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Abstract: Opening up a new window of millimeter-wave observations that span frequency bands
in the range of 30 to 500 GHz, survey half the sky, and are both an order of magnitude deeper
(about 0.5 puK-arcmin) and of higher-resolution (about 10 arcseconds) than currently funded sur-
veys would yield an enormous gain in understanding of both fundamental physics and astrophysics.
In particular, such a survey would allow for major advances in measuring the distribution of dark
matter and gas on small-scales, and yield needed insight on 1.) dark matter particle properties,
2.) the evolution of gas and galaxies, 3.) new light particle species, 4.) the epoch of inflation, and
5.) the census of bodies orbiting in the outer Solar System.



1 Introduction

Opening up a new window of millimeter-wave survey observations that are both deeper and of
higher-resolution than previous surveys would yield an enormous gain in understanding of both
fundamental physics and astrophysics. The major advances enabled by a deep (about 0.5 K-
arcmin), high-resolution (about 10 arcsecond), millimeter-wave survey are: i) the use of grav-
itational lensing of the primordial microwave background to map out the distribution of matter
on small scales (k ~ 10 hMpc™1), and ii) the measurement of the thermal and kinetic Sunyaev-
Zel’dovich effects (tSZ and kSZ) on small scales to map the gas density and gas pressure profiles
of galaxy clusters and groups. In addition, such a survey, covering half the sky, would allow us to
cross critical thresholds in fundamental physics: i.) ruling out or detecting any new, light, thermal
particles, which could potentially be the dark matter, and ii) testing a wide class of multi-field
models that could explain an epoch of inflation in the early Universe. Lastly, such a survey enables
the detection of an Earth-size planet thousands of AU from the Sun, and more broadly provides a
census of asteroids and planetary bodies in the outer Solar System. This survey would also enable
the detection of exo-Oort clouds around other solar systems, shedding light on planet formation.

2 Dark Matter Distribution and Properties

What is the distribution of matter on small scales?

What are the particle properties of dark matter?

There is compelling evidence for non-baryonic dark matter [1-7], however, its nature remains
elusive. Direct and indirect dark-matter searches may set tight limits in the next decade, but still
turn up empty-handed in terms of detecting a new particle. One may then ask what is the next best
avenue to probe dark-matter properties. The only place we have directly detected the impact of
dark matter is through its gravitational interactions. Thus it makes sense to explore this direction
for further insight into dark-matter particle properties. In particular, well-motivated models of dark
matter that differ from the standard cold, collisionless model (CDM), predict different distributions
of matter on small scales [8—41]. However, observations of the small-scale matter distribution to
date are challenging because they often infer the matter distribution through baryonic tracers of
the matter [42-58], which may not trace the dark matter reliably [59-61]. While very promis-
ing, alternative techniques using strong gravitational lensing to find low-mass dark-matter halos
[62-71] face the challenge of disentangling the complex structure of the background source from
the substructure signal; using strong lensing to measure the matter power spectrum faces a similar
challenge [72—79]. In contrast, measuring the small-scale matter power spectrum from weak grav-
itational lensing using the cosmic microwave background (CMB) as a backlight suffers from no
such degeneracies, since we have detailed knowledge of the intrinsic properties of the source [80].
This may provide a powerful complementary probe of dark-matter physics [80].

As shown in Figure 1, by measuring the small-scale matter power spectrum, one can distinguish
between CDM and a dark matter model that alters the matter distribution in a way that differs
from the CDM prediction [80]. Such a measurement has the potential to determine both dark-
matter particle properties and the effect of baryons on the small-scale matter distribution; both of
which can affect the shape of the small-scale matter power spectrum, albeit in potentially different
ways [80-85]. Recently, it has been shown, by comparing the output of multiple hydrodynamic



Figure 1: CMB lensing power spectrum for
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simulations with different baryonic prescriptions, that there may be a finite set of ways that baryons
can alter the matter power spectrum; moreover, these changes to the matter power spectrum may
depend on just a few free parameters [85] that can potentially be distinguished from dark matter
model parameters. We note that such a measurement of the small-scale matter power spectrum, in
any case, will constrain both models of dark matter and baryonic physics.

In Table 1, we show forecasts of how well one can potentially distinguish between fuzzy or
warm dark matter models (FDM or WDM) and CDM, in the absence of baryonic effects. We show
this with differing levels of residual kSZ, which is a frequency-independent foreground that arises
when CMB photons are Doppler boosted after scattering off ionized gas with a bulk motion. This
kSZ signal arises from scattering off the ionized gas bound in dark-matter halos (late-time kSZ),
and the ionized gas present during the epoch of reionization when the first stars were forming
(reionization kSZ). From Table 1, we see that the reionization kSZ has a modest impact on the
signal-to-noise ratio, while we potentially can remove much of the late-time kSZ with techniques
facilitated by an overlapping galaxy survey [86, 87]. Frequency-dependent foregrounds can likely
be removed with a combination of multi-frequency channels and high-resolution observations, the
latter of which allow extragalactic foregrounds to be resolved and subtracted from survey maps.

Sky fraction | Noise at 150 GHz Dark matter signal-to-noise ratio
(foky) (uK-arcmin) no kSZ | reion kSZ | reion+late kSZ
0.5 0.5 11 9 5
0.5 0.25 24 19 7
0.25 0.5 8 7 4
0.25 0.25 17 13 5
0.1 0.5 5 4 2
0.1 0.25 11 9 3

Table 1: Significance with which an m ~ 10722 eV FDM (or 1 keV WDM) model can be dis-
tinguished from a CDM model, based on observations of CMB lensing. Here we assume 10”
resolution and vary observed sky fraction, noise levels in temperature, and residual kSZ.
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Figure 2: The SZ effects of a merging galaxy cluster extracted from the Omega500 cosmological
hydrodynamical simulation [88], with some X-ray quantities for comparison. Shown quantities are
the tSZ signal (top-left), kSZ signal (top-middle), projected mass-weighted temperature (top-right),
X-ray surface brightness (bottom-left), electron opacity (bottom-middle), and projected X-ray tem-
perature (bottom-right). Combining low-noise, high-resolution tSZ and kSZ measurements
allows one to separate the pressure, density, velocity, and temperature of the gas [§9-91].

3 Baryonic Physics and Galaxy Evolution

What is the evolution of gas in and around dark matter halos?

A high-resolution, low-noise millimeter-wave survey would open a new window on tSZ and
kSZ measurements [92, for a recent review]. tSZ measurements probe the thermal pressure of
ionized gas in and around galaxy clusters and groups [93]. kSZ measurements probe the gas mo-
mentum density [94]. The combination of kSZ and tSZ measurements at three or more frequencies,
with low-noise and high-resolution, would allow one to measure the gas density, bulk velocity, and
temperature separately [89-91]. The advantage of SZ over X-ray measurements is that the SZ
signal is proportional to the gas density (not density squared) and the flux of the signal is redshift
independent; thus SZ measurements are a powerful probe of the gas in galaxy cluster outskirts, in
low-mass halos, and in high-redshift halos.

Over the past decade, the tSZ effect has also been used to find hundreds of previously-unknown
clusters of galaxies out to z ~ 2 [95-97]. Higher resolution and better sensitivity will push this
to lower-mass and higher-redshift systems, allowing direct imaging of many systems where X-
ray observations would require exceptionally long integration times. Stacking the tSZ detections
will allow one to probe the gas physics in and around halos out to z ~ 2 and with masses below
102 M,,. The gas in halos reflects the impact of feedback and merging processes and serves as a
reservoir of star formation. For example, as shown in Figure 2, tSZ and kSZ measurements probe
gas accretion, non-thermal and non-equilibrium processes, AGN feedback, and splashback and
shock radii [98—101]. Therefore, the science gain of such measurements is a deeper understanding
of galaxy cluster astrophysics, the physics of the intergalactic and circumgalactic medium, and
galaxy evolution.



Sky fraction | Noise at 150 GHz | Constraint on new particle species (o (Neg))
(fory) (uK-arcmin) with kSZ foregrounds no foregrounds
0.5 0.5 0.019 0.014
0.5 0.25 0.018 0.013
0.25 0.5 0.027 0.019
0.25 0.25 0.025 0.018

Table 2: Constraint on the density of light relics, N.sz. We assume 10 resolution and vary the
noise and sky area. We show constraints with and without including the kSZ foregrounds for tem-
perature maps. Planck and expected Simons Observatory data are included. Note that the critical
threshold of o(N.g) = 0.027 is the minimum change to N created by any new light particle
species in thermal equilibrium with standard model particles in the early Universe [102].

4 Thermal History of The Early Universe

Do new light particle species exist that were in thermal equilibrium with standard model
particles during the early Universe?

Any light particles that were relativistic when the CMB formed (i.e., masses less than about
0.1 eV) and that were in thermal equilibrium with standard model particles at any time in the
early Universe leave an imprint on the CMB power spectrum at small angular scales. The critical
threshold for the density of light relics, Neg, is 0(Neg) = 0.027, which represents the minimum
change to N.g created by any new light species in thermal equilibrium with standard model par-
ticles in the early Universe (assuming no significant dilution by new states beyond the standard
model particle content) [102]. This includes light species that were in thermal equilibrium with the
standard model right after the Big Bang, probing back to about 1073° seconds after the creation of
the Universe. These particles may well be too weakly interacting to be seen with significance in
Earth-based experiments; thus probing them with cosmology may be the only avenue. Many dark
matter models, including many axion models, predict new light thermal relics [103, 104]. Thus
ruling out, or detecting, the existence of such a particle would yield insight on dark matter particle
properties.

With an ultra-deep, high-resolution millimeter-wave survey, one could cross the critical thresh-
old of o(N.g) = 0.027. The ability to cross this threshold comes from i) surveying a wide sky area,
ii) having low noise, and iii) probing small angular scales (/;,,,x = 5000). In Table 2, we show the
constraints on N.g for different noise levels and sky areas, for a ACDM + Nz + > m, model
and assuming BBN consistency. We also show constraints with and without including the kSZ
foregrounds in temperature maps; this foreground can potentially be reduced with an overlapping
galaxy survey. We assume 10 arcsecond resolution and use lensed CMB spectra. We note that
delensing the CMB spectra can modestly improve the N.g constraints [105, 106], and including
the effect of Rayleigh scattering can potentially have a significant impact depending on the noise
levels of the higher-frequency channels (e.g. 15-30% improvement with 5/10 pK-arcmin noise at
400/500 GHz) [107, 108]. From Table 2, in a scenario where foregrounds are effectively removed
(via multi-frequency cleaning, resolving and subtracting extragalactic sources, and removing kSZ
from the maps), such a survey can potentially rule out or find evidence for new light thermal
particles with 95% confidence level.



Sky fraction Noise De-lensing ability and non-Gaussianity constraints
(fsky) (uK-arcmin) | Resid. lensing B-mode (Aj,s) | Non-Gaussianity (o( fxr.))
0.5 0.5 0.1 0.26
0.5 0.25 0.05 0.26
0.25 0.5 0.1 0.40
0.25 0.25 0.05 0.40

Table 3: Third column: Expected residual lensing B-mode power after delensing (A)c,s). Remov-
ing the lensing B-mode signal is critical to detecting primordial gravitational waves from
inflation; for example, Ay.,; < 0.1 is necessary to achieve o(r) = 5 x 10~% Note we adopt
a conservative [,,;, = 1000 cut for B-modes; [,;, = 100 for B-modes decreases Ajc,s by 30%.
Fourth column: Constraints on primordial non-Gaussianity from a kSZ survey overlapping with
LSST [110]. These constraints are galaxy-shot-noise limited, yielding minimal gain from lower-
ing the noise below 0.5uK-arcmin. Achieving o(fyr,) < 1 can distinguish between single and
multi-field inflation models. We assume 10” resolution.

S5 Signatures from the Newborn Universe
Do primordial gravitational waves from an epoch of inflation exist?
If inflation happened, did it arise from multiple or a single new field?

In order to detect primordial gravitational waves from inflation via their B-mode fluctuations,
using a ground-based experiment, it is necessary to subtract the B-mode fluctuations due to gravi-
tational lensing of E-modes. To reach a target for the tensor-to-scalar ratio, r, of o(r) < 5 X 1074,
requires removal of at least 90% of the lensing B-mode power, i.e. Ajeps < 0.1 [102]. This o(r)
target, in the absence of a detection, would rule out or disfavor all inflation models that naturally
explain the observed value of the scalar spectral index, and which have a characteristic scale in
field space larger than the Planck scale [102]. The third column of Table 3 shows that such an
Ajens target is well within reach. In addition, as shown in the fourth column, maps of the kSZ
signal cross correlated with an overlapping galaxy survey such as LSST, can constrain primordial
non-Gaussianity, crossing the critical threshold of o( fxr,) < 1 that would rule out a wide class of

multi-field inflation models [87, 109-111].
6 Planetary and Exo-Solar System Studies

What is the census of bodies in the outer Solar System, and around other stars?

Millimeter-wave surveys can open a new discovery space of bodies in the outer Solar System,
and planetary systems around other stars. High-resolution, low-noise millimeter-wave surveys
could detect undiscovered Solar System planets via their thermal flux and parallactic motion [112].
In the outer Solar System, the main source of heating for planets is internal. Optical observations,
in contrast, are sensitive to the bodies’ reflected light from the Sun. Since the flux from reflected
light falls faster with distance than directly sourced emission, millimeter-wave surveys have an
advantage over optical surveys in finding objects in the far Solar System [113]. A deep, high-
resolution millimeter-wave survey could detect, for example, Earth-sized planets at thousands of
AU from the Sun. Such a survey, combined with optical measurements, would allow large popu-
lation studies of the sizes and albedos of these objects [114]. Deep millimeter-wave surveys can
also enable the detection of exo-Oort clouds around other stars [115], opening a new window into
the study of planetary systems.
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