phys. Rev. D 93 (2016)
123527 [1512.05344].

[44] M.R. Lovell, J. Zavala, M. Vogelsberger, X. Shen, F.-Y. Cyr-Racine, C. Pfrommer
et al., ETHOS - an effective theory of structure formation: predictions for the
high-redshift Universe - abundance of galaxies and reionization, MNRAS 477 (2018)
2886 [1711.10497].

[45] S. Bose, M. Vogelsberger, J. Zavala, C. Pfrommer, F.-Y. Cyr-Racine, S. Bohr et al.,
ETHOS - an Effective Theory of Structure Formation: detecting dark matter
interactions through the Lyman-α forest, MNRAS 487 (2019) 522 [1811.10630].

[46] S. Bohr, J. Zavala, F.-Y. Cyr-Racine, M. Vogelsberger, T. Bringmann and
C. Pfrommer, ETHOS - an effective parametrization and classification for structure
formation: the non-linear regime at z & 5, MNRAS 498 (2020) 3403 [2006.01842].
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[157] A.V. Macciò, S.M. Udrescu, A.A. Dutton, A. Obreja, L. Wang, G.R. Stinson et al.,
NIHAO X: reconciling the local galaxy velocity function with cold dark matter via
mock H I observations, MNRAS 463 (2016) L69.

[158] C.B. Brook, I. Santos-Santos and G. Stinson, The different baryonic Tully-Fisher
relations at low masses, MNRAS 459 (2016) 638 [1603.06595].
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