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Abstract:
Clusters of galaxies have proven to be powerful probes of dark energy and dark matter and are expected play

a significant role in future cosmic experiments. An outstanding opportunity in the studies of clusters is the cross-
analysis of multi-wavelength observations collected by multiple surveys. We propose that this opportunity should be
given serious consideration in the future with efforts to ensure close collaboration between the diverse experimental
collaborations and simulation efforts as well as support for dedicated and open-access resources to facilitate this work.
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Overview
Clusters of galaxies—the largest gravitationally-bound systems in the universe—are prominent tracers of cosmic

structure. The abundance and spatial distribution of these massive systems are highly sensitive to the physical laws
and phenomena that govern its growth. Clusters particularly place sensitive constraints on Dark Energy parameters,
the sum of the masses of the neutrino species, primordial non-Gaussianity, and the density of dark matter (See e.g.,
(1) for a recent review) . The potential for cluster samples to constrain cosmology has long been recognized and,
indeed, for some cosmological models, clusters have the potential to be the most constraining probe (2). However,
such constraints are currently limited by systematic error control. The next decade offers an unprecedented confluence
of expansive new multi-wavelength cosmic surveys and new computational and simulation capabilities which, if fully
leveraged, will allow for the requisite control of these errors and will enable us to maximize the potential of these
extreme systems to probe the composition and physical laws of the universe.

Advances
The primary steps of cluster-based cosmological analyses are cluster identification and the connection of galaxy

cluster observables to the mass of the systems. Both of these steps are subject to systematic bias from astrophysical
or observational sources. As clusters are multi-component systems and traced by numerous signatures (e.g., from
overdensities of galaxies at optical and infrared wavelengths, hot gas detectable at X-ray and millimeter wavelengths,
and as significant mass peaks in lensing data), employing data from all available telescopes will enable analyses that
are not susceptible to any single set of astrophysical systematics or observational biases. The upcoming surveys are
numerous, each offering distinct advantages. These include:

• Vera Rubin Observatory’s Legacy Survey of Space and Time (LSST) and Euclid: The upcoming (2022)
LSST (3) and ESA/Euclid mission (4) will provide deep observations of the sky at optical through infrared
wavelengths. In addition to compiling large samples of clusters identified via galaxy overdensities, these surveys
will provide critical weak lensing mass calibration and redshift information for cluster samples selected in other
surveys.

• CMB-S4: Commencing operations in the late 2020s, CMB-S4 (5) will be unprecedented wide-area millimeter
survey over ∼ 70% of the sky. Over 100,000 galaxy clusters are expected to be detected in the arcminute-scale
survey data via the thermal Sunyaev Zel’dovich effect (? ) to produce an approximately mass-limited catalog
of clusters out to the epoch of cluster formation (6). Additionally, the gravitational lensing maps reconstructed
from the cosmic microwave background (CMB) survey data will unique mass calibration measurements for the
highest redshift systems.

• eROSITA/Athena: The eROSITA (7) and ESA/Athena mission (with NASA involvement) represent the next
generation of X-ray surveys. The ongoing all sky eROSITA mission is expected to find discover ∼100,000
galaxy clusters (primarily at lower redshifts) in a way that is highly complimentary to the optical and SZ surveys.
Athena’s (scheduled for launch in 2031) unprecedented sensitivity will allow detection of galaxy clusters and
groups to z ∼ 2 in a modest wide-area survey as well as extensive targeted characterization of clusters detected
at other wavelengths (8).

• Dark Energy Spectroscopic Instrument (DESI) + Future Spectroscopic Surveys: Wide area spectroscopic
surveys such as DESI (9) are also a critical piece for mitigating systematic biases in next generation cluster
analyses as large spectroscopic samples are crucial for calibrating photometric redshifts for both the cluster
samples themselves as well as those of the source galaxies used in weak lensing mass calibration. Spectro-
scopic surveys are also important for quantifying the contamination to optical cluster samples from line-of-site
structure.

In parallel to the significant advancement in observational capabilities we are seeing similar revolution in the
computational and simulation tools used to model these systems and provide the cosmological predictions.

Hydrodynamical simulations are increasingly able to self-consistently follow astrophysical processes, bridging
the gap between cosmological simulations that employ coarse sub-grid model approaches with idealized simulations
that are able to resolve the smaller-scale physics relevant to galaxy formation processes. A multi-wavelength approach
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to cluster-based cosmology will require simulations that can capture both the global diversity of galaxy cluster pop-
ulations (emphasizing the need for large volume boxes) and the effects of astrophysical processes on the intracluster
medium and stellar populations in and around galaxy clusters (emphasizing the need for self-consistent models).

Cluster cosmology requires high precision. Analysis pipelines have therefore evolved to increasing complexity
in order to account for astrophysical effects on cosmological observables (10). As a result, emerging performance-
improving technologies such as deep machine learning methods (11) and GPU computing (12) are becoming essential.
Finally, validation for such analysis pipelines require data from large volume cosmological simulations with models
that incorporate baryonic physics processes (13).

Opportunities
Key to the success of this future expansive cluster cosmology effort is close collaboration between observers,

simulators, and analysts. On the observational front this will require extensive calibration across experiments and
collaborations as well as the tighter integration of simulation efforts with the suite of multi-wavelength surveys.

Cross-experiment analyses of galaxy clusters will also require dedicated computing and software infrastructure. To
enable collaboration, the platforms for such infrastructure need to be open and accessible to all participating scientific
communities. Guidelines for contribution and quality assurance also need to be collaboratively developed and mutually
agreed upon by all communities.1

1https://openastronomy.org/
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