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Abstract: The 21-cm forest offers a powerful cosmological probe of the thermal history and small-scale structure
of the intergalactic medium during the Epoch of Reionization (EoR). Its success, however, critically depends on the
availability of high-redshift radio-loud quasars (HzRLQs) as background sources. In this work, we investigate the
configuration requirements for a Moon-based low-frequency radio interferometer aimed at maximizing the detection
of HzZRLQs for future 21-cm forest studies. Building upon a previously developed quasar luminosity function (QLF),
we forecast HZRLQ abundances under various array configurations. Assuming a total survey area of 10*deg? and 1
year of observation, we compare continuum surveys with 10 MHz bandwidth and 21-cm forest surveys with 5 kHz
resolution. Our results show that a minimum collecting area of ~6 500 m* enables detection at z ~ 6, while SKA-like
arrays (Ng = 512) extend the detection limit to z ~ 10 for 21-cm forest survey and z ~ 16 for continuum survey. Lar-
ger arrays with Ny =2048 can reach z~ 11 in 21-cm forest mode. We also explore configurations that maintain
fixed collecting areas while increasing the number to enhance survey efficiency. This boosts source detection but
significantly increases the data volume and computational demands. These results underscore the importance of op-
timizing array design for different survey goals and balancing sensitivity, spectral resolution, and data management.
A well-designed Moon-based array could open a new observational window on reionization and early cosmic struc-

ture formation.
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I. INTRODUCTION

The 21-cm signal from the hyperfine transition of
neutral hydrogen (HI) has become a powerful cosmolo-
gical probe for the study of the early Universe, in particu-
lar, the Dark Ages, the Cosmic Dawn, and the Epoch of
Reionization (EoR) [1]. The 21-cm absorption features
imprinted by HI in the early Universe on the spectra of
high-redshift radio-loud background sources has emerged
as a promising probe of the intergalactic medium (IGM)
during the Cosmic Dawn and EoR [2—4]. Recently, Shao
et al. [5] proposed a novel cosmological probe known as
the 21-cm forest, which provides a unique probe of small-
scale structures during the EoR. The 21-cm forest relies
on the absorption characteristics of HI in the intervening
structures along the line of sight with respect to the spec-
tra of the bright background radio sources, such as radio-
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loud quasars. This technique provides valuable insights
into the nature of dark matter (DM) and its role in shap-
ing small-scale structure formation [6—10].

Breakthroughs in the 21-cm forest have been difficult
to achieve because of ongoing challenges in both analyt-
ical modeling and observations. Because of the absence
of analytical models, the parameter inference of the 21-
cm forest relies on complex small-scale simulations[11,
12]. The substantial computational cost of simulations
poses a significant challenge to constrain the astrophysic-
al parameters. Recently, several new approaches have
been proposed to address this challenge, including the
deep-learning-driven likelihood-free parameter inference
methods [13] and a halo-model-based analytical model
for the one-dimensional power spectrum of the 21-cm
forest [14].

Moreover, the detection of the 21-cm forest power
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spectrum remains challenging due to the limited sensitiv-
ity of current low-frequency observational facilities. This
constraint is especially critical for the identification of
high-redshift radio-loud quasars (HzRLQs), which serve
as essential background sources. While optical and near-
infrared surveys have extended quasar observations to
redshifts beyond 6 [15—17], the number of detected radio-
loud quasars at such high redshifts remains small. A re-
cent study [18] examined the abundance of HZRLQs and
confirmed that the observations are still constrained by
flux limitations even with the next-generation low-fre-
quency radio telescope arrays, such as the low-frequency
Square Kilometre Array (SKA-Low). This scarcity
presents a significant obstacle to advancing 21-cm forest
studies.

Advances in space technology now make it possible
to utilize the far side of the Moon - a radio-quiet environ-
ment that is uniquely shielded from Earth's ionospheric
aberrations and man-made radio frequency interference
(RFI)[19-21]. This pristine electromagnetic environment
provides an extraordinary platform for groundbreaking
low-frequency radio astronomy observations [22]. The
RFI-free conditions on the far side of the Moon allow the
detection of weak cosmological signals, in particular, the
21-cm HI line from the Dark Ages, Cosmic Dawn, and
EoR. [23, 24].

In this work, we thoroughly explore the survey
strategies for HZRLQs with the future ' moon-based low-
frequency array. Although the technology for building a
large radio interferometric array like SKA-Low on the far
side of the Moon remains underdeveloped, this paper ex-
plores its immense potential and the fundamental config-
uration requirements for detecting HZRLQs. Specifically,
we analyze two deployment scenarios: one involving
variations in the effective receiving area and the other in-
volving changes in the station diameter. These ap-
proaches are designed to address existing observational
limitations. Additionally, we provide a detailed comparis-
on of the HZRLQs under both the continuum survey and
the 21-cm forest survey. However, these strategies also
introduce new engineering challenges related to array op-
timization and data processing. Such a Moon-based ob-
servatory will provide transformative insights into the
formation of the cosmic structure at the dawn of the uni-
verse and during its first billion years [25-27].

The paper is organized as follows: In Section I, we
describe the construction of the luminosity function for
predicting the abundance of HzRLQs and the improve-
ment of the model by including the obscuration effects. In
Section IIl, we present various scenarios for the construc-
tion of the low-frequency radio array on the Moon. In
Section IV, we present our results, including the influ-
ence of obscuration effects on the prediction of high-red-
shift quasars, how to build future moon-based arrays with
the most significant detection of quasars and cost savings,

and the baseline requirements to minimize the confusion
effects. Finally, in Section V, we summarize our conclu-
sions and outline future research directions.

IO. LUMINOSITY FUNCTION MODEL

A. Physical-Driven Model

This study extends the physical-driven model estab-
lished in previous. work by incorporating the impact of
optical observation biases on the detection of obscured
quasars. A brief summary of the model is provided here,
with detailed descriptions available in [18]. The key steps
in constructing the model are described as follows:

1. Calculating the black hole (BH) mass function.
Quasars are driven by the active behavior of BHs at the
centers of galaxies. Therefore, the first step is to determ-
ine the abundance of BHs in galaxy centers. We use a
dark matter halo mass function in Sheth-Tormen form
[28] to describe the abundance of halos of different
masses at different redshifts. We assume that each halo
hosts a galaxy and that each galaxy contains a central BH.
The BH mass function is then derived from the halo mass
function using the mass relationship between BHs (Mpy)
and their corresponding halos (M) [18, 29],

)3 (f(z)gl:zf)g e ()
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1012M,

Mgu(My,2) = A (

where A4 is the amplitude parameter and £(z) is the dimen-
sionless parameter related to redshift z. In this work, we
adopt the best-fit value A ~3.2x 10° from [18].

2. Determining the quasar duty cycle with quasar
luminosity function (QLF). The quasar duty cycle
D =tq/tn) quantifies the fraction of black holes in the
quasar phase, where 7, is the quasar lifetime and #, is
the cosmic age at redshift z. Assuming Eddington-limited
accretion, we constrain f, by fitting observational data of
the QLF at high redshifts [30, 31].

3. Determining the fraction of radio-loud quasars
whose radio flux exceeds the required threshold F,,.
We assume that 10% of quasars are radio-loud [accord-
ing to observational experience, e.g. 32-34]. To account
for the radio flux distribution of the quasar population at
a given optical luminosity, we adopt the observed distri-
bution of radio-loudness R =1logo(Lsgu,/Lase), Where
Lsgu, and Ly are the luminosity measured at radio band
(5GHz) and optical band (4400 A), respectively. We use
a radio-loudness distribution function N(R) constrained
using the observation data from Bariuan et al. [35]. The
fraction of radio-loud quasars over a flux threshold Fy, is



Configuration Requirements for 21-cm Forest Background Quasar Searches...

Chin. Phys. C 49, (2025)

determined by integrating the radio-loudness distribution
function N(R),

€(Mh,Fm)=/ dRN(R), (2)

Ro

where the lower-bound Ry = Ry(Mgu(M,2), Fy) 1s a func-
tion of black hole mass and flux threshold.

4. Estimate the abundance of HZRLQs. The abund-
ance of HzRLQs is then estimated by integrating the
weighted halo mass function,

N(AZ, AQ, F[h) = / dV/thIO%qu(Mh,Fth)CDh(Mh),
2,AQ
(€)

where Az and AQ are the redshift bin and survey sky
area, dV is the cosmological volume element, and
@, (M) = dn/dM,, represents the halo mass function.

B. Obscuration-corrected QLF

The obscuration in the optical band may significantly
affect predictions of the abundance of the HZRLQs. The
distribution and nature of dust play a critical role in the
observational properties of active galactic nuclei (AGNs).
In particular, the molecular clouds and high-extinction re-
gions can obscure AGNs, rendering them undetectable in
optical surveys [36]. Quasars, especially at high redshifts,
can be heavily obscured by dust in the optical band,
which complicates their identification. This obscuration
effect has been extensively studied, with findings indicat-
ing that a considerable fraction of AGNs are missed in
optical surveys due to dust extinction [37]. Since the con-
struction of the HZRLQ abundance model depends on the
QLF in the optical band, dust obscuration in the optical
band may lead to an underestimation of the abundance of
HzRLQs. This underestimation has direct implications for
studies such as the 21-cm forest, which rely on a com-
plete census of background radio sources.

The obscuration renders the quasar luminosity in cer-
tain wavelength bands. To ensure the accuracy of the ob-
served high-redshift quasar population, their luminosity
function can be corrected by introducing an obscuration
fraction, which is estimated based on the observations in
the X-ray band [38].

fobsc = min[lﬁmax, maX[!ﬁo —,Blog(LX/Lx,o), lﬁmin]], (4)
where ¢y =0.73, Y =0.84, Ynn=02, B=024,
Ly = 10¥ergs™ [39, 40], The X-band luminosity is es-
timated via the bolometric correction factor of the hard
X-ray band [41]:

Lo

_ log(Lyo1/Lo) c)
Iy ¢ (1 - < b )

where a = 10.96, b =11.93, and ¢ = 17.79. It is worth not-
ing that the obscuration fraction function is primarily
constrained using X-ray selected AGN samples at red-
shifts z < 5. Due to the limited observational data avail-
able for quasars at higher redshifts, the redshift evolution
of the obscuration fraction remains uncertain. In this
work, we therefore adopt a simplified approach and as-
sume a redshift-independent obscuration fraction, ac-
knowledging that this may introduce some uncertainties
in our predictions:

We correct the luminosity function by multiplying the
luminosity function of total quasars with the fraction of
unobscurated to obtain the luminosity function of the op-
tically observed quasars,

Kx(Lyo) = %)

D = Dyoa1(Mi450,2) X (1 = fobse)- (6)

We compare the best-fit model with and without con-
sidering the obscuration effect in Figure 1. The QLF
model with considering the obscuration effect, is shown
with the solid curve. The dashed curve represents the
best-fit model from Niu et al. [18]. The QLF model is fit-
ted to the data by adjusting the mean quasar lifetime #,
until the likelihood function is maximized. Two main
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Fig. 1.  (color online) Comparison of the best-fit QLF with

and without considering the optical-band obscuration effect.
Blue and orange curves denote models at redshifts z=6 and
z=6.8, respectively. Solid lines illustrate models with obscur-
ation effects in our work, whereas the dotted lines represent
models without considering the obscuration effect. The blue
and orange errorbars show the measurements at z~6 from
Matsuoka et al. [30] and z~6.8 from Matsuoka et al. [31].
Owing to observational incompleteness, the first two data
points on the faint end are omitted.
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datasets are used in this work, i.e., one set of data is at
7z~ 6 [30], and the other one is at z ~ 6.8 [31]. For the fits
at z =6 and z = 6.8, the least-square values are about 7.79
and 3.78, respectively. Taking into account the obscura-
tion effect, the luminosity function has 7z, = 10°7 at z =6,
t,=10"° at z=6.8.

By comparing the results with and without obscura-
tion effects, we find that incorporating obscuration leads
to a slightly flatter QLF, a trend observed at both red-
shifts considered in our analysis. This is mainly because
low-luminosity quasars are more likely to be obscured by
dust, making them less likely to be detected in optical
surveys. Including the obscuration effect can thus par-
tially alleviate the discrepancy between theoretical mod-
els and observational QLF data at the faint end. However,
the improvement is limited. As mentioned above, the ob-
scuration fraction is based on low-redshift data, and its
possible redshift evolution is not considered in this work.
Additionally, the incompleteness of the observed sample
at the faint end may still be the dominant factor contribut-
ing to the observed deviation.

III. MOON-BASED INTERFEROMETER CON-
FIGURATION

Literature research indicates that a significant detec-
tion of HzZRLQs requires a radio interferometer with a
sensitivity comparable to that of SKA-Low [18]. SKA-
Low is designed to probe the early Universe through ra-
dio observations. It consists of 131072 log-periodic di-
pole antennas, grouped into 512 stations, each containing
256 antennas [52]. Approximately 50% of these stations
are concentrated within a 1 km diameter central core,
while the rest are distributed along three spiral arms ex-
tending up to 74 km. The total effective collecting area is
about 419000m?, providing exceptional sensitivity to
faint radio signals. Operating within a frequency range of
50 MHz to 350 MHz, SKA-Low can observe the 21-cm
signal at redshifts approximately between z~3 and
z~ 217, covering key cosmic epochs such as the EoR and
the Cosmic Dawn.

The observational noise variance of the radio interfer-
ometer is estimated via,

kg Ty, 1
o= V3ol ,
Aeff Nst(Nst - 1)AIAV

(7

where kg is the Boltzmann constant, A.; refers to the ef-
fective receiving area of a station, Ny is the number of
stations, Av is the frequency channel width, and Az is the
integration time. T, is the system temperature, and it is
consist of,

Tsys =Lyt T

®)

where T, is the mean brightness temperature from the
sky and takes the form of

Tay = (273 +25.2% (408 /vy, (2)* ™) K, )
where v(z) represents the frequency in MHz correspond-
ing to redshift z.

In this work, we consider that the surveys are carried
out with a continuum survey, which has the flux measure-
ments integrated over the frequency band of 10 MHz to
enhance the signal-to-noise ratio for continuum source
detection. An integration bandwidth of 10 MHz was se-
lected to achieve an optimal balance between resolving
the continuum's spectral shape and maintaining sufficient
detection sensitivity. This bandwidth is sufficiently nar-
row to capture spectral features while remaining broad
enough to minimize noise. Due to the limited frequency
resolution, the following 21-cm forest analysis requires
additional deep-field observations. We also consider a
21-cm forest survey with spectrum resolution of 5 kHz.
Such high-frequency resolution significantly reduces the
detection ability for HZRLQs, but it is fine enough for the
21-cm forest analysis without additional follow-up obser-
vations.

We assume Ty = 0.17, +40K [42] and also assume a
constant total survey area S = 10000deg? and total ob-
servation time f, = lyr. The observational noise vari-
ance may vary according to different effective collecting
areas and survey efficiency. It is worth noticing that the
sky temperature T, dominates the noise term at the low
frequency bands, as shown in Equation (8). We systemat-
ically  varied the  receiver  temperature  to
Tx =0.1T4, +70K and find that it is only 6.37% more
than the original. This analysis demonstrates that vari-
ations in receiver noise temperature have a negligible in-
fluence on the total system noise under these conditions.

a. Varying the effective collecting area We consider
the future construction of low-frequency interferometric
arrays of varying sizes on the far side of the Moon. Us-
ing SKA-Low as a reference, we maintain a constant sta-
tion diameter of D =40m. The array size ranges from
Ny =38, 32, 128, and 512 up to 2048 stations. Notably, an
array with 512 stations is comparable in size to the cur-
rent SKA-Low, while the 2048-station configuration rep-
resents a more ambitious scenario, with an effective col-
lecting area exceeding one square kilometer.

b. Varying the station diameter The solid angle of the
field of view (FoV) for a single pointing is estimated us-
ing the primary beam size of the station given by
Q ~(1.24/Dy)?, where Dy is the diameter of a station.
For the subsequent analysis, we use the wavelength A cor-
responding to 150 MHz to estimate the FoV. By varying
the station diameter, the FoV for a single pointing
changes, thereby affecting the survey efficiency, while
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keeping the total survey area and observation time con-
stant. To maintain consistency with the current SKA-
Low, we ensure the total effective collecting area re-
mains at ~419000m?, and varying the number of sta-
tions and the diameter of the station simultaneously. In
particular, we consider the following station configura-
tions: {(Ny, Dy)} = {(512,40m), (2048,20m), (8192, 10m)}.

IV. RESULTS AND DISCUSSIONS

Using the configuration parameters introduced in Sec-
tion Ill, we estimate the system noise variance level for
each case. We use 10 times of the noise variance level as
the lower bound of the integration of the predicted lumin-
osity function to forecast the abundance of HZRLQs.

A. Configuration requirements with continuum survey

The number of HZRLQs detected (with their flux over
10 times the corresponding noise level) in continuum sur-
veys is shown in Figure 2, where different colors repres-
ent results for various interferometer size configurations.
Since the predicted abundance depends on the width of
the redshift bins, we fix the redshift bin Az =0.5 for the
analysis of continuum surveys. Generally, the number of
detected HZRLQs significantly reduced as redshift in-
creased. The gray histogram corresponds to an array of
eight 40 m-diameter stations, with an effective collecting
area of 6546.875m?>. This configuration-enables the detec-
tion of approximately 10° radio-loud quasars at z ~ 5 and
provides statistically significant detections (N > 10) up to
z~10.

Increasing the number of stations dramatically en-
hances detection capabilities. With N = 128, the number
of detected HzZRLQs increases by an order of magnitude
at each redshift bin, and the redshift detection limit ex-
tends to z ~ 16.

As discussed in Section III, an interferometer with
512 40 m-diameter stations achieves an effective collect-
ing area comparable to that of the current SKA-Low. An
even more ambitious configuration, with Ny =2048,
would push the total collecting area beyond one square
kilometer. Such an interferometer would enable the ro-
bust detection of HZRLQs up to the beginning of the EoR
or even Cosmic Dawn.

Increasing the effective collecting area of an interfer-
ometric array can significantly enhance its sensitivity to
HzRLQs. Beyond simply scaling up the array, we also
explore an alternative strategy that maintains the same
total collecting area — comparable to that of the SKA —
while boosting survey efficiency by employing smaller
station diameters to achieve a larger field of view. The
corresponding results are shown in Figure 3, where dif-
ferent colors indicate configurations with varying station
numbers and sizes.

Our findings demonstrate that even without increas-
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Fig. 2. (color online) The number of HZRLQs detected with

continuum survey as a function of redshift with different sizes
of interferometer. The results with Ny =8, 32, 128, and 512 up
to 2048 stations are shown in different colors.
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Fig. 3. (color online) The number of HZRLQs detected with

continuum survey as a function of redshift with different dia-
meters of station and number of station configurations. The
results with {(Ny, Dsp)} = {(512,40m),(2048,20m), (8192, 10m)} are
shown in different colors.

ing the total collecting area, the detection capability for
HzRLQs can be improved by increasing the number of
stations and reducing the diameter of each station. This
configuration effectively enhances sky coverage and sur-
vey speed. However, it is important to note that such a
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design imposes substantial demands on the system, par-
ticularly in terms of data transmission, communication
bandwidth, and computational resources required for data
processing. These factors pose significant challenges for
the data analysis pipelines of interferometric arrays and
must be carefully considered in future instrument design.

Our analysis shows that the detectability of HZRLQs
in continuum surveys is strongly dependent on both the
size and configuration of the interferometric array. In-
creasing the number of stations significantly boosts sens-
itivity, enabling detections out to higher redshifts, with
large arrays (N 2 512) capable of probing the EoR and
potentially even Cosmic Dawn. Moreover, we demon-
strate that optimizing array layout — by increasing station
number while reducing individual station size — can fur-
ther enhance survey efficiency without increasing the
total collecting area. This approach increases the survey
field of view and improves detection rates but introduces
substantial challenges in data transmission and pro-
cessing. These trade-offs highlight the need for carefully
balanced array designs that optimize both scientific re-
turn and technical feasibility in future low-frequency ra-
dio surveys targeting HzZRLQs.

B. Configuration requirements with 21-cm
forest survey

Through wide-area continuum surveys, large low-fre-
quency radio interferometric arrays have the potential to
detect a substantial number of high-redshift radio-loud
quasars (HZRLQs). By integrating over frequency chan-
nels, continuum observations significantly enhance the
signal-to-noise ratio. However, this integration comes at
the expense of frequency resolution, which is critical for
21-cm forest power spectrum analysis. As a result, con-
tinuum detections often require dedicated follow-up ob-
servations to probe fine spectral structures. In this work,
we assume a frequency resolution of 5 kHz for 21-cm
forest surveys, and investigate how different array sizes
impact the detectability of HZRLQs. The corresponding
results are shown in Figure 2, where different colors rep-
resent low-frequency arrays of various sizes. For this ana-
lysis, we adopt a redshift bin width of Az = 1.

Compared to continuum observations, the high spec-
tral resolution required for 21-cm forest studies leads to a
significant increase in observational noise, thereby redu-
cing the detectability of HzZRLQs. For a mini-size array
with only n = 8 stations, detecting HZRLQs beyond z > 5
becomes nearly impossible. However, for an array com-
parable to the ground-based SKA, with n = 512 stations, a
moderate number of HZRLQs can still be detected, even
though sensitivity remains lower than in continuum
mode. In this configuration, the detection limit extends to
approximately z ~ 10, which is sufficient for meaningful
cosmological studies using the 21-cm forest. For ex-

' ' ' =N
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F Cd Ne=32

3 Ne=38
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Fig. 4. (color online) Similar to Figure 2, but for 21-cm

forest survey with 5 kHz frequency resolution.

tremely large arrays with n = 2048 stations, the detection
redshift limit can be further extended to z ~ 11.

We also explore a scenario in which the total effect-
ive collecting area is constant, but the number of stations
is increased while reducing the diameter of each station.
This approach enhances the field of view and survey effi-
ciency, potentially improving the HzZRLQ detection rate.
The results are presented in Figure 5, where different col-
ors indicate different configurations of station number
and size. Our findings show that reducing the station dia-
meter by a factor of four and simultaneously increasing
the number of stations by a factor of sixteen can substan-
tially increase both the number of detectable HzRLQs
and the maximum redshift reached. However, this gain in
survey efficiency comes with a trade-off: significantly
greater data transmission, storage, and processing de-
mands, posing major challenges for interferometric data
analysis.

The detectability of HZRLQs in 21-cm forest surveys
is governed by a complex interplay between array config-
uration and spectral resolution. While continuum surveys
benefit from lower noise levels due to frequency integra-
tion, 21-cm forest observations require high spectral res-
olution and thus face higher noise. Larger and denser in-
terferometric arrays can extend detection capabilities to
higher redshifts, but they also introduce considerable
computational and infrastructural challenges. Achieving
an optimal balance between sensitivity, resolution, and
data processing efficiency will be essential for the suc-
cessful design and operation of future low-frequency ra-
dio arrays targeting the 21-cm forest.
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Fig. 5.  (color online) Similar to Figure 3, but for 21-cm

forest survey with 5 kHz frequency resolution.

C.

The confusion limit is reached when the density of
sources brighter than the observational noise becomes
high enough within the area of the synthesized beam. At
this point, the ability of the radio array to resolve indi-
vidual sources is limited not by sensitivity, but by resolu-
tion. Consequently, the baseline length of the interfero-
metric array plays a critical role in determining the array’
s effectiveness in mitigating source confusion. With the
luminosity function constructed in Section II, we simu-
late the radio source samples with flux density ranging
from 10™* ~ 107'Jy, which is large enough to cover the
faint end of the radio sources, within the redshift of
5.5 <7< 20.5, and estimate the column number density as
a function of flux density. We fit the flux-density cumu-
lative column number density with a power law function,

onfusion limit

N(>S)=CS”, (10)
where N(> S) represents the column number density with
sources' flux density larger than S, and a power law func-
tion is characterized by the free parameters C and . The
best-fit values are C =3.94, B=-1.07. The simulated
flux-density cumulative column number density, as well
as the best-fit curve, are shown in Figure 6.
The confusion limit is then estimated via [43, 44],

oe = (@*mC)"",

(11)

where C =3.94, 8 =-1.07 are the parameters of the best-
fit power law function, m = 30 is the threshold parameter
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Fig. 6. (color online) Power-law fitting of source counts at

5.5<2<20.5 and flux density at 200 MHz based on SKA-
Low.

[45], and O is the angular resolution. The angular resolu-
tion of the interferometer array is related to the maxim-
um length of the baseline, e.g. 8 = ¢/(vBn.), Where ¢ is
the speed of light and v is the corresponding frequency.
To simplify the estimation, we ignore the frequency de-
pendency and use v = 200MHz in the following analysis.

We show the confusion limit as a function of the
maximum baseline lengths in Figure 7. The noise level
with different numbers of 40 m stations is shown with ho-
rizontal dashed lines in different colors. It is evident that
increasing the maximum baseline length significantly re-
duces the confusion limit. To ensure that the confusion
limit remains below the system’s thermal noise level, a
minimum threshold for the maximum baseline should be
established for configurations with varying numbers of
stations. In general, a maximum baseline length of at least
approximately 25 km is sufficient to render the confusion
limit negligible.

D. Challenges in construction

As we discussed in the previous sections, the substan-
tial increase in the number of base stations brings a series
of complex challenges in hardware design, data pro-
cessing, and data storage [46].

The construction of large-scale radio arrays faces sig-
nificant technical challenges as the number of antenna
elements increases. Each station comprises multiple crit-
ical components, including antennas, low-noise amplifi-
ers, filters, and analog-to-digital converters, With the dra-
matic rise in real-time data throughput, network conges-
tion becomes a serious concern, particularly in distrib-
uted or remote configurations [47].

These challenges are further amplified for space-
based applications such as lunar interferometer arrays,
where observational data must be downlinked to ground-
based data centers for further analysis. The resulting data
volumes present substantial hurdles for storage, transport,
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Fig. 7. (color online) The black line is the curve of the con-

fusion limit o as a function of the baseline length B. Differ-
ent color lines correspond to the observational noise under dif-
ferent configuration schemes.

and long-term data management.

From a computational perspective, system scaling res-
ults in the combinatorial growth of processing complex-
ity. The calibration and imaging pipelines generate inter-
mediate data products that often exceed the volume of
raw observational data by orders of magnitude [48, 49].

Given that the data transfer rate of SKA-Low is as
high as 7.15 Tbps [50] and the size of the data volume
grows exponentially with the number of baselines
(Ng(Ngy —1)/2), such a large amount of data makes it tech-
nically challenging to transmit raw observation data from
the Moon-based interferometer directly back to the Earth.
To address the challenges of data transmission and real-
time data processing in Moon exploration, we propose to
establish a dedicated Moon-based data processing center.
This facility will enable in situ data analysis, signific-
antly reducing reliance on Earth-based processing while
optimizing the science return from lunar missions.

Furthermore, dense station layouts heighten the risk
of self-generated radio frequency interference (RFI),
which can significantly degrade data quality. Mitigating
these effects requires meticulous array design, including
optimized station geometries, careful component isola-
tion, and advanced electromagnetic shielding techniques
[51].

Overall, these technical and infrastructural challenges
must be carefully considered in the design of next-gener-
ation radio arrays, particularly those targeting high-resol-
ution, wide-field observations such as the 21-cm forest.

V. CONCLUSION

This work investigates the scientific prospects and
technical design requirements for detecting high-redshift
radio-loud quasars (HZRLQs) using a Moon-based low-

frequency interferometric array, with the goal of en-
abling 21-cm forest studies during the Epoch of Reioniza-
tion (EoR) and Cosmic Dawn.

We begin by improving the quasar luminosity func-
tion (QLF) model through the inclusion of dust obscura-
tion effects. Since optical surveys tend to miss heavily
obscured sources, particularly at the faint end, we intro-
duce an X-ray-based correction to account for this bias.
The obscuration-corrected QLF yields more accurate pre-
dictions for the abundance of HzRLQs and helps par-
tially mitigate discrepancies between theoretical models
and observations.

Assuming a total survey area of 10*deg® and an integ-
ration time of 1 year, we analyze the detectability of
HzRLQs in two complementary observing modes: con-
tinuum surveys and 21-cm forest surveys. For continuum
surveys, we adopt a bandwidth of 10 MHz, enabling sig-
nificant signal-to-noise enhancement through frequency
integration. In contrast, 21-cm forest observations re-
quire fine frequency resolution — assumed to be 5 kHz in
this work — to resolve small-scale absorption features,
which increases thermal noise and reduces source detect-
ability.

We evaluate detection performance across a range of
array sizes. For the smallest configuration considered
(Ny = 8 stations with 40 m diameter), continuum surveys
can detect HZRLQs up to z ~ 10, but the 21-cm forest sur-
vey becomes ineffective beyond z ~ 5. For SKA-scale ar-
rays (Ny =512), continuum surveys can detect quasars
out to z~ 16, while 21-cm forest observations remain
feasible up to z~ 10. For an extremely large array with
Ny = 2048, the detection limit of the 21-cm forest survey
extends to z~ 11, supporting deeper exploration of the
EoR. To minimize the confusion effects, the maximum
baseline length needs to be > 25km.

We further explore configurations that maintain a
fixed total collecting area (~419000m?) but increase the
number of stations by reducing the station diameter. This
strategy improves field-of-view and survey efficiency,
enabling higher detection rates without additional collect-
ing areas. For example, replacing the baseline configura-
tion (Ny =512, Dy =40 m) with (Ny = 8192,Dy = 10m)
substantially increases the number of detectable HZRLQs
and raises the detection redshift limit. However, this im-
provement comes with greater demands on real-time data
transmission, onboard storage, calibration, and comput-
ing infrastructure, particularly challenging for a Moon-
based observatory.

In summary, the detectability of HzRLQs depends
sensitively on array configuration, frequency resolution,
and survey design. Continuum surveys provide broad
coverage with high signal-to-noise, while 21-cm forest
observations offer detailed spectral information at the
cost of sensitivity. Both modes benefit from careful op-
timization of array layout and observing parameters. Fu-
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ture efforts should focus on improving models of high-
redshift quasar obscuration, refining array deployment
strategies, and developing scalable data processing
pipelines. With these advancements, a lunar low-fre-
quency interferometer could open a powerful new obser-
vational window into the reionization era, enabling high-
precision studies of structure formation, dark matter, and

the thermal history of the early Universe.
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