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Abstract

The cosmic “dark ages” is the period between the last scattering of the cosmic microwave background and the
appearance of the first luminous sources, spanning redshifts 1100 = z 2 30. The only way to observe this period is
by examining the 21 cm hyperfine transition line of neutral hydrogen HI, which—given the high redshifts (and
hence long wavelengths)—must be observed from outside Earth’s ionosphere. Given the faintness of the signal,
concepts for a radio array on the lunar far side (where large collecting areas can be deployed and radio frequency
interference is minimal) have been proposed, like FarView or FARSIDE, but designs are still in the preliminary
stages. This paper studies multiple aspects of array design to determine the impact of different design decisions on
sensitivity to the dark ages 21 cm power spectrum. We do so by using the sensitivity package 21cmSense to
model and simulate various array configurations. We present a fiducial design based on a modification of the
FarView concept, which consists of a collecting area of ~2.5km” with 82,944 tightly packed dual-polarization
dipoles grouped into 5184 correlated elements, or subarrays, delivering a >100 detection of the z = 30 signal with
a 5 yr lifetime. We find that, beyond mere collecting area, the most important factor in achieving this sensitivity is
the presence of very short baselines that can only be realized with small, closely packed antennas.
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1. Introduction

The cosmic dark ages begins immediately following the
recombination epoch that terminates in the surface of last
scattering that gives way to the cosmic microwave background
(CMB) and lasts until the cosmic dawn, when the first star and
galaxy formations lead to the epoch of reionization (EOR;
J. R. Pritchard & A. Loeb 2008). This roughly corresponds to
the redshift range 1100 2> z 2 30 according to standard models
of first star formation (T. Abel et al. 2002; V. Bromm et al.
2002; B. D. Crosby et al. 2013). The period is currently
unobserved and often regarded as a possible treasure trove of
statistical measurements of the underlying cosmological
parameters of the Universe.

The lack of luminous sources makes the dark ages
extraordinarily difficult to study through direct observation.
The only available probe of this era is the 21 cm hyperfine
transition line of neutral hydrogen (HI; J. R. Pritchard &
A. Loeb 2012). This emission, when observed from the current
day, is redshifted well into the low-frequency radio range
(~1040MHz). This range of redshifted 21cm emission
presents both useful and challenging aspects of observation.
Helpfully, the large frequency range allows us to study a 3D
tomography of the 21 cm line throughout the dark ages, which in
turn offers a greater number of accessible modes of cosmological
Fourier space than the CMB (A. Loeb & M. Zaldarriaga 2004).

Unhelpfully, the redshifted dark ages signal is primarily at
frequencies where Earth’s ionosphere is opaque (H. K. Vedantham
& L. V. E. Koopmans 2016). Coupled with a substantial
overlap with artificial radio frequency interference (RFI), this
aspect of the dark ages signal strongly necessitates a space-
based radio instrument to observe it. The lunar farside is an
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ideal location for its ability to shield from Earth-based RFI and
for its lack of an appreciable atmosphere, which allows any
future instrument to access all dark ages frequencies (J. Burns
et al. 2021).

The types of radio instruments that have been proposed for
the Moon include both single-dish antennas—like the Lunar
Crater Radio Telescope (LCRT; S. Bandyopadhyay et al. 2021)
—and radio interferometric arrays. However, radio interfero-
metric arrays like FARSIDE (J. Burns et al. 2019), FarView
(R. S. Polidan et al. 2024), and CoDEX (L. Koopmans et al.
2021) are the more common instruments found in the literature.
These concepts range from small pathfinder arrays with O(100)
antennas to arrays equal to and exceeding the Square Kilometre
Array (SKA) in size with ((10°) antennas in a dense core. The
exact layout of antennas also differs between designs with
demands for appropriate spacing for lunar rover operation and
for connection and distribution of power through solar
batteries. Finally, these designs tend to favor dipole antennas,
which are simple to construct and effective at low frequency.

The primary probe of a dark ages radio interferometer
experiment is the 21 cm redshifted frequencies that map to a
21 cm brightness temperature relative to the CMB, T}, on the
sky. T, is set by the neutral fraction of HI—which is 1
throughout the dark ages—the spin temperature 7 relative to
the CMB luminous background temperature 7., an optical
depth dependent on the line-of-sight peculiar velocity, and,
most importantly for our measurements, the local density of HI
op (A. Loeb & M. Zaldarriaga 2004). Parameter dy is best
described in cosmological Fourier space by the power
spectrum, briefly described analytically in Section 3.1.

The 21 cm power spectrum is a powerful probe of density
fluctuations in H I resulting from primordial perturbations from
inflation. As mentioned previously, the available Fourier modes
are far greater than the CMB’s available modes, which allows
for the further constraining of cosmological parameters in the
cosmic variance limit—i.e., in the limit of negligible thermal
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noise (R. Mondal & R. Barkana 2023). Additionally, a lack of
astrophysical processes enables measurements and constraints
on exotic physics like charged dark matter (J. B. Muifioz et al.
2018).

Therefore, in this paper we seek to analyze a lunar farside
array’s sensitivity to the power spectrum. Although exotic
physics models can significantly boost the power spectrum
amplitude (J. B. Muiioz et al. 2018), we focus on the “worst”-
case scenario for a detection, i.e., standard physics and a
correspondingly faint 21 cm signal. In Section 2, we go over
some of the currently proposed designs and discuss the key
parameters of array design that impact sensitivity. In Section 3,
we briefly delve into the theory behind sensitivity to the dark
ages 21 cm power spectrum and discuss how the 21cmSense
sensitivity package is implemented. In Section 4, we present
the bulk of our work in a step-by-step comparison of varying
design parameters to a fiducial array analogous to those
discussed in Section 2 and examine how the significance of
detection of the power spectrum evolves. Finally, in Section 35,
we discuss caveats of the designs and future simulations that
are necessary for a lunar farside radio interferometer. Unless
otherwise stated, we assume a Planck 2018 cosmological
model with & = 0.6766 and (2,, = 0.30966 as implemented in
astropy’s cosmology realization (Astropy Collaboration
et al. 2013, 2018, 2022; Planck Collaboration et al. 2020a).

2. Lunar Farside Array Concepts

Interest in a lunar radio array goes back several decades,
with preliminary concepts being proposed as few as three
decades ago (J. O. Burns 1991; J. Lazio et al. 2007). Since
then, the 2013 NASA astrophysics road map (C. Kouveliotou
et al. 2014) stressed the importance of a lunar farside radio
telescope for mapping the cosmic dawn driving the discussion
on a number of newer concepts. Recent instruments like
ROLSES (J. O. Burns et al. 2021b) have demonstrated the
viability of radio astronomy from the Moon, while future
experiments like LuSEE will continue to push toward lunar
farside measurements (S. D. Bale et al. 2023).

As mentioned previously, there are single-dish radio
telescopes like the LCRT (S. Bandyopadhyay et al. 2021),
but we follow the direction set by ground-based experiments
that study the cosmic dawn—Ilike HERA, MWA, and SKA
(L. M. Berkhout et al. 2024; R. B. Wayth et al. 2018;
A. Weltman et al. 2020)—to use a large-scale radio
interferometer to study the dark ages signal.

We look to a handful of radio interferometer concepts for
reference. FARSIDE presents a pathfinder array with 128 dual-
polarization 20 m dipoles in an asymmetric petal-like config-
uration for a total effective collecting area of 6700 m” at
10 MHz (J. Burns et al. 2019), while CoDEX presents a generic
densely packed core of antennas with a 5 yr mission lifetime,
10 MHz bandwidth, full-sky imaging, and three stages of
collecting area: 1km2, 10 kmz, and 100 km? (L. Koopmans
et al. 2021). Both array concepts offer useful designs for
probing the cosmic dawn and dark ages signals in incremental
stages, but it is the purview of this paper to study a more
generic design along the lines of CoDEX. FarView offers a
similar architecture to CoDEX with a more specific layout and
location that make it a useful candidate for sensitivity
calculations (R. S. Polidan et al. 2024). In Section 2.1, we
will review the parameters of the FarView concept presented in
R. S. Polidan et al. (2024); in Section 4.1, we will in turn
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present a fiducial array for detections of the 21 cm dark ages
signal adapted from the FarView design.

2.1. FarView

FarView is an in situ manufactured radio interferometer
intended to be on the order of 100,000 dipole antennas
(hereafter simply “dipoles”), with roughly half of the antennas
in a 36 km” core and the other half as outriggers extending to
200 km>. We base our fiducial array, discussed in Section 4.1,
around the initial design concept of FarView, so it is helpful to
lay out the key details of its design.

The primary design aspects of FarView we reference are the
subarray and the cluster. Each of these concepts is part of a
hierarchical structure based around engineering constraints.
The subarray is a collection of dipoles that, through the process
of beamforming, are treated as a single antenna. In the original
FarView concept—which we refer to as the Advances in Space
Research (ASR) concept laid out in R. S. Polidan et al. (2024)
—subarrays are anywhere from 300 to 600 dipoles in size. The
implementation of subarrays is to circumvent the computation-
ally difficult, if not impossible, task of correlating individual
pairs of antennas, which for an array of this size would be on
the order of N> ~ 10'* correlations.

In the ASR concept, a subarray of 400 dipoles is powered by a
single solar cell. In our study, we explore the possibility of
reducing the subarray size, letting multiple subarrays be powered
by one solar cell. Hence, following internal conversations with
the FarView team, we introduce the concept of a cluster, distinct
from a subarray. The cluster is defined as the number of dipoles
that can be powered by a single solar cell and is a collection of
subarrays. Unlike the subarray design, the cluster design does
not originate from computational constraints and plays a limited
role in the sensitivity calculations presented here. We choose not
to omit the cluster concept altogether, however, as it helps
standardize the geometric layout of the arrays simulated in
Section 4 and reflects the engineering constraints that ultimately
must be part of any lunar array design.

A secondary design aspect of clusters we adapt into our
analysis is the service road. A service road allows a rover to
navigate the array for maintenance and deployment of dipoles.
We therefore also include service roads in our arrays for
applicability to practical designs.

The concepts of the subarray, cluster, and service road
should not necessarily be unique to FarView. These designs
aspects are purely to address limitations introduced by the
massive size of an array necessary to observe the dark ages
signal. Additionally, as discussed in Section 3.3, 21cmSense
abstracts away from these concepts, meaning that our
sensitivity calculations are applicable to any FarView-scale
concept. Therefore, using FarView as a basis for our fiducial
array does not lose generality.

3. Calculating Sensitivities
3.1. The 21 cm Power Spectrum

In order to calculate sensitivity of a radio instrument to the
dark ages signal, we first briefly define and describe how we
determine the 21 cm power spectrum. For a more in-depth
review of the power spectrum and 21 cm cosmology, refer to
S. R. Furlanetto et al. (2006), M. F. Morales & J. S. B. Wyithe
(2010), and A. Liu & J. R. Shaw (2020).
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Because the cosmic matter distribution is statistically very
nearly homogeneous, isotropic, and Gaussian—as pointed
toward by observational constraints of the CMB (Planck
Collaboration et al. 2020b)—we can describe, to good
approximation, the local density of HI via the two-point function

(6 (k) by (K)) = (2m)*83(k + k)P (k), (1

where P(k) is the 1D matter power spectrum in cosmological
Fourier space as a function of wavenumber k. Throughout the
paper, when we refer to sensitivity to the power spectrum, we
are referring to the sensitivity to the dimensionless power
spectrum A*(k) = (K°P(k))/(27).!

We generate a brightness temperature power spectrum at
redshift z = 30 in 21cmFast (A. Mesinger et al. 2011;
S. G. Murray et al. 2020)* using a 2 Gpc box with a 4 Mpc
voxel size. We enable spin temperature 7, fluctuations but
otherwise use the default parameters of 2lcmFast v3.3.1.
Notably, the lack of astrophysics during the dark ages makes
the brightness temperature power spectrum a direct probe of the
dark matter density. Therefore, we also generate the dark matter
density power spectrum to confirm this notion, and after
normalizing the density and brightness temperature power
spectra to unity, we find the average percent difference between
the curves to be 3.5%. This indicates that at z = 30 the density
field is the principal driver of the 21 cm brightness temperature
and effects like ionization, heating, and velocities play a
subdominant role. Therefore, we use the brightness temperature
power spectrum in all plots.

3.2. The 21 cm Noise Power Spectrum

The noise contribution to the 21 cm power spectrum for a
radio interferometric array was first derived in rigorous detail in
M. F. Morales (2005) and M. McQuinn et al. (2006). We refer
to this as the sensitivity throughout the paper, i.e., lower noise
means that we are more sensitive to the 21 cm power spectrum
of the dark ages.

There are two contributions to the noise power spectrum:
thermal noise, which we focus on in this section, and sample
variance (typically referred to as cosmic variance). At dark ages
frequencies, the sky brightness temperature is the dominant
contributor to the thermal noise (T. J. Mozdzen et al. 2016). On
the other hand, the contribution from the dark ages power
spectrum to sample variance is less significant. For example, in
our fiducial array described in Section 4.1, the sample variance
is, at worst, an order of magnitude lower than thermal noise and
on average 4 orders of magnitude lower. Therefore, we ignore
sample variance, which is subdominant, in this paper.

In order to understand how various design parameters affect
the sensitivity, we break down the analytical form of the thermal
contribution to the noise power spectrum. For white-noise
thermal fluctuations with rms brightness temperature, as shown
in A. Parsons et al. (2012), the thermal noise contribution SA(k)
to the dimensionless power spectrum A?(k) can be written as

k3
SN (k) ~ X2Y—QBT2.. )

22
Here X?Y is the cosmological scaling factor between observing
coordinates or comoving volume, 2 is the primary beam field

1
2

The 21 cm dimensionless power spectrum actually has units of mK>.
https://github.com/21cmfast/21cmFAST
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of view (FOV),” B is the observing bandwidth, k is the Fourier
mode of the 1D 21 cm power spectrum, and Ty, is the effective
radiometric noise temperature for one k-mode. It is this form of
the sensitivity equation that is used in 21cmSense.

We examine T, in Section 3.3 in detail. The factors in front
of T, in Equation (2) amount to a normalization constant to
the power spectrum. X°Y is set by the redshift—where we use
z = 30 throughout the pa]l)er—and FLRW cosmological
parameters. The FOV Q = \°/A. is set by the FOV of the
smallest beam-formed receiver element, in this case a subarray
with area A..

3.3. Array Modeling in 21cmSense

All sensitivities in this paper are calculated using version 2.0
of the Python package 21cmSense (S. G. Murray et al.
2024).* 21cmSense is based on the algorithm laid out in
J. C. Pober et al. (2013) and J. C. Pober et al. (2014) and later
summarized in A. Liu & J. R. Shaw (2020).

In this section we are concerned with how 21lcmSense
allows us to model a lunar farside array. Typically,
21cmSense allows one to pass an array of antenna positions
in ENU (East-North-Up) coordinates in units of meters relative
to a central location given by latitude. These antenna positions
are then used to calculate baselines in units of wavelengths of
the target frequency, which then are used to construct a grid in
uv coordinates (the Fourier dual of the sky coordinates).

Importantly, we modify 21cmSense to accept arrays at lunar
coordinates. This involves first updating the interferometer
Python package dependency pyuvdata (B. J. Hazelton et al.
2017) with the correct coordinate frames from the lunarsky
package,” which functions as an extension to astropy. These
coordinate frames are as follows: the selenodetic frame for
locations on the lunar surface that parallels the geodetic
(longitude, latitude, and altitude) frame of Earth; the Moon-
centered, Moon-fixed (MCMF) frame for the global sky, which
parallels the Earth-centered, Earth-fixed frame, also known as
the geocentric (Cartesian X, Y, and Z) frame; and the lunar
topocentric frame for the local sky, which parallels the
horizontal coordinate system (altitude and azimuth) on Earth.
Integration with astropy allows us to convert the lunar
topocentric and MCMF frames to the “space-fixed” Interna-
tional Celestial Reference System (ICRS) (R.A. and decl.)
frame with the appropriate rotational transformations.

Lunarsky also defines the local sidereal time (LST) on the
Moon as the R.A. of local zenith in the ICRS frame at a given
time, accounting for the Moon’s orbit about Earth as Earth
orbits the Sun. This coordinate functionality is then imple-
mented in 21cmSense.’

For sensitivity to the power spectrum, we are concerned with
the form of the rms brightness temperature:

1
Tims = ek (3)

2Bt

3 . . .
There is some nuance to what € refers to; in this case, we, as well as

21cmSense, follow the formalism in Appendix B of A. R. Parsons et al.
(2014) to use 2 = Qf, /2, for power spectrum sensitivity equations, where €2,
is the integral of the primary beam power and €2, is the integral of the square
of the primary beam power.

4 https: //github.com/rasg-affiliates /21cmSense

> hups: //github.com/aelanman/lunarsky

® hitps: //github.com/rasg-affiliates /21cmSense/tree /adding-lunar-coords
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where Ty = Tyy + Ty is the contribution of the sky
brightness temperature and receiver temperature, ¢ is the total
integration time over uv bins for a particular LST bin, B is once
again the bandwidth, and the factor of 2 in the square root
accounts for both linear polarizations (A. Parsons et al. 2012).

Just as on Earth, baselines on the Moon sweep out elliptical
tracks across the uv-plane—only here the timescale is a lunar
day (~28 Earth days) as opposed to 24 hr. These tracks allow
21cmSense to perform rotation synthesis over a particular
LST bin in the uv-plane. Importantly, the construction of the
uv-plane only contributes to ¢ in T, Therefore, the total
integration time ¢ in Equation (3) is the primary contributing
factor to sensitivity that any array’s physical spacing and layout
affect.

Because the Moon is similarly behaved to Earth, we can
enable tracking. Tracking is achieved when antennas center the
primary beam on a particular R.A. of the sky and follow it
through the night. This can be done by pointing the maximal
response of an antenna at a desired source with steerable
antennas or through beamforming in the case of fixed dipoles.
Therefore, tracking offers a consistent and longer observation
of a single field. Thus, by tracking a single R.A. through the
night, thermal noise can be substantially reduced. The
alternative is to perform a drift scan where the array is fixed
on local zenith and allows multiple fields to “drift” through the
primary beam. Therefore, by observing multiple fields, a drift
scan is more effective in reducing sample variance.

In 21cmSense, antennas are assumed to be circular dishes.
It is important to note that the effective area A ¢ of an antenna
is not necessarily equivalent to the physical area of the antenna
but very nearly is for circular dishes with a Gaussian beam. It
is, therefore, straightforward to convert a dipole of some
specific A.g to a circular dish with a radius r corresponding to
its physical area 77 = A = Asp. We can extend this
approximation to the subarray, treating a collection of n
dipoles with total effective area nA. as a circular antenna with
A = nA.. Therefore, we implement a Gaussian primary beam
in 21cmSense for all sensitivity calculations throughout the
paper. This approximation is only valid in the case of
sensitivity calculations where we are only concerned with
Aess, and this approximation would not apply to more complex
simulations.

3.4. Significance of Detection

Finally, we input a theoretical dark ages power spectrum into
21cmSense, as described in Section 3.1, which allows us to
calculate the significance of detection. This quantity is a
Pythagorean sum of the signal-to-noise ratio (SNR)
A*(k)/6A*(k) over all Fourier modes in number of standard
deviations 0. We use this quantity to compare the effectiveness
of various array configurations in Section 4.

4. Simulated Sensitivities

Building an array sensitive to the cosmic dark ages 21 cm
signal involves several adjustable parameters. Typically the key
parameters are the total collecting area of the array and receiving
element size. As explained in Section 2.1, we adopt subarrays as
our smallest receiving element as opposed to individual dipole
antennas. Therefore, receiving element size is determined by
dipole size, which we keep fixed, and dipole number n.
Additionally, while not directly contributing to receiving
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Table 1
Key Differences between Our Fiducial Array, Described in Section 4.1, and the
Advances in Space Research (ASR) FarView Paper Concept

Parameter Fiducial Array ASR Concept
Total dipoles in core 82,944 48,400
Total dipoles in subarray 16 400
Dipole spacing 11.5m 17m
Subarray spacing 11.5m 500 m

Note. The increase in total dipoles, decrease in subarray size, and decrease in
spacing all yield greater sensitivity for our fiducial array. Notably, clusters, and
thus total dipoles in a cluster and service road width, are excluded from this
table since the ASR concept has no need for them; a cluster and subarray are
equivalent for the ASR concept.

element size or collecting area, dipole spacing affects how
tightly we can pack subarrays. Thus, in addition to total
collecting area, we have the parameters of subarray size, denoted
Jn x </n, and dipole spacing r;. In Section 4.1 we discuss our
fiducial array, and in subsequent sections we discuss how
varying each of these parameters affects sensitivity: first subarray
size in Section 4.2, then dipole spacing in Section 4.3, and
finally collecting area in Section 4.4. We also briefly touch on
how foregrounds impact the sensitivity in Section 4.5.

4.1. The Fiducial Array

Initially, the ASR concept of FarView was an ideal candidate
for our fiducial array. Preliminary sensitivity forecasts look
promising, with an estimated ~100 detection for a ~1km?
array observing over 5yr—at half-duty cycle because the
radio-bright Sun is in the sky for half the time. However, these
forecasts do not use rigorous numerical simulations, instead
using an approximation of the noise under the assumption of a
constant density of visibilities in the uv-plane (L. Koopmans
et al. 2021). Thus, inputting this array into 21cmSense offers
a clearer picture of the ASR concept’s sensitivity. Surprisingly,
the initial forecasts are overly optimistic, with 21cmSense
yielding a 0.12¢ detection for the ASR concept—the reasons
that this result is so different from the initial prediction are
discussed in Section 5.

Therefore, to obtain a substantial >100 detection, we modify
the ASR concept in a number of ways to create our fiducial
array—these differences are highlighted in Table 1. Notably,
we ignore the outriggers in the ASR concept in this comparison
and do not adapt them into our fiducial array. Outriggers are
antennas, or subarrays, randomly distributed outside the core of
the array and are primarily used for calibration, so they would
have a minor contribution to sensitivity calculations if included.

In contrast to the ASR concept, the number of dipoles in a
subarray in our fiducial array are reduced by an order of
magnitude down to 16 dipoles. This reduction increases the
number of shorter baselines, allowing us to have higher
sensitivit;/ than the ASR concept with a computationally feasible
N? ~ 10’ correlations. With the reduced subarray size, we then
introduce the cluster concept, described in Section 2.1, as a
collection of subarrays totaling 576 dipoles. While a cluster is
not necessarily required to contain exactly 576 dipoles (the
particular constraints depend on the solar cell design), we
maintain this number throughout the paper for ease of reference.
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Figure 1. The fiducial array. The top panel shows the entire array, with each dotted black square representing a single cluster. The bottom left panel shows the layout
of one cluster as four groupings of subarrays (outlined in red) each separated by service roads with width equivalent to dipole spacing r,. The bottom right panel shows
a single subarray of 16 X-shaped dipoles spaced center to center by r, with a total subarray width of r, and the abstracted 21cmSense circular antenna with diameter
d4 and equivalent A.g to 16 dipoles, for the fiducial array r;, = 11.5 m, r; = 46 m, and dy = 24.7 m.

We show the layout of our fiducial array in Figure 1. We
place the array at a —44.1 lunar latitude corresponding with the
Pauli crater, one of the proposed locations for FarView. This
location is sufficiently flat over 10 km scales for the efficient
manufacture of a large array (R. S. Polidan et al. 2024).
Therefore, our placement of clusters, denoted by dotted black
squares, side by side in a 12 x 12 square grid ~3.5km in
diameter is reasonable within instrument limitations. In
Section 4.4, we vary the total collecting area A.,; by modifying
the dimensions of the array in number of clusters to a
maximum square grid diameter of ~6.3 km, well within the flat
crater area.

Each cluster is composed of 36 subarrays, outlined in red,
linked to a solar cell (not depicted in the figure). Subsequently,
each subarray is composed of n =16 evenly spaced dipoles,
marked by blue crosses, with a total side length r;, = 46 m.
Technically, each unit labeled “dipole” is a pair of crossed 10 m

dipoles to account for dual polarization, with an A = 30 m’
per polarization. This differs from the ASR concept, where
dipoles are single polarization, and offers a factor of 2 increase
in sensitivity. We place dipoles r; = 11.5m apart center to
center and leave equivalent space for service roads, shown as
the gaps between the four quadrants of subarrays in a cluster.
Note that the tip-to-tip spacing is shorter than r,; in this case, it
is ~4.4 m. This is relevant in our analysis in Section 4.3 when
we vary 7.

We also show what an antenna as implemented in
21cmSense would look like in this geometry, represented
by a gray transparent circle. The diameter dy = 2 JA/7 =
24.7m is set by the antenna area A = nA.g as described in
Section 3.3, where n = 16 dipoles.

Beyond the physical layout of the array, there are a number
of parameters that affect sensitivity. We vary two of these,
namely tracking and foregrounds, for the fiducial array only.
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Figure 2. 1D sensitivity (blue) showing a 10.34¢ detection against the standard
power spectrum (black) at redshift 30. Bins, shown as horizontal lines with a
circle representing the center, have a size inversely proportional to the
bandwidth. The same format is used for all subsequent sensitivity plots, where
blue bins with circles represent the fiducial array. The significance of detection
of each measurement is given in the legend.

Because we are dominated by thermal noise, we simply note
the significance of detection without tracking at the end of this
section. In Section 4.5, we discuss in more depth the effects of
foregrounds on the fiducial array.

Finally, we run the simulation at a fixed 5 yr at half-duty
cycle. Varying observation time has a straightforward linear
effect on sensitivity, i.e., doubling observation time doubles
sensitivity. Therefore, we exclude this parameter from
consideration. Additionally, we keep a fixed bandwidth of
18 Mhz centered on redshift z = 30 with lower bound z ~ 25
and upper bound z ~ 38. This choice of bandwidth is discussed
further in the Appendix.

We show the sensitivity of the fiducial array in Figure 2. The
noise A3, in mK? at each 1D k-mode in &7 Mpc ™', represented
by a blue circle, is averaged in bins of equal width inversely
proportional to the bandwidth. We directly compare this to the
1D dimensionless power spectrum A3, at z = 30 shown by
the solid black curve. For consistency in all figures henceforth,
the fiducial array’s noise is represented by bins centered by
blue circles, and the power spectrum is represented by a solid
black curve. The fiducial array yields a significance of
detection of 100 at z = 30. Without tracking, the significance
of detection is reduced to 3.40. Table 2 contains a complete list
of array configurations described in Section 4 and their
significances of detection.

4.2. Subarray Size

Changing the number of dipoles n in a subarray has two
effects on sensitivity. The first results from the tight packing of
subarrays, since n corresponds directly to a subarray’s total side
length r,, which determines the center-to-center spacing of
subarrays. Therefore, the smallest accessible baseline, also with
length ry, varies based on n. Second, and more straightforwardly,
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changing n changes a subarray’s A, limiting or expanding
the FOV.

In this section, we study the effect on sensitivity from
different subarray sizes of the fiducial array by varying n—
where we use the notation /n X /n to denote different
subarray sizes. We maintain the same number of dipoles in
each cluster, composed of four groupings, and thus have the
same total of 82,944 dipoles for the entire array. However,
changing n also changes the number of correlations. Because a
3 x 3 dipole subarray is on the same order of N* as the fiducial
array, we include it in our study, but otherwise we do not
simulate the smaller subarray size of 2 x 2, as N begins to
exceed 10%, pushing computational constraints. Therefore, by
maintaining the same number of dipoles in a cluster grouping,
we are only able to include additional 12 x 12 and 6 X 6 dipole
subarrays in our study, where a 12 x 12 dipole subarray is
equal to a single grouping in a cluster. These configurations for
a single grouping are shown in Figure 3. Note that the
21cmSense simulated antenna diameter d, changes as a
function of subarray dipole count.

We then compare the fiducial array to the 3 x 3, 6 x 6, and
12 x 12 dipole subarray configurations in Figure 4. We see a
minimum significance of detection of 3.50 and a maximum of
140 for the simulated range.

If we trace how r, evolves, which is directly proportional to
the number of dipoles along a side, we find that the significance
of detection evolves inversely. In other words, halving the
subarray side length doubles the significance of detection.
Notably, the 12 x 12 and 6 x 6 dipole subarray configurations
offer more modest N> ~ 10° and N> ~ 10° correlations,
respectively, so these configurations would not be entirely
obsolete in arrays with orders of magnitude more individual
dipoles.

4.3. Dipole Spacing

We also vary the dipole spacing r, to study its effect on the
sensitivity. This has one primary effect in changing the center-
to-center spacing ry, and thus changing the smallest accessible
baselines. A.¢r and d4 are unchanged because the dipoles are
kept at fixed length and number. However, because of this, we
can only pack the dipoles so tightly, i.e., until the tip-to-tip
spacing between dipoles is roughly zero. Therefore, the
smallest allowable spacing becomes r;~ 7.1 m, the width of
the X-shaped dipole. This spacing would prevent a lunar rover
from servicing the array, but we include it for a useful lower
limit. We also include r; = 17 m—the dipole spacing of the
original ASR concept—and r; = 9m to examine the trend
between r; and sensitivity. These layouts are shown in
Figure 5.

We show how the sensitivity evolves as a function of r, in
Figure 6. We find a minimum significance of detection of 5.4¢0
and a maximum of 23¢ for the simulated range. While the
sensitivity is inversely proportional to r, it is not as
straightforward as the dependence on n in the previous section.

Interestingly, the r; between the 6 X 6 subarray and
ry = 17m subarray and between the 3 x 3 subarray and
ry = 9m subarray are very similar. However, the 6 X 6
subarray outperforms its counterpart while the 3 x 3 subarray
underperforms its counterpart in sensitivity. Recalling that r
sets the smallest baselines, this shows that for similar baseline
distributions a larger antenna is favored.
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Table 2
A Table Showing the Fiducial Array and Its Permutations Discussed in Section 4, Broken Down by Parameter Comparison
Array Subarray Subarrays/ Total Collecting Dipole Significance of

Comparison Dimensions Dimensions Cluster Dipoles Area Spacing  Tracking Foregrounds Detection
Fiducial (Sections 4.1 and 4.5) 12 x 12 4 x4 36 82,944 2.49 km? 11.5m Yes None 100
No None 340
Yes Subtraction 490
Yes Avoidance 0410
Subarray 12 x 12 3x3 64 82,944 2.49 km? 11.5m Yes None 140
Size (Section 4.2) 12 x 12 6 x6 16 82,944 2.49 km? 11.5m Yes None 7.00
Wn x Jn) 12 x 12 12 x 12 4 82,944 2.49 km? 11.5m Yes None 3.50
Dipole 12 x 12 4 x4 36 82,944 2.49 km? 17.0 m Yes None 540
Spacing 12 x 12 4 x4 36 82,944 2.49 km? 9.0 m Yes None 160
ry4 (Section 4.3) 12 x 12 4 x4 36 82,944 2.49 km? 7.0m Yes None 230
Collecting 10 x 10 4 x 4 36 57,600 1.73 km? 11.5m Yes None 6.80
Area (Section 4.4) 14 x 14 4 x4 36 112,896 3.39 km? 11.5m Yes None 150
(Acon) 16 x 16 4 x 4 36 147,456 4.42 km? 11.5m Yes None 200
18 x 18 4 x4 36 186,624 5.60 km® 11.5m Yes None 260

Note. Array dimensions are in clusters, and subarray dimensions are in dipoles. Array dimensions with subarray dimensions and subarrays per cluster give the total
number of dipoles in the array, which is also listed here. Dipole spacing is the spacing between dipoles in each subarray, as well as the width of service roads. We also
list whether the array is tracking a fixed point and whether foreground models (described in Section 4.5) are considered. Finally, the significance of detection to the
z = 30 power spectrum in ¢ is given for each configuration. Note that the ASR concept differs significantly in its spatial configuration from the fiducial array such that
it is not readily compared with the same set of parameters and is omitted from this table.
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Figure 3. Layouts of a single subarray grouping in a cluster with four different
subarray dimensions: 12 x 12, 6 x 6, 4 x 4 (fiducial), and 3 x 3. The
dimensions maintain 144 dipoles per grouping, thus allowing clusters to have
576 dipoles in all layouts. 21cmSense antennas are shown per subarray with
dy =742, 37.1, 247, and 18.5m for 12 x 12,6 X 6,4 x 4, and 3 x 3
dimensions, respectively.

4.4. Collecting Area

Recall that we treat the total collecting area as the core area
only, i.e., Acon = Acore- We simulate change in A, by adding
or subtracting clusters from the edges of the array. We compare
grids of 10 x 10, 14 x 14, 16 x 16, and 18 x 18 clusters to our

10° F3
—— Power Spectrum z=30 A‘Q'y'v
4 12x12 Subarray, 3.50 &£y
¥ 6x6 Subarray, 7.00 : v
<«  4x4 Subarray, 100 &
&
10-11 4 3x3 Subarray, l4 o el

10—3_

10744

10-2 10-1 10°
k [h/Mpc]
Figure 4. Comparison of designs using 3 x 3,4 x 4,6 x 6, and 12 x 12
dipole subarrays as depicted in Figure 3. The significance of detection of each

measurement is given in the legend. The total number of dipoles in the array
remains the same.

fiducial 12 x 12 cluster array depicted in Figure 1. This range
corresponds to a minimum collecting area of Aoy = 1.73 km?
and a maximum of A.y = 5.60km? The total number of
dipoles ranges from 57,600 to 186,624. Otherwise, all other
parameters are fixed.

We compare the sensitivities of these array configurations in
Figure 7. We see a minimum significance of detection of 6.7¢0
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Figure 5. Layouts of a single subarray with four different dipole spacings:
rg =17, 11.5,9, and 7.1 m. Note that the 21cmSense antenna has diameter
dy = 24.7 m in all subarrays and nearly fills the smallest dipole spacing layout
of ry="71m.

10°
—— Power Spectrum z=30
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Figure 6. A comparison of arrays with different dipole spacing as depicted in
Figure 5. The 17 m spacing is included to compare to the original FarView

dipole spacing. The 7.1 m spacing is representative of an array with 10 m
dipoles touching.

and a maximum of 26¢ for the simulated range. Of note, the
14 x 14 grid layout contains 112,896 dipoles, which sits
comfortably around the number of dipoles the FarView
engineering teams expect to be able to deploy and offers a
4.330 increase in significance of detection over the fiducial
array.

From Equations (2) and (3), we expect an inverse
dependence between noise and total collecting area, or a linear
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Figure 7. A comparison of arrays with different total collecting areas
represented by a change in the dimensions of clusters making up the array:
10 x 10, 12 x 12, 14 x 14,16 x 16, and 18 x 18. A linear trend is established
between collecting area and sensitivity.

dependence between significance of detection and collecting
area. As anticipated, we find this trend in Figure 7 with a
~0.08¢ increase in significance of detection per additional
cluster. This is useful because we are limited in the smallest
correlated element size and in how tightly we can pack the
array, but we can always add to the total collecting area much
like we can always increase the total observing time.

4.5. Foregrounds

So far we have considered sensitivities without any
contamination from foregrounds. Realistically it is difficult to
entirely remove foregrounds from the signal. In order to
understand this, consider the 2D Fourier space with kj
representing line-of-sight modes and k, representing transverse
sky modes. In principle, one might expect spectrally smooth
foregrounds to occupy only the lowest k; bins. However,
because the angular Fourier mode sampled by a baseline
changes with frequency, k; and k, are intrinsically coupled.
This leads to the leakage of spectrally smooth foregrounds from
low kj into a wedge-shaped region in 2D k-space that increases
in ky with increasing k, according to a power law. For a more
in-depth review of the foreground wedge refer to A. Liu &
J. R. Shaw (2020).

21cmSense offers several types of foreground models,
represented as different wedge cuts—i.e., each model excludes
a different region of 2D k-space from the sensitivity calculation
to account for modes irreparably contaminated by foreground
emission. We consider two models, one for foreground
subtraction (where some modes within the wedge are
recovered) and one for foreground avoidance (where only
modes outside the wedge are used in the sensitivity
calculation). In our foreground subtraction model (corresp-
onding to the “optimistic” model in 21cmSense), only modes
below the full width at half-maximum of the primary beam in
2D k-space are used (see J. C. Pober et al. 2016 for a discussion
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Figure 8. A comparison of the fiducial array with and without foregrounds.
The 0.1 2 Mpc ™' cutoff in a foreground avoidance strategy removes a
significant number of small k-modes.

of how the primary beam fits into the wedge paradigm); in our
foreground avoidance model (corresponding to the “moderate”
model in 21cmSense), the foreground cut extends 0.1#
Mpc ! beyond the maximum geometric extent of the wedge
(sometimes called the horizon limit; J. C. Pober et al. 2014).

We apply these foreground models to the sensitivity
calculations with our fiducial array. In Figure 8 we see a
490 detection with foreground subtraction and a 0.4lc
detection with foreground avoidance. The subtraction model
leaves many low k-modes intact, so applying any of the
previous methods we have described of increasing small
baselines would be able to recover a substantial detection.

On the other hand, the avoidance model has a very
significant effect on sensitivity, effectively precluding a
detection without an array substantially larger than the fiducial
array. Furthermore, compared with EOR and other lower-
redshift 21 cm experiments (J. C. Pober et al. 2014), the
avoidance model causes a larger degradation of the sensitivity.
This is largely the result of the evolution of the wedge with
redshift, as discussed in J. C. Pober (2014); the impact on
redshifts above z = 30 is expected to be even larger, but we
defer a detailed exploration of this effect to future work.

5. Discussion and Conclusion

We find that a large-scale radio interferometer to detect the
21 cm power spectrum of the dark ages is an ambitious task,
but, at least in terms of sensitivity, it is ultimately feasible. Our
fiducial array, which offers a >100 detection at z =30 with
only a 5yr lifetime and 2.5km? of collecting area, can be
improved on in numerous ways.

We find that shrinking the spacing r, between dipoles and
decreasing the number of dipoles n in a subarray, or single
correlated element, both offer the greatest increases in
sensitivity. This increase comes from the addition of small
baselines that substantially decrease the noise at large scales.
Notably, in the case of similar baseline distribution, a subarray
with more dipoles, and thus larger A., is more sensitive than a
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subarray with more tightly packed but fewer dipoles despite the
former offering a smaller FOV. However, it is also useful to
note that we ignore the electromagnetic coupling between
tightly spaced dipoles in performing our sensitivity calcula-
tions, which may greatly impact an instrument’s ability to
detect the 21 cm signal (see, e.g., E. Rath et al. 2024). Thus, the
trade-off between r; and n is something that requires more
study in complex simulations.

Of course, r; and n come with limits. We can only push
dipoles together so much before they are overlapping, and we
face a more significant computational workload the fewer
dipoles we pack into one subarray. This pushes us to consider
the more traditional methods of increasing sensitivity: increas-
ing collecting area Ao and observation time.

We find that increasing A.o; for a lunar array behaves as
expected for a typical radio interferometer. It is useful to note
that the addition of 100,000 more dipoles to our fiducial array
increases the significance of detection by ~15¢. Thus,
doubling the array size slightly more than doubles the
sensitivity. It is, of course, a larger task to manufacture twice
as many dipoles than to pack subarrays more tightly. Hence, we
find that it is more useful to have an initial tightly packed array
before adding additional dipoles.

Notably, the noise at small scales is barely diminished by
varying our design parameters. Thus, while we find that a
detection of the 21 cm dark ages signal is possible with current
array concepts, further work is necessary to acquire the
sensitivity to observe small-scale structure in the 21 cm power
spectrum of the dark ages. However, exotic physics such as
charged dark matter has substantial increases on large-scale
power, which would likely be observable at z =30 given our
fiducial array (J. B. Muiloz et al. 2018). We believe that it is
therefore possible to probe exotic physics with an array of this
scale, but a full study of parameter constraints is beyond the
scope of the current work.

With regard to prior sensitivity estimates of lunar farside
arrays, we find stark disagreement with the ASR FarView
concept’s sensitivity prediction. While it is true that the ASR
concept sensitivity is based on an approximation that assumes a
constant density of visibilities in the uv-plane, this reason alone
is not sufficient to explain such a large difference. Implicitly,
the analytic approximation assumes an all-sky FOV, which
requires every dipole to be correlated, such as in the CoDEX
array (L. Koopmans et al. 2021). While computational
constraints prevent us from simulating such an array, we can
extrapolate the trend from Section 4.2 down to an array where
every dipole is correlated, or n = 1 per subarray. After
adjusting for the difference in Ay, we find that this
extrapolation is on the same order of sensitivity forecasts for
the 10km> CoDEX model, ie., 6A3 ~ 103mK at
k = 107" hMpc". Therefore, we do find agreement in the
sensitivity between 21lcmSense and the analytical approx-
imation used for FarView and CoDEX in the case of a tightly
packed array.

Lastly, we again note that achieving our predicted
sensitivities requires foreground subtraction (see Figure 8§).
The foreground avoidance approach used by many 21 cm EOR
experiments is not suitable for the dark ages, an effect we will
explore in a future work. Here we simply point out that while
foreground subtraction is daunting, the challenge is not
necessarily the same as it is on Earth. Ionospheric distortions
of the foreground emission require time-dependent (and
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possibly antenna-dependent) updates to the foreground model,
whereas on the lunar farside a single high-precision foreground
model may suffice to describe all observations. Further research
is required to determine whether a sufficiently accurate
foreground catalog could be constructed under these
conditions.
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Appendix

The question of what bandwidth is appropriate for 21 cm
cosmology is a subtle one. The total bandwidth used in an
observation corresponds to the range of redshifts that are
observed in the 21 cm line. Once the line-of-sight Fourier
transform over frequency is performed, however, all redshifts
become mixed together—that is, every k; mode contains
information from all the redshifts. If too large a bandwidth (i.e.,
too large a redshift range) is used, then the statistics of the
21 cm signal will not be constant across the band. This can
complicate comparison with theoretical models, where simula-
tions of the 21 cm field at a single redshift (“coeval boxes”) are
often used. Therefore, most analyses (and most sensitivity
calculations) focus on a narrow redshift range so that evolution
across the band can be neglected. Typical values for EOR
experiments are 6 MHz (M. McQuinn et al. 2006; A. Parsons
et al. 2012) or Az = 0.5 (J. C. Pober et al. 2014). Multiple
subbands centered on different redshifts are then used to
constrain the evolution of the power spectrum.

At dark ages redshifts, however, such a rule of thumb
becomes impractical. At z = 30, a Az of 0.5 corresponds to
~0.75 Mhz. Forcing measurements to come from such a small
bandwidth drastically limits the smallest k; mode that can be
measured (since small kj values correspond to slowly evolving
modes along the line of sight). Furthermore, this restriction is,
ultimately, artificial. There is information in these large-scale k;
modes; however, extracting it can be complicated by evolution
across the redshift band. This evolution, however, can be
forward modeled; for example, the latest version of the
21CMMC code from B. Greig & A. Mesinger (2018) simulates
evolving light cones spanning large redshift ranges (rather than
coeval boxes) to compare with power spectra made from a wide
bandwidth. This forward modeling is, in principle, even more
straightforward for the dark ages, where the signal and its
evolution can be analytically calculated using a Boltz-
mann code.

For the purposes of the present work, we assume that such
forward modeling will be possible, enabling us to recover
scientific information from large-scale line-of-sight modes. Our
sensitivity calculations use an 18 MHz bandwidth centered at
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z =30 (45.8 MHz), chosen to span a wide range but to include
no information from z < 25, where, in our 21cmFAST
simulations, astrophysical effects start to dominate the 21 cm
power spectrum. For simplicity, when calculating both the
fiducial power spectrum and the thermal noise level, we use
only the power spectrum and sky temperature from the center
redshift z=30. In practice, the average power spectrum over
the band is 45% higher than this value, while the average noise
is only 13.7% higher. Ultimately, then, this assumption is
conservative from a sensitivity perspective, and somewhat
higher significances may be attainable.
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