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ABSTRACT
We study the clustering of H i intensity maps produced from simulations with a focus on baryonic acoustic oscillations (BAO) 
and the effects induced by telescope beam smoothing and foreground cleaning. We start by creating a H i catalogue at � = 1.321 
based on the Semi-Analytic Galaxy Evolution (SAGE) model applied to the UNIT simulations. With this catalogue we investigate 
the relation between model H i and the dark matter haloes and we also study the abundance of H i, ΩH i, predicted by this model. 
We then create synthetic H i intensity maps with a Nearest-Grid-Point approach. In order to simulate the telescope beam effect, 
a Gaussian smoothing is applied on the plane perpendicular to the line of sight. The effect of foreground removal methods is 
simulated by exponentially damping the largest wavelength Fourier modes on the radial direction. We study the anisotropic 
2-point correlation function (2PCF) � (�⊥, � k) and how it is affected by the aforementioned observational effects. In order to 
better isolate the BAO signal, we study several 2PCF �-wedges (with a restricted range of orientations �) tailored to address 
the systematics effects and we compare them with different definitions of radial 2PCFs. Finally, we discuss our findings in the 
context of an SKA-like survey, finding a clear BAO signal in most of the estimators here proposed. 

Key words: cosmology: large-scale structure of the Universe – cosmology: theory – galaxies: evolution – galaxies: haloes – 
radio lines: galaxies 

1 INTRODUCTION

ΛCDM is the current consensus model we have to describe the phys-
ical cosmology of our Universe. The model considers that only 4.9% 
of its energy density is in form of ordinary matter. Dark matter 
(26.4%) and dark energy (68.7%) complete the rest of its energy 
density content (Planck Collaboration et al. 2020) and determining 
their nature are still two of the greatest problems in modern cosmol-
ogy. Dark energy was discovered when an unexpected acceleration of 
the Universe was revealed by Type-I supernova observations (Riess 
et al. 1998; Perlmutter et al. 1999) and confirmed by the Cosmic 
Microwave Background (CMB) (Bennett et al. 2003) and Baryonic 
Acoustic Oscillations (BAO) (Eisenstein et al. 2005; Cole et al. 2005). 
Over the last two decades, larger and more precise campaigns have 
been run in order to better understand the cosmological model. Some 
of the current state-of-the-art cosmological observations are provided 
by the Planck satellite’s measurements of the CMB (Planck Collabo-
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ration et al. 2020), PANTHEON’s compilation of Type-Ia supernovae 
(Scolnic et al. 2018) and measurements of BAO from BOSS+eBOSS 
(Alam et al. 2021). While these data allow us to place constraints 
below 1% on some cosmological parameters — such as ΩΛ, �0, and 
�8 — the nature of both dark matter and dark energy is still a mystery. 
In this context, mapping a larger portion of the Large Scale Struc-
ture (LSS) of the Universe can provide more precise measurements. 
LSS can be particularly relevant to reveal information about the more 
recent Universe, whose expansion is dominated by dark energy. 

In this work we focus on one of the most prominent and robust fea-
tures in the LSS of the Universe: the Baryonic Acoustic Oscillations. 
BAO were generated in the early Universe, when the temperature 
was high enough to keep photons, electrons and baryons coupled, 
forming a plasma. While baryons are attracted towards dark-matter 
over-densities (already formed), photons apply pressure against them, 
generating waves that propagate until the recombination epoch. At 
recombination, the waves freeze due to the liberation of photons, 
leaving an imprint in the LSS. From that moment, the BAO feature 
will only grow due to the expansion of the Universe, described by the 
scale factor. As a consequence, BAO can be used as a cosmological 
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standard ruler to constrain the angular-diameter distance �A (�) and 
the Hubble parameter � (�), when observed in angular and radial 
scales, respectively. 

The first BAO detection in the clustering of galaxies was achieved 
nearly simultaneously by the 2dF galaxy redshift survey (Percival 
et al. 2001; Cole et al. 2005) and the Sloan Digital Sky Survey (SDSS) 
(Eisenstein et al. 2005). Later, more precise BAO measurements were 
achieved by surveys such as the 6dFGS (Beutler et al. 2011), Wig-
gleZ (Blake et al. 2011), and the Baryonic Oscillation Spectroscopic 
Survey (BOSS, Anderson et al. 2012), part of the SDSS series. The 
latter experiment, BOSS, meant a qualitative advance in the field 
of precision cosmology with LSS, reporting BAO diameter distance 
with an accuracy close to the 1% (Alam et al. 2017). The extended 
BOSS (eBOSS) experiment was designed as part of the SDSS-IV 
program to explore BAO at higher redshifts, with its final results 
having been reported recently (Alam et al. 2021). 

Whereas most of the aforementioned BAO measurements relied on 
spectroscopic redshift determinations to accurately map the positions 
of galaxies, there are other techniques to measure it. Both BOSS 
and eBOSS reported additional measurements of the BAO using 
the Lyman-� forest. This technique studies the distribution of gas 
densities along the line of sight of distant quasars by analysing the 
absorption lines that the former imprint in the spectra of the latter 
(Bautista et al. 2017; du Mas des Bourboux et al. 2020). The Dark 
Energy Survey (DES) also accurately measured the angular BAO by 
studying the clustering of galaxies using only photometric estimates 
of redshift (Dark Energy Survey Collaboration et al. 2019; DES 
Collaboration et al. 2021). In this work, we study the viability of 
detecting BAO with the Square Kilometer Array using a promising 
technique: H i intensity mapping (IM) (Bharadwaj et al. 2001; Battye 
et al. 2004; Chang et al. 2008; Wyithe et al. 2008). 

The Square Kilometre Array (SKA) (SKA Cosmology SWG et al. 
2020) is a radio-telescope observatory under construction that will 
be able to map an unprecedented volume of the Universe by observ-
ing neutral hydrogen (H i). The H i emits photons with a wavelength 
of approximately 21 cm when the parallel spins of the proton and 
electron (in the ground state) become antiparallel. For conducting 
large scale cosmology, the SKA will employ the IM technique, inte-
grating all the H i signal coming from an angular patch of the sky. 
However, when operating as an interferometer, the SKA dishes will 
not be tightly packed enough to provide a high sensitivity at the BAO 
scale (Santos et al. 2015). It therefore plans to operate in single-dish 
mode (Battye et al. 2013) where each of the 197 dishes operates as an 
auto-correlator i.e. a single telescope. This allows large volumes of 
the sky to be efficiently surveyed, whilst limiting thermal noise due to 
the integrated contribution from each single-dish. This process will 
result in a pixelised map (intensity map) with a relatively poor an-
gular resolution due to the beam of the telescope, which is inversely 
proportional to the single-dish diameter. However, it provides an 
exquisite redshift resolution given by the frequency resolution used. 

Pathfinder surveys such as the Green Bank Telescope and Parkes 
have made H i intensity mapping detections of cosmological signal 
(the LSS) in cross-correlation with optical surveys (Masui et al. 
2013; Wolz et al. 2017; Anderson et al. 2018; Wolz et al. 2021). 
Furthermore, the MeerKAT radio telescope (Santos et al. 2017), a 
precursor and eventual component of the final SKA, has recently 
successfully calibrated the single-dish observations with an array of 
dishes in a pilot survey and is expected to produce H i intensity maps 
soon (Wang et al. 2020). In the near future, the MeerKLASS survey 
is expected to run on that instrument, covering 4,000 deg2 of the sky 
(Santos et al. 2017). 

One can study the clustering of intensity maps to extract cosmo-

logical information from the LSS in a similar way to how we study 
the clustering of resolved galaxies. However, some differences are 
evident, and Villaescusa-Navarro et al. (2017) showed that a great 
part of the BAO signal is erased for a SKA-like H i IM programs 
due to poor angular resolution. They showed that if one looks at the 
isotropic clustering, the BAO is completely erased. Instead, they pro-
posed to study the 1D radial power spectrum of the intensity maps, 
which results in a visible BAO signature. 

Another challenge in conducting precision cosmology with H i IM 
is the presence of strong foregrounds, mostly coming from the Milky 
Way, which emits signals several orders of magnitude above the 
cosmological one. For conventional targeted galaxy surveys, these 
radio foregrounds are less of a contaminant but where the entire 
radiation from the sky is integrated, as in the IM technique, these 
foregrounds become dominant components in the observed signal. 
Several techniques have been proposed to remove the signal from 
the foregrounds (for an overview of those most commonly used, see 
Cunnington et al. 2021b), but the most robust ones tend to over-
correct, removing any signal that is smooth with frequency. This 
efficiently removes the foregrounds, but also removes cosmological 
contributions from the largest scales along the radial direction. How 
these techniques modify the observed power spectrum of H i and 
the inferred cosmological parameters has been studied in Wolz et al. 
(2014); Shaw et al. (2015); Alonso et al. (2015); Cunnington et al. 
(2020b); Soares et al. (2021). 

In this work we analyse the anisotropic 2-point correlation func-
tion (2PCF) as measured on H i Intensity Mapping simulations in the 
presence of both the telescope beam and the effects from foreground 
removal. Whereas past works have focused on either angular 2-point 
statistics or Cartesian Fourier space (mainly the power spectrum), 
we focus here on the Cartesian configuration space (the 2PCF). We 
additionally define a series of summary 2PCFs (as a function of a 
single distance) in order to isolate the BAO signal, giving particu-
lar attention to an SKA-like survey. Toward the final stages of this 
project, an independent team submitted a study based on theoretical 
models of the anisotropic 2PCF of H i IM (Kennedy & Bull 2021). 
Whereas the focus is somewhat different and their configuration is 
focused on a MeerKLASS-like survey, some of their results are quite 
complementary to our findings in simulations, and simple visual 
comparison seem to indicate agreement between the two works. 

In this paper, we use the UNIT �-body simulations1 (UNITsims), 
described in Section 2.1, which have been populated with galaxies 
with SAGE (Croton et al. 2016; Knebe et al. 2021), a semi-analytic 
model of galaxy formation. This procedure is further explained in 
Section 2.2, where we also extract a H i-to-dark-matter halo mass 
relation and compare it to previous studies. We also compare the 
total H i predicted by these prescriptions ΩH i (� = 1.321) with ob-
servational data in Section 2.3. We then describe how we create 
intensity maps out of the galaxy catalogues (Section 3.1), and we 
introduce two techniques to simulate the effect of the telescope beam 
(Section 3.2) and the effect of foreground-removal methods (Sec-
tion 3.3). In Section 3.4 we describe the way we measure each of 
the isotropic [� (�)], the anisotropic [� (�⊥, � k)] and the multipole 
[�ℓ (�)] correlation functions from the simulations, and analyse ob-
servational effects on them. In Section 4 we look at different ways to 
isolate the BAO signal in the presence of the aforementioned effects. 
We propose in Section 4.1 an orientation selection (�-wedged) in 
order to avoid the areas in {�⊥, � k } space that are heavily affected by 
systematics. Different definitions of radial 2PCFs are probed in Sec-

1 http://www.unitsims.org (Chuang et al. 2019) 
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tion 4.2. Finally, we discuss how the different techniques proposed 
can isolate the BAO signal for an SKA-like survey in Section 4.3. 
Summary and conclusions are reported in Section 5. 

2 H i SIMULATIONS

2.1 The UNIT simulations

Our work utilises the UNIT simulations (hereafter ‘UNITsims’), fully 
described in Chuang et al. (2019). These are four �-body dark-matter-
only simulations with cosmological parameters Ωm,0 = 1 − ΩΛ,0 = 
0.3089, ℎ = 0.6774, �s = 0.9667, and �8 = 0.8147. Each simulation 
has a comoving volume of �box = 1.0 ℎ−3 Gpc3 , containing 40963 

particles of mass 1.25 × 109 ℎ−1 M . 
The initial conditions were set at � = 99 using the Zel'dovich 

Approximation (Zel’Dovich 1970) with the public code FastPM 
(Feng et al. 2016) and particles were evolved to � = 0 using the 
TreePM code L-Gadget, a version of Gadget2 (Springel 2005) 
optimised for extreme memory parallelisation. 128 snapshots were 
output between the initial and final redshifts. In each of them, halo 
catalogues were created using the phase-space halo finder rockstar 
(Behroozi et al. 2013a). Subsequently, ConsisitentTrees (Behroozi 
et al. 2013b) was run to obtain the merger trees that link the histories 
of all haloes across all snapshots. 

One particularity of the UNITsims is that they are run with the 
fixed & paired technique (Angulo & Pontzen 2016). This means that 
the initial conditions are not given by a random Gaussian field, but 
the modulus of the initial perturbations (|�� |) is set to its expectation 
value determined by the initial power spectrum (fixed). Additionally, 
simulations are run by pairs, with an offset of � in their initial phases 
(paired). Both of these techniques contribute to having a reduced 
scatter in the final average 2-point statistics. This allows us to obtain 
precise measurements of the 2PCF, even when using a relatively small 
box. Chuang et al. (2019) estimates the effective volume of this suite 
of simulations as�eff ' 150 ℎ−3 Gpc3, which is about one third of the 
volume that the SKA H i IM program is expected to survey. Several 
studies have shown that, apart from reducing the covariance of the 2-
point statistics (hence, the 4-point statistics), this technique does not 
introduce any bias on the 1-point statistics (halo mass function) the 
2-point statistics (�(�) or � (�)) or the 3-point statistics (Angulo & 
Pontzen 2016; Villaescusa-Navarro et al. 2018; Chuang et al. 2019). 
For this study, we work with the snapshot at redshift � = 1.321 and use 
all boxes available: UNITSIM1, UNITSIM1_InvPhase, UNITSIM2 
and UNITSIM2_InvPhase, always showing the 2PCF averaged over 
all (twelve, when we consider three different rotations for each box, 
see subsection 3.4) realisations. When shown, error bars are com-
puted as the standard deviation of all available 2PCFs. We remark 
that these errorbars would not be representative of any particular 
experiment due to the reduction in the scatter mentioned above. Nev-
ertheless, the relative size of different summary 2PCF will be very 
insightful, as we will see in Section 4. 2 

2 An alternative error bar would correspond to the standard deviation of the 
average of each pair. This yields a smaller and noisier error bar. However, 
we have checked that by using this definition we would reach qualitatively 
the same conclusions. We remark again that we will focus of the relative 
comparison on the error bars among different summary statistics. 

2.2 From dark matter to H i 

Recently, the Semi-Analytic Galaxy Evolution model (SAGE; Croton 
et al. 2016) was run on the UNITsims, as described in Knebe et al. 
(2021). This code takes the merger history and mass accretion history 
of (sub)haloes to build the baryonic properties of the galaxies hosted 
by them. The model includes (but is not limited to) processes such as 
gas cooling and accretion, star formation with chemical enrichment 
and stellar feedback, and black-hole growth with active galactic nu-
cleus (AGN) feedback. These physical processes establish a series 
of coupled differential equations that describe how baryonic mass 
shifts between discrete reservoirs (e.g. a hot gas halo, a cold gas 
disc, a stellar disc, a stellar bulge, etcetera). Galaxies are therefore 
modelled macroscopically in terms of integrated properties. While 
the total mass in each reservoir of each galaxy is evolved numer-
ically, the distribution of mass within each reservoir is described 
analytically. 

SAGE nominally has eight free parameters. These are manually 
calibrated to primarily reproduce the �=0 stellar mass function. Fur-
ther, secondary constraints that were monitored during calibration 
include the � = 0 black hole–bulge mass relation, the � = 0 stellar 
mass–gas metallicity relation, the � = 0 baryonic Tully–Fisher rela-
tion, and the cosmic star formation history. The specific parameter 
set for the model used here is the same as that calibrated for the 
MultiDark-Galaxies project (Knebe et al. 2018). Only two param-
eters were tweaked from the original model of Croton et al. (2016). 
We refer the reader to Croton et al. (2016); Knebe et al. (2018), and 
references therein for further details. 

Following Knebe et al. (2021), we only consider objects that pass 
the following stellar mass cut: �★ ≥ 109 ℎ−1 M . We also remove 
spurious objects with cold gas mass below �CG = 102 ℎ−1 M 
and we consider a minimum halo mass of �h ≥ 1010.5 ℎ−1 M (a 
rounded number corresponding to ∼ 26 dark matter particles, slightly 
above the limit of 20 particles often used). 

While SAGE does model the cold gas in galaxies, it does not 
specifically model the amount of that gas that is in the form of H i. 
We therefore must calculate this in post-processing. Assuming that all 
the cold gas mass �CG provided by SAGE is neutral, we can estimate 
the H i mass �H i by considering the mass fraction of Hydrogen over 
all possible elements �H = 0.75 (from Big Bang nucleosynthesis, 
BBN) and the molecular-to-atomic ratio �mol = �H2 /�H i: � � 

�mol
�H i = �H · 1 − · �CG . (1)

�mol + 1 

Following the discussion in, for example, Zoldan et al. (2017), we 
now consider two models for �mol: 

(i) A constant fraction of H i, given by 

�mol = 0.4 . (2) 

This relation dates back to local measurements performed by Zwaan 
et al. (2005) and Keres et al. (2003), which was incorporated in the 
H i modelling in Baugh et al. (2004) and Power et al. (2010). This 
is the assumption made in previous IM studies (Cunnington et al. 
2020a, 2021a) and will be our default option here (see discussion at 
the end of the subsection). 

(ii) A fitting function for H i fraction given by Obreschkow et al. 
(2009, see their equations 10 & 15), based on Blitz & Rosolowsky 
(2006), where they study and model both the H i and H2 gas profiles 
along the disks of galaxies. That prescription yields a �mol dependent 
on the disk size (�disk), cold gas mass and disk stellar mass (�★,disk) 
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of each galaxy: � �−1 
�mol = 3.44�� 

−0.506 + 4.82�� 
−1.054 , 

(3)� �0.8−4with �� = � �disk �CG (�CG + 0.4�★,disk)

representing the �mol at the centre of the galaxy and � = 

11.3 m4 kg−2 being a constant. 

After applying the prescription in Equation 2 to each galaxy, we 
compute the total H i in each main halo (with contributions from the 
central and satellite galaxies) and present a bi-dimensional histogram 
of the H i and dark matter masses of each halo in Figure 1. The solid, 
black line represents the running mean �H i (�ℎ) relation as a func-
tion of halo mass (�h). The dashed black line shows the equivalent 
result when using the prescription described by Equation 3. This 
figure can be understood as the halo occupation model predicted by 
the SAGE galaxies for H i gas. We find that the prescription with 
�mol = 0.4 predicts a larger total H i mass around �ℎ ' 1012 M 
than the Obreschkow et al. (2009) prescription. However, both pre-
scriptions tend to converge at the high- (�ℎ & 1013 M ) and low-
mass (�ℎ . 1011 M ) ends. In Appendix A we show the split 
between central and satellite galaxy contributions, alongside with 
analytical fits to the �H i (�ℎ) relations. 

In the same figure, we compare our derived H i–halo relation to 
other similar relations derived in the literature from Padmanabhan & 
Kulkarni (2017) (�H i,1), Bagla et al. (2010) (�H i,2), Baugh et al. 
(2019) (�H i,3 and Spinelli et al. (2020) (�H i,4)). Both Baugh et al. 
(2019) and Spinelli et al. (2020) come from different simulation 
prescriptions with different implementations of (sub-grid) galactic 
physics. On the other hand, Padmanabhan & Kulkarni (2017) matches 
the observational H i luminosity function to a theoretical halo mass 
function, following a Halo Abundance Matching technique. A similar 
approach is followed by Bagla et al. (2010). The analytical expres-
sions of these curves can be found in Appendix B. 

Some general features are common to the shape of the different 
H i–halo mass relations derived in the literature. On the low-�ℎ end, 
�H i follows a power-law with the halo mass. At the high-�ℎ end, 
AGN are —as their name implies— very active, preventing hot gas 
from cooling, effectively suppressing the H i abundance. A detailed 
study on this relation is presented in Chauhan et al. 2020 (see also 
references therein). That study also provides a fitting function of 
�H i (�ℎ) as a function of redshift. We do not include that line in 
Figure 1 to avoid overcrowding, but the shape is very similar to 
�H i,3. In the �H i,3 and �H i,4 curves together with the two derived 
from SAGE galaxies, we see a second rise at higher masses due to 
the contribution of H i from the satellites (see Appendix A). 

The variety of curves shown in Figure 1 reflects the uncertainty 
within the literature about how the H i fills dark matter haloes. These 
variations will lead to variations in the total abundance of H i (dis-
cussed in subsection 2.3 below), the large scale bias of H i and the 
small-scale clustering of H i. The latter may be relevant for H i spec-
troscopic galaxy surveys, but should be negligible for the scales 
explored by H i IM clustering. Both the abundance and bias of H i 
will have an impact on the amplitude of the H i IM clustering signal 
(see subsection 3.1 below), but not on the shape of the 2PCF, which 
is the focus of Sections 3 & 4. 

The prescription described by Equation 3 was only incorporated 
in this study at the final stages in order to better understand the H i– 
halo relation and how it affects the H i abundance. This technique 
may be more sophisticated than our original prescription based on 
Equation 2. However, given that we do not expect any changes in 
the large scales studied in Sections 3 & 4 and that Figure 1 shows 

Figure 1. Colour map representing a 2D histogram of the main halo masses 
(�-axis) and total (summing all galaxies within a halo) H i mass (�-axis, 
using the �mol = 0.4 prescription) at � = 1.321 for the UNITsims-SAGE 
catalogues. The solid black line represents the mean H i mass for all galaxies 
within a given halo mass bin for �mol = 0.4, whereas the dashed black line 
represents the same mean for the Obreschkow et al. (2009) prescription. We 
compare our findings to previous H i–halo relations studied in the literature, 
as indicated in the legend. 

that the modelling uncertainty in �H i (�ℎ) spans a large range of 
possibilities beyond the differences between our two �mol choices, 
we keep our original �mol = 0.4 prescription as our default. We leave 
the study of the small-scale clustering of H i emission-line galaxies 
when modelled with different prescriptions for future work. 

Likewise, a different calibration of SAGE or choosing �H different 
to BBN could lead to a different shape or amplitude of �H i (�ℎ), 
with negligible consequences for Sections 3 & 4. Hence, the results of 
this section needs to be interpreted as a net prediction of the H i-halo 
relation for the SAGE (as calibrated in Knebe et al. 2018) applied to 
the UNITsims and a comparison with previous works. 

2.3 H i abundance

The abundance of H i in the Universe across cosmic history, ΩH i (�), 
is poorly constrained and a source of debate. In fact, it is one of 
the most immediate topics that H i intensity mapping is expected to 
shed light on, as it modulates the amplitude of the H i IM clustering 
(Masui et al. 2013; Pourtsidou et al. 2017; Wolz et al. 2021). 

In the previous subsection we described how we obtain the H i 
mass for each galaxy in our simulation from the cold gas derived by 
SAGE. This immediately gives us a prediction of the total abundance 
of H i by summing over all galaxies:�Í � 

�H i 1 � �H i,� 
ΩH i = = = 3.8 × 10−4 

�crit �crit �box (4) 
{= 2.7 × 10−4} , 

in which �crit is the critical density of the Universe. For the top value, 
we have followed our default choice of �mol = 0.4 (Equation 2) and 
the bracketed value corresponds to using Equation 3. 

MNRAS 000, 1–18 (2021) 
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One caveat for this prediction is that we are limited by the simu-
lation’s mass resolution. Although Figure 1 shows that the H i mass 
decays for lower halo masses, one needs to bear in mind that the halo 
mass function (HMF) grows rapidly for lower masses. In order to 
better understand this effect, we can compute the H i density param-
eter by integrating the HMF and H i–halo mass relation from a given 
minimum mass �min: 

1 
∫ ∞ d�(�h)

ΩH i (�min) = �H i (�h) d�h . (5)
�crit �min d�h 

We now explore how the H i density parameter is affected by the mass 
resolution in Figure 2. The black lines show the ΩH i obtained from 
the UNITsims empirical HMF and H i–halo relation (solid for Equa-
tion 2, dashed for Equation 3) for different mass cuts. We recover the 
value reported in Equation 4 for the case of �min = 1010.5 ℎ−1 M 
(considered the halo mass resolution limit of the simulations, per 
Section 2.1). 

As discussed in Section 2.2, there exists some theoretical uncer-
tainty on the relation between the H i mass and total mass of haloes. 
If we apply different �H i (�h) prescriptions to the same simulation, 
using Equation 5 we will naturally obtain a different ΩH i. This is 
precisely what the other solid lines in Figure 2 represent. 

Whereas for �H i,4 and the results derived from SAGE there are 
some hints of ΩH i converging already at �min ' 1010.5 ℎ−1 M , 
this is clearly not the case for �H i,1 and �H i,2. In order to avoid the 
inherent mass resolution limit of the UNITsims, we can use analytic 
HMF expressions computed with the public code HMFCalc3. Fol-
lowing the reference associated to each prescription, we use the Sheth 
et al. (2001) HMF for �H i,1 (Padmanabhan & Kulkarni 2017), the 
Watson et al. (2013) HMF for �H i,2 (more adequate for FoF halos 
used in Bagla et al. 2010) and the usual Tinker et al. (2008) spheri-
cal overdensity main halo mass function for �H i,3 & �H i,4 (Baugh 
et al. 2019; Spinelli et al. 2020). Combining these HMF with the ana-
lytic expressions of the �H i (�h) relation from those references, we 
show the H i density parameter ΩH i (�min) (dotted lines in Figure 2) 
for �min below the resolution of our simulations. 

As one would expect, for low halo masses, the four dotted lines 
converge to certain values, proving that there is no significant H i 
missed from halo masses below 108 ℎ−1 M . The fast flattening of 
the ΩH i,2 curve at �ℎ = 2.8 × 109 ℎ−1 M occurs because this 
prescription sets a minimum circular velocity that corresponds to 
that halo mass. The small differences we observe between the solid 
and dotted lines are a consequence of the differences between the 
cumulative mass function from the fitting formulas used and the one 
obtained directly from the UNITsims. 

In this subsection, we have reported the value we obtain for 
ΩH i (� = 1.321) in our simulation along with providing other esti-
mates in Figure 2 that represent the theoretical side of the uncertainty 
on ΩH i. Rao et al. (2006) set observational constrains on the abun-
dance of H i in the 1 < � < 1.5 range to be ΩH i = 8.7+−

3
3 
.
. 
0
6 × 10−4, 

represented by the horizontal band in Figure 2. Hence, our predictions 
given by Equation 4 for the prescriptions in Equation 2 and Equa-
tion 3 are 1.4� and 1.7� away from the observations, respectively, 
in no significant tension. Remarkably, all values reported in Figure 2 
for �min ≤ 1010.5 ℎ−1 M are within the 2-� interval around the 
observed data. 

Again, the ΩH i prediction may vary if the SAGE calibration or 
other parts of the pipeline were changed. Nevertheless, the impact of 

3 https://hmf.icrar.org/ (Murray et al. 2013) 

Figure 2. Inferred H i density parameter from simulations as a function of 
the minimum halo mass considered. The solid lines represent the different 
�H i (�ℎ) prescriptions shown in Figure 1 (same subscript notation) inte-
grated with the halo mass function of the UNITsims (Equation 5), including 
the prescription derived from the SAGE galaxies and using �mol = 0.4 (Equa-
tion 2). The dashed black line represents the H i obtained in UNITsims, when 
applying the Blitz & Rosolowsky (2006) prescription (Equation 3). The dot-
ted lines are the same �H i (�ℎ) prescriptions integrated with an analytical 
halo mass function (see text), for which we can reach lower masses. The 
black point indicates the H i density parameter obtained for UNITsims-SAGE 
galaxies for the resolution of the simulations and the default prescription 
(�mol = 0.4). This is the value used later in this work in the calculation of the 
brightness temperature in Section 3. We also include as an horizontal band the 
ΩH i measurements from Rao et al. (2006) performed at redshift 1 < � < 1.5. 

ΩH i on the H i-IM clustering would simply be a change in the am-
plitude and would not affect the conclusions drawn later in Sections 
3 & 4. The aim of this subsection was to estimate the theoretical 
uncertainty on ΩH i (� = 1.321) and to study the minimum mass at 
which ΩH i (�min) starts to converge. These estimates may be used 
in future H i works, where the detailed knowledge of ΩH i may be 
crucial, for example when taking into account detector noise and 
estimating SNR for a given experiment. Additionally, we find that 
our SAGE-UNITsims prediction hints to a convergence, that it is, in 
general lines, in good agreement with other theoretical curves and 
that it is not in significant tension with existing data. Hence, these 
tests serve as a further step of the validation of the simulations used 
here. 

3 H i INTENSITY MAPPING ANISOTROPIC CLUSTERING

In this section, we outline how we create simulated Intensity Maps 
(IM) from the simulated H i galaxies outlined in Section 2, and anal-
yse their clustering using isotropic and anisotropic two-point corre-
lation functions (2PCF). Moreover, we simulate two observational 
effects that impact the H i clustering: the telescope beam angular 
smoothing and foreground cleaning. 

3.1 Intensity maps

H i intensity mapping consists of integrating the entire signal of 
the redshifted 21-cm line in a given voxel of a chosen angular and 
frequency resolution. In our cubic simulation, we approximate those 
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voxels by cubic pixels4 of side � = 5 ℎ−1 Mpc. This is the typical 
size of pixels along the angular direction in this kind of analysis (e.g. 
Wang et al. 2020), although in reality the radial resolution is much 
greater; that is, we would expect a smaller �� . For this paper, we 
assume that the voxels are rebinned in the radial direction in order 
to obtain a similar resolution perpendicular and parallel to the line 
of sight (for example, Wolz et al. 2021 used �� ' 5 ℎ−1 Mpc). In 
practice, this means summing the H i mass of all the galaxies ( �) 
within each cell �: ∑ 
�H i,� = �H i, � . (6) 

� ∈ cell � 

This is equivalent to a Nearest-Grid-Point approach with weights 
proportional to the H i mass of each galaxy. In order to study the H i 
clustering, one would compute the H i mass overdensity �H i in each 
pixel: 

�H i,� 
�H i,� = − 1 , (7)

�̄ H i 

with �̄ H i being the average H i mass over all pixels. However, the 
observable for intensity mapping experiments is temperature vari-
ation Δ� , which is directly proportional to mass variation Δ�� = 

�H i,� − �H i. For simplicity, the total mass of H i is absorbed into ¯ 
¯the mean brightness temperature �b via the ΩH i parameter (Battye 

et al. 2013): 

�0 (1 + �)2 
�̄b (�) = 190 ΩH i (�) ℎ = 1.820 × 10−1 mK (8)

� (�)
so the final intensity maps are expressed as a function of the H i 
overdensity: 

¯Δ�� = �b�H i,� . (9) 

Here, we use the ΩH i derived from the UNITsims-SAGE catalogues 
(Equation 4). 

In order to visualise the intensity mapping technique, we show 
on the top row of Figure 3 the galaxy positions in one slice of the 
simulation box and, on the second row, the equivalent pixelised H i 
intensity map. 

3.2 Simulating the angular beam

The intensity mapping technique inherently implies an angular 
smoothing due to the telescope beam. For the case of an SKA1-MID 
21-cm intensity mapping program in single-dish mode, we obtain a 
smoothing angle of 

�FWHM = �/�dish ' 0.8(1 + �) deg (10) 

(see e.g. Villaescusa-Navarro et al. 2017), where � is the wavelength 
of the observation and �dish the diameter of the antenna’s dish. This 
translates to a comoving scale given by 

� (�) sin (�FWHM)
�beam = √ = 38.45 ℎ−1Mpc (11)

2 2 ln(2)

at � = 1.321. In later sections, we also consider an intermediate case 
of �beam = 10 ℎ−1 Mpc, which may be interpreted as a lower-redshift 
study or an observation with a larger dish. 

We assume that the telescope beam can be approximated to first 

4 Here, both pixel and voxel refer to 3D cells. The former with cubic Cartesian 
limits, the latter with spherical caps and angular cuts as their limits. 
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order by a Gaussian convolution. In order to apply this to the simu-
lations, we assign one of the axes of each box as the radial direction 
(�®k)5 and the other two as the ‘angular’ axes (�®⊥). We then move 
the galaxies along the angular axes with a 2D-Gaussian random (N ) 
number with a variance �2 = �2 

beam: 

�®smooth ®
k = �k � � (12) 

�®smooth ®⊥ x N � = �⊥, � = {�beam, �beam}

Where {�®smooth , �smooth} represent the new coordinates of a given ⊥ k
galaxy. When including the angular beam, this step must be per-
formed prior to the pixelisation described in Section 3.1. 

Alternatively, we also tried a direct 2D-Gaussian convolution to 
the intensity maps in order to incorporate the angular beam, obtaining 
identical results. However, we found that method less computation-
ally efficient than the particle-based method explained above. 

We can visualise on the last 3 rows of Figure 3 how increasing 
the telescope beam affects the intensity maps. We see that on the 
[�,� ] plane, which is considered the angular one, the structures are 
significantly smoothed out. On the [�, �] plane, we see again the 
structures being smoothed along the � -axis, but remaining along the 
� (radial) axis. 

3.3 Simulating foreground removal

One of the challenges of performing precision cosmology with IM is 
the presence of foregrounds that emit signals at the same observer-
frame frequency as H i. One example is the Galactic synchrotron 
radiation produced by the radial acceleration of charged relativistic 
particles which can have a flux several orders of magnitude greater 
than the H i (Alonso et al. 2014; Cunnington et al. 2019). 

The most robust techniques to remove the foregrounds are based 
on the knowledge that foregrounds emit a spectrum that is smooth 
in frequency, whereas the cosmological clustering of H i provides an 
fluctuating component to the total observed spectrum. However, the 
largest-wavelength Fourier modes of the cosmological signal are in-
terpreted as a smooth signal and are removed by these methods. This 
results in an effective scale 2�/�FG above which the observed cosmo-
logical signal is exponentially suppressed along the radial direction 
(e.g. �-axis). Following Soares et al. (2021), this scale depends both 
on the foreground removal method itself (characterised by � k) and 
the radial length of the survey considered (��): 

2� 
�FG = � k . (13)

�� 

We consider � k = 2, approximately emulating a FastICA method 
with �IC = 4 independent components removed. We consider two 
cases with �� = 3450 ℎ−1 Mpc and �� = 300 ℎ−1 Mpc, corre-
sponding to the full SKA range 0.35 < � < 3 and a small red-
shift bin 1.1 < � < 1.3, giving �FG = 3.64 × 10−3 ℎMpc−1 and 
�FG = 4.19 × 10−2 ℎMpc−1, respectively. 

In order to apply this effect to our grid of temperature fluctuations, 
we first apply a 1D fast Fourier transform to each radial line of pixels: 

� � f ∑ −2� � � k � k
Δ� �� (� k) = Δ��� (� k) exp ∀�, � ∈ {1, ..., �} ,

� 
�k

5 Even though �®k is one-dimensional, we add the vector symbol to distin-
guish displacement vectors (�®k ) from their modulus �k = | ®�k |. 
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Figure 3. We show two 5 Mpc/ℎ-deep slices of one of the simulation boxes (UNITSIM1): one showing the [�, � ] plane (left) and one showing the [�, � ] plane 
(right). On the top panels we show the position of the galaxies with a size proportional to their H i-mass. On the second row, we show the pixelised H i intensity 
maps. On the third and fourth rows, we show the same intensity maps after applying an angular smoothing on the [�, � ] plane with length � = 10Mpc/ℎ and 
� = 38Mpc/ℎ, respectively. 
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(14) 

in which indices �, � run over the angular plane (e.g. {�,� }) and 
� = 200 is the number of grid points along each direction. We omit 
these indices in later equations for simplicity. 

Once we obtain Δf� (� k), we can attenuate the largest scales using 
a transfer function fitted in Soares et al. (2021) to full foreground + 
foreground-removal simulations: " #� �2� k
� (� k) = 1 − exp − . (15)

�FG 

After multiplying by the transfer function, we transform back to 
configuration space to obtain the attenuated intensity maps: �∑ � 2��� k � k
Δ�FG (� k) = Δ� �� (� k) � (� k) exp . (16)f 

�� � 
� 

3.4 HI Clustering

Isotropic 2PCF � (�)

In the previous subsections we described how we build intensity 
maps from our galaxy catalogues and add the observational effect 
of the angular beam and the foreground subtraction process. We 
now analyse the 2-point correlation function of these intensity maps, 
which is defined as D E 
� ( |®� |) = Δ� (�®) Δ� (�® + ®�) , (17) 

where h·i represents the average of all positions �® and all orientations 
of �®. In practice, the average is performed over all pairs of pixels 
separated by a distance � = |®� |, within a bin width (�� − Δ�/2 < � < 
�� + Δ�/2) that we set to Δ� = 5 ℎ−1 Mpc.= �cell 

Anisotropic 2PCF � (�⊥, � k)

Even though this study focuses on real-space clustering (hence we 
do not expect any cosmological anisotropy), the observational effects 
described in Section 3.2 & 3.3 will affect the radial and angular 
distances differently. For that reason, we will put the focus of this 
work on the anisotropic 2-point correlation function, defined in an 
analogous way: D E 

® ®� ( |®�⊥|, |®� k |) = Δ� (�®⊥, �k) · Δ� (�®⊥ + ®�⊥, �k + ®� k) . (18) 

The average h·i is still performed over all pairs of pixels, but we now 
bin the results in two distances �⊥ = |®�⊥|, � k = |®� k | with the same 
bin width Δ� . We ran the anisotropic 2PCF over the four UNITsims 
boxes, and consider three different orientations in which each axis 
(�,�, �) is chosen as the radial one for each case. This gives us 12 
different 2PCFs, over which we average for the remaining figures in 
this paper. In some occasions, we also show error bars corresponding 
to the standard deviations of the 12 2PCFs, but we note that these 
error bars are not representative of any experiment. This is due to 
the different orientations not being completely independent, but also 
to the nature of the UNITsims that are constructed with reduced 
variance and paired initial conditions (see discussion in Section 2.1). 
However, the relative size of the error bars of different estimators 
can give us an idea of how much signal is lost by applying certain 
geometrical cuts or projections. 

In Figure 4 we can see the nine anisotropic two-point func-
tions obtained in this work, for the combinations with �beam = 
{0, 10, 38} ℎ−1 Mpc and �FG = {0, 3.64, 41.9} × 10−3 ℎMpc−1. On 
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the top left panel, we show the 2PCF for the purely cosmological case 
(without telescope beam or foreground-removal effects), where BAO 
can be seen as a ring at � = (�⊥2 + �2)1/2 ' �BAO ' 103 ℎ−1 Mpc.k
We find the signal to be almost entirely isotropic, with only some 
small artifacts along the �⊥ = 0 axis, which likely come from a grid 
effect. We note that, along that axis, there are fewer pairs of pixels to 
average over, as angular distances are computed in 2D, whereas the 
radial one is one-dimensional. 

The other two plots in the top row show the 2PCF for the cases 
where we have applied a mild (�beam = 10 ℎ−1 Mpc) and a large 
(�beam = 38 ℎ−1 Mpc) telescope beam. We observe how the signal is 
progressively smoothed along the �⊥-axis for larger �beam, affecting 
all � (�⊥, � k) values, making the BAO feature dimmer and with two 
strong lobes appearing along the � k = 0 axis. We additionally mark 
two orientations at � = 0.7 and � = 0.3 (see Equation 20) that will 
be used later as a �min-cut in order to isolate the BAO. 

In a similar way, the two bottom panels of the left column of Fig-
ure 4 represent the effect of foreground cleaning, parametrized by 
�FG. The middle panels have �FG = 3.64 × 10−3 ℎMpc−1, which is 
likely to be closer to the expected value for an SKA MID-1 observa-
tion, whereas the lower-left plot considers a more pessimistic value 
of �FG = 4.19 × 10−2 ℎMpc−1. As we can see, the effect is much 
more localized and only affects a wedge of scales around the purely 
radial axis (�⊥ ∼ 0), strongly suppressing the 2PCF, but leaving most 
of the plane intact. As expected, the effect becomes stronger for larger 
�FG and we consider an orientation �, represented by the white lines, 
that marks the region most affected, as we will see in subsection 4.1. 

Finally, the four remaining panels in Figure 4 consider the com-
bined effect of both contributions, where we can see how both effects 
couple together. When �beam = 10 ℎ−1 Mpc, all plots are similar to 
�beam = 0, with a slightly more blurred BAO feature. For the largest 
beam, �beam = 38 ℎ−1 Mpc, all the scales are strongly blurred, and 
the BAO feature becomes very subtle. 

Figure 4 is a good starting point for analysing BAO recovery, as 
it demonstrates observational effects separately in each dimension. 
Equipped with the intuition that the BAO peak is still there, even for 
the strongest observational effects, in Section 4 we will analyse two 
families of methods (radial and �−wedges) to isolate the feature. 

2PCF Multipoles �� 

First of all, we remind the reader that all the anisotropy studied 
here comes from the observational effects of the foreground removal 
and the telescope beam; that is, we have not applied redshift-space 
distortions or Alcock–Paczynski effects (Alcock & Paczynski 1979). 
It is important to quantify these observational effects that are intrinsic 
to H i intensity mapping so that we are aware of them when we 
compare anisotropic clustering analysis of H i IM to spectroscopic 
galaxy survey analysis (Blake 2019; Cunnington et al. 2020a). 

As a standard procedure, we expand the anisotropic correlation 
function � (� k , �⊥) in an orthogonal basis of Legendre polynomials: ∑ � � 
�ℓ (�) = (2ℓ + 1) � �⊥(�, �), � k (�, �) Lℓ (�) Δ� , (19) 

� 

in which we use Δ� = 1/32, where we have checked that conver-
gence is reached. The conversion from Cartesian (� k , �⊥) to polar 
coordinates (�, �) is done with √ 
� = �2 + �⊥2 , � = 

� k
. (20)k � 

For completeness, we note that � is the cosine of the angle � = 
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Figure 4. Anisotropic two-point correlation functions � (�k , �⊥) considering all nine possible combinations of the telescope beam and the foreground-removal 
effects considered in this work: �beam = {0, 10, 38} ℎ−1 Mpc ⊗ �FG = {0, 3.64, 41.9} · 10−3 ℎ Mpc−1 . The 2PCF is multiplied by �2 to highlight the large 
scales. The four quadrants of each subplot are identical mirrored replicas, but are found very helpful for visualising the BAO and other features, and are commonly 
found in the literature when representing the � (�k , �⊥) functions. The white lines mark limits in � = �k/� considered in Section 4. 

arctan(� k/�⊥) with respect to the line of sight. Whereas we will not 
use this variable here, it is sometimes referenced in the literature. 
For the case of H i IM with foreground removal and a telescope 
beam, following the theoretical model in Cunnington et al. (2020a); 
Soares et al. (2021), all even multipoles would be non-vanishing, 
but with decreasing relevance for higher ℓ. Here, we will consider 
the monopole (ℓ = 0), the quadrupole (ℓ = 2) and the hexadecapole 
(ℓ = 4), which are the ones broadly studied in the literature, since 
they are the only non-zero multipoles for galaxy clustering under the 

Kaiser approximation (Kaiser 1987). The expressions for the three 
first even Legendre polynomials are: 

3�2 − 1 35�4 − 30�2 + 3 L0 (�) = 1 ; L2 (�) = ; L4 (�) = .
2 8 

(21) 

All multipoles we consider are represented in Figure 5, following 
the same structure in columns and rows as Figure 4. For the case 
where neither the telescope beam nor the foreground-removal effects 
are considered, the signal is isotropic and, hence, the quadrupole and 
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hexadecapole are consistent with �2 = �4 = 0. As we increase either 
of the effects, the signal starts propagating to the other multipoles. 
Remarkably, a BAO signal can also be appreciated in the quadrupole 
for most cases, and sometimes the hexadecapole too. This is caused 
by cosmological information being propagated from the monopole to 
higher multipoles due the mixing of modes performed by the angular 
smoothing. 

As a remark, the monopole represented in Figure 4 and computed 
with Equation 19 is equivalent to the isotropic 2PCF computed with 
Equation 17 besides pixelisation effects, which are negligible at the 
scales of interest. The effect of the beam on the monopole has been 
studied also in Villaescusa-Navarro et al. (2017) and Kennedy & Bull 
(2021), finding similar results. The recent work of Kennedy & Bull 
(2021) also studies the effect of both �beam and �FG in the monopole 
and quadrupole. The latter results are similar to what we present in 
Figure 4 for the monopole, whereas there are obvious differences 
for the quadrupole, but these are expected since that work is done 
in redshift space. Nevertheless, one common finding is that there is 
BAO signal in ℓ > 0 multipoles. A more direct comparison should 
be done in future works. 

4 SEARCHING FOR THE BAO SIGNAL

In this section, we study several methods to isolate the BAO signal 
that was seen in then anisotropic 2PCF � (�⊥, � k) in Section 3 . 

4.1 �-wedge 2PCF

As we already hinted in the previous section, given the circular 
shape that is seen in Figure 4, even for the strong cases of observa-
tional effects, one natural way to isolate BAO would be to compute 
a �-wedged 2PCF. This means we average over bins with the same√ 
� = �⊥

2 + �2 and discard measurements with values of � (see Equa-k
tion 20) heavily affected by the aforementioned effects. For that, we 
define the �-wedge 2PCF as ∑ 1 
��min<�<�max (��) = � (�⊥, � k) , (22)

�� 
�� − Δ 

2 
� <� <�� + Δ� 

2 
�min<�<�max 

where �� is the number of � (�⊥, � k) pixels that meet the � cuts and 
belong to the � bin with center at �� and width Δ�. Note that in the 
case with �min = 0 and �max = 1 we would recover the monopole. 

�min for the telescope beam

We first consider the effect of the telescope beam in isolation (i.e. 
�FG = 0) for �beam = 10 ℎ−1 Mpc and �beam = 38 ℎ−1 Mpc. Given 
that the telescope has a greater effect when � is low (i.e. small � k , 
thus large �), we do not consider an upper cut in � (i.e. �max = 1), 
but we let �min vary and demonstrate the effect this has on results in 
Figure 6. 

For the �beam = 10 ℎ−1 Mpc case, we find a clear BAO signal that 
gets sharper as we increase the angular cut. This means that the more 
stringent the constraint we place on �, the more we reduce the effects 
from the beam. For the larger telescope beam (�beam = 38 ℎ−1 Mpc), 
similar results are found, but the BAO peak is subtler, as the shape 
of the 2PCF has changed significantly. For this case, although no 
convergence is reached, the shape and amplitude start to show some 
stabilisation around �min = 0.7. One could be tempted to put a very 
high �min to obtain a more prominent BAO, but this means removing 

a large amount of the signal and hence increasing the size of the error 
bars, as we will see in the following subsections. In the remainder 
of this paper we will consider �min = 0.7 and �min = 0.3 to probe 
both the case with a more prominent peak and the case with smaller 
uncertainty on the 2PCF. These �min cuts are shown by the white 
lines in Figure 4. 

�max for foregrounds

The foreground-removal method damps the signal when close to the 
line-of-sight, as can be seen in Figure 4. In order to perform an 
analysis analogous to the previous subsection, we take � < �max 
cuts, avoiding the wedge near the radial axis (�⊥ ' 0, � ' 1). 

In Figure 7 we represent the recovered �-wedge correlation func-
tions considering �FG = 3.64×10−3 and �FG = 4.19×10−2 ℎMpc−1 

for �beam = 0, for different �max and a fixed �min = 0. As we can see, 
the BAO signal is always recovered regardless of �max. The effect 
of the choice of �max is generally small, with the exception that the 
monopole is found offset (especially for �FG = 4.19×10−2 ℎMpc−1) 
with respect to the rest of curves. This is because the negative con-
tribution from the � ' 1 region drags all the monopoles down. 
We searched for the minimal �max that is able to remove this ef-
fect, finding �max = 0.98 and 0.85 for �FG = 3.64 × 10−3 and 
�FG = 4.19 × 10−2 ℎMpc−1, respectively. These �-cuts are repre-
sented as white lines in Figure 4, where they are shown to clearly 
avoid the most obviously foreground-affected regions. The 2PCF 
wedges with the optimal �max are represented by the violet dot-
dashed line in Figure 7, showing that these cuts are sufficient to 
de-bias most of the foreground effect. Nevertheless, in terms of BAO 
recovery it is not clear at this stage the necessity to perform any upper 
cut on �. 

For the strong foreground case (�FG = 4.19 × 10−2 ℎMpc−1) we 
also notice that the BAO becomes slightly sharper as we put tighter 
cuts on �. However, this latter effect is very mild effect and unlikely 
to be beneficial if one considers the loss of signal. 

�min < � < �max for combined effects

In this part, we analyse the �-wedge 2PCF for the combination of both 
the angular beam and foreground-removal effects in our simulated 
cosmological signal. Similar to the figures in Section 3, we show 
all combinations of �beam = {0, 10, 38} ℎ−1 Mpc (columns) and 
�FG = {0, 3.64, 41.9} · 10−3 ℎMpc−1 (rows) in Figure 8. 

For the case without any observational effect (upper-left) we do 
not consider any cut in �, resulting simply in the monopole. In the 
presence of angular smoothing (�beam > 0), we consider the two 
�min values discussed above (0.3 and 0.7). For each foreground-
removal case, we consider respective maximum orientations of 
�max = 1, 0.98, 0.85, as also discussed above. 

For most cases, the BAO signal is clear in all the curves. However, 
when we inspect the �beam = 38 ℎ−1 Mpc cases, the BAO signal 
becomes subtler, especially for the monopoles. Nevertheless, we can 
recover a feature at the BAO scale when we impose �min = 0.3, 
which becomes more prominent for �min = 0.7. In the presence of 
foregrounds, whilst �max does not help to sharpen the BAO feature, 
it does help to recover a positive 2PCF, closer to the original purely 
cosmological signal (top-left). 

In general, we find that for different combinations of �beam and 
�FG, the different �min and �max proposed earlier can help us recover 
a sharper BAO and partially de-bias the 2-point correlation function. 
In Section 4.3 we focus on the more realistic SKA-like case (�beam = 
38 ℎ−1 Mpc, �FG = 3.64 × 10−3 ℎMpc−1), and compare the BAO 
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Figure 5. Representation of the first three even multipoles: monopole �0 (� ) , quadrupole �2 (� ) and hexadecapole �4 (� ) . The 2PCF is multiplied by �3 to 
highlight the large scales. We show all nine possible combinations of the telescope beam and foreground-removal effects considered in this work: �beam = 
{0, 10, 38}ℎ−1 Mpc ⊗ �FG = {0, 3.64, 41.9} · 10−3 ℎ Mpc−1. The vertical dashed line represents the comoving size of the BAO �BAO = 103ℎ−1 Mpc expected 
for this cosmology. 

recovery to the purely radial method, which we explain below. For 
that case, we will also show the error bars of each estimator. 

4.2 Radial 2PCF

Integrated radial 2PCF

In previous sections we found that the angular smoothing caused 
by the telescope beam is the dominant effect in erasing the BAO. 
For this reason, Villaescusa-Navarro et al. (2017) proposed to only 
consider the radial scales � k (that work focuses on Fourier space), 
when looking for BAO in the SKA H i intensity mapping program. 
Using the anisotropic 2PCF computed in Section 3, we can compute 
a purely radial 2PCF by averaging over the angular coordinate: 

�⊥∑ 1 
� (� k) = � (�⊥, � k) , (23)

�⊥ �⊥

in which �⊥ = �⊥,max/�grid is the number of angular pixels we 

average over. In this work, we initially consider this integrated ra-
dial 2PCF with a maximum separation of �⊥,max = 150 ℎ−1 Mpc, 
matched to the limits of Figure 4. In fact, this new estimator may 
be seen as a simple sum over the �-axis of that figure, keeping the 
vertical one as the remaining axis. 

This estimator can be viewed as complementary to the projected ∫ 
correlation function �� (�⊥) = � (�⊥, � k) d� k , often used in ‘halo 
occupation distribution’ analysis to integrate out the effect of redshift-
space distortions (see e.g. Avila et al. 2020). Hence, it could a priori 
be similarly used here to integrate out the effect of the telescope 
beam. 

Following the format of previous sections, we compute this corre-
lation function for the different combinations of �beam and �FG, and Í150show them in Figure 9 with the �⊥ � label. We find that the BAO 
is visible in most combinations, but not very prominent, even with 
the lack of observational effects. We find, indeed, this estimator quite 
insensitive to �beam for the cases �FG = 0 and 3.64 × 10−3 ℎMpc−1, 
showing its capability to integrate out the effect of the telescope 
beam, at least partially; for the largest �FG, the coupling between 

MNRAS 000, 1–18 (2021) 



12 S. Avila, B. Vos-Ginés et al. 

Figure 6. �-wedge 2PCF for a fixed �max = 1 and a varying �min as indicated 
in the legend. The left-hand panel takes �beam = 10 ℎ−1 Mpc, while the right-
hand panel takes �beam = 38 ℎ−1 Mpc. In particular, we select � > 0.3 and 
� > 0.7 for a more detailed analysis. See the angular cuts marked as white 
solid lines in Figure 4. 

Figure 7. �-wedge 2PCF for a fixed �min = 0 and varying �max as indicated 
in the legend. On the left we consider �FG = 3.64 × 10−3 ℎ Mpc−1, while on 
the right �FG = 4.19 × 10−2 ℎ Mpc−1. The violet dash-dotted curves show 
the minimal �max that is able to remove the foreground-cleaning effect. This 
optimal �max is tuned for each �FG and they are marked as white solid lines 
in Figure 4. 

radial and angular effects seem to affect the integrated radial 2PCF 
for different �beam differently. 

We also find that the BAO feature is displaced to lower values 
due to contributions at � ' �BAO with �⊥ > 0 and �2 ' �2 

⊥.k BAO − �
2 

Nevertheless, this does not necessarily imply a bias in the BAO 
recovery, as long as the theoretical model used to fit the (simulated) 
data is able to account for it. 

For the discussion of the different radial functions discussed in 
this subsection, we found it relevant to include error bars to all lines 

in Figure 9 computed as the standard deviation of the 12 combina-
tions given by the four boxes and three orientations (see discussion 
below Equation 18). We find that the error bars associated with the 
integrated radial 2PCF are very small. Hence, even if the feature is 
less prominent, it is also a promising tool for BAO recovery. 

1D radial 2PCF

The estimator proposed in Villaescusa-Navarro et al. (2017) uses 
a 1D radial power spectrum, which is conceptually different to the 
previous integrated method. Following their definition in Fourier 
space, we define the 1D radial 2PCF in configuration space as:D E 

® ®
∀�®⊥

�1D ( |®� k |) = Δ� (�®⊥, �k) · Δ� (�®⊥, �k + ®� k) , (24) 

where the average is performed over all lines of sight �®⊥, where for 
each line of sight, all pairs of pixels separated by a distance � k = |®� k |
contribute. In this case, each line of sight is given by the pixelisation 
described in Section 3.1 with �grid = 5 ℎ−1 Mpc and we use again 
Δ� k = 5 ℎ−1 Mpc, which simplifies the computations. 

We also represent this estimator in Figure 9 (1D) for all combi-
nations of observational effects. We find that this estimator shows 
a very prominent BAO feature, but at the same time it can be very 
noisy, especially when no angular smoothing is applied. 

3D radial 2PCF

In search for something less noisy than the 1D radial correlation and 
with a more prominent BAO feature than the integrated radial 2PCF, 
we define the following estimator: D E 
��⊥,max (� k) = Δ� (�®⊥, �®k) · Δ� (�®⊥ + ®�⊥, �®k + ®� k) , 

�⊥<�⊥,max 

(25) 

where we average over all pairs of pixels that are separated by a given 
� k with a maximum angular separation (�⊥ ≡ |®�⊥|< �⊥,max). 

This estimator is related to the integrated radial function, but it is 
not exactly the same. If we used the same �⊥,max for both estimators 
and introduced a weight in Equation 23 proportional to the number 
of pairs of Δ� pixels that enter in each �⊥ bin, we would recover the 
��⊥,max (� k) estimator. However, the latter may be computed directly 
from the Δ� grid very efficiently, and the same code can be used to 
obtain the 1D estimator by using �⊥,max = 0. 

Additionally, these related estimators can give us different infor-
mation. Following the analogy between the integrated radial 2PCF 
and the projected correlation (��), the ��⊥,max (� k) estimator (Equa-
tion 25) could be interpreted as the reciprocal to the angular correla-
tion function �(�) of a tomographic �-bin in a galaxy sample. 

In Figure 9 we plot the ��⊥,max (� k) estimator for �⊥,max = 

{25, 50, 100, 150}ℎ−1 Mpc (also for �⊥,max = 0, but we refer to 
this one as the 1D correlation). We see that by increasing �⊥,max we 
reduce the noise in the correlation with respect to the 1D case, but 
at the same time, the BAO feature becomes less prominent, nearly 
disappearing for some of the configurations. Following the previous 
analogy, this is equivalent to increasing the width of a redshift bin 
when studying the BAO in the angular correlation function (�(�), 
e.g. Sánchez et al. 2011). 

4.3 BAO in a SKA-like configuration

In the previous subsections we studied a variety of different meth-
ods aimed at isolating the BAO for different combinations of tele-
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Figure 8. �-wedge two point correlation functions recovered using all nine combinations of the telescope beam and foreground-removal effects. We consider 
the monopole (0 < � < 1) compared to different combinations of �min = 0, 0.3, 0.7 and �max = 1, 0.98, 0.85 adapted to the different cases as discussed 
in the text. Following the legend, black solid lines represent the monopole, coloured lines always consider a �min > 0 cut, and all dotted and dash-dotted lines 
consider a �max < 1 cut. The vertical dashed line represents the comoving size of the BAO, �BAO, expected for this cosmology. 

scope beam size and foreground-cleaning effects. Here we compare usual Hankel transform to obtain the model 2PCF: 
the most promising estimators for the case considered to be the ∫ ∞most representative of a future SKA intensity mapping experiment: 

2 
�

� 

2

2 �0 (��) �
2 

= 38 ℎ−1 Mpc, �FG = 3.16 × 10−3 ℎMpc−1 �2 
H i �EH (�) d� �nw (�) = 

� �beam 0. ��To better highlight the BAO feature, we subtract from our simula- ∫ 1 
 

 
−�2 �2 1 − �2 

beamtion’s 2PCF a model without BAO (referred to as a non-wiggle, "nw" d� . (26)× exp 
2model) derived from the Eisenstein & Hu (1998) power spectrum 0 

obtained with camb6. We include a free linear bias parameter �H i, 
an angular beam following Cunnington et al. (2020a), and apply the Note that this computation, for the sake of simplicity, corresponds to 

the monopole and does not include the effect of foreground cleaning 
or any of the geometrical tricks described in this paper. We find that 
this template works well to highlight the BAO in Figure 10 and we 
leave a more detailed and precise model fit for future work. We also 
note that this type of non-wiggle template is typically accompanied 
by several power-law terms that remove non-BAO-like residuals (e.g. 
Dark Energy Survey Collaboration et al. 2019). 

In Figure 10 we find that the BAO feature is visible for all the lines, 
6 https://camb.info/sources/; Lewis & Bridle (2002). even for the monopole (black), which is the simplest estimator for the 
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Figure 9. Radial two-point correlation function with different definitions used in Section 4.2 for all the combinations of telescope beam sizes and foreground-
removal effects. The black lines represent the integrated radial 2PCF, with purple lines the 1D radial 2PCF, and the remaining lines the 3D radial 2PCF with 
different �⊥,max, as indicated in the legend. In this figure, we also include a band around each line representing their standard deviation. The vertical dashed line 
represents the comoving size of the BAO, �BAO, expected for this cosmology. 

Í1502PCF. We see that the integrated radial correlation function ( �⊥ � k) 
smooths out the BAO too much, whereas the radial functions with 
a mild �⊥ allowance (< 50 or < 25) work much better in getting a 
sharp BAO. These functions, however, have a large noise level: the 
smaller the �⊥,max, the sharper but noisier the BAO feature is. On the 
other end, the �-wedge 2PCF have tighter error-bars but with a less 
prominent peak. Out of the latter, the most promising wedge seems 
to be the 0.7 < � < 1 curve (blue). A more quantitative study will 
need to be done in the future to determine how the trade-off between 
sharpness of the BAO, uncertainty on the 2PCF, and possible biases, 
is reflected in the final determination of the BAO distance �BAO.Í150A simple visual inspection seems to indicate a bias of the �⊥ � k
estimator (orange) toward lower values of the BAO peak and of the 
�max = 0.98 wedges (yellow and green) toward larger values for 
the BAO feature. However, this could be easily due to the different 
integration and projection effects, or the choice of representation for 
the �-axis (with × �3). Once a more detailed and accurate model is 
constructed for these estimators, it should capture all these effects. 

Hence, when fitting for BAO using a template based in those models, 
the possible biases in the �BAO should go away. 

To sum up, we find that all the curves proposed here have the po-
tential to be a good tool to detect BAO with SKA. We emphasise the 
potential of the �-wedges (for the first time studied in the context of 
IM) and on the 3D radial 2PCF introduced here. However, we leave 
for future work a more quantitative comparison of the different meth-
ods once a theoretical model is constructed and validated for those 
estimators, together with a covariance and fitting pipeline. Addition-
ally, the choice of the best method may depend on the �beam and �FG 
parameters. Whereas here we focused on a SKA-like experiment, it 
would be interesting to study other cases that may be more suited for 
other experiments. 

5 SUMMARY AND CONCLUSIONS

In this work we analysed the H i intensity mapping clustering by 
measuring different types of two-point correlation functions from 
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Figure 10. Summary of different 2PCFs proposed for an SKA-like case 
(�beam = 38 ℎ−1 Mpc and �FG = 3.64 × 10−3ℎ Mpc−1). In this plot, we 
subtracted the non-wiggle model �nw defined in Equation 26 from the dif-
ferent 2PCF estimators in order to highlight the BAO signal. We include 
the monopole (dashed), four different �-wedges (solid), the integrated radial 
2PCF and the 3D radial 2PCF with different �⊥,max (all radial functions in 
dotted lines). 

simulations. We focused on the anisotropy induced by the telescope 
beam and the foreground removal techniques, and on studying dif-
ferent techniques to recover the BAO. 

For that, we used the � = 1.321 snapshot of the UNIT simulations, 
a suite of four 1 ℎ−1 Gpc boxes that uses the Fixed & Pair technique 
in order to enhance the effective volume to ∼150 ℎ−3 Gpc3 (Chuang 
et al. 2019). Additionally, these simulations have had the SAGE semi-
analytic model of galaxy formation run on them (Croton et al. 2016; 
Knebe et al. 2021), giving a galaxy catalogue that includes cold gas 
masses, from which we derive H i masses using prescriptions based 
on Baugh et al. (2004) (Equation 2, default) and Blitz & Rosolowsky 
(2006) (Equation 3). From these simulations we studied the H i– 
halo mass relation, finding a similar curve to other ones proposed 
in the literature. With those two prescriptions we made a prediction 
for the total H i abundance — ΩH i (� = 1.321) = 3.8 × 10−4 & 
ΩH i (� = 1.321) = 2.7 × 10−4 , respectively — and discussed how 
the simulation mass resolution or the uncertainty in the H i–halo 
relation could affect this value. All the values found are within 2-� 
of the observational measurements by Rao et al. (2006). 

We then described in Section 3 the methodology used to create 
H i intensity maps and the methods to simulate (in an approximate 
but fast way) the addition of observational effects produced by the 
telescope beam and foreground cleaning. These maps were then 
analysed by means of the anisotropic 2-point correlation function, 
� (�⊥, � k), for different combinations of observational effects (� = 
{0, 10, 38}ℎ−1 Mpc ⊗ �FG = {0, 3.64, 41.9} × 10−3ℎMpc−1). 
We found these 2PCFs crucial in understanding the impact of the 
observational effects, as they affect the distances parallel (� k) and 
perpendicular (�⊥) to the line of sight very differently. We find that, 
whereas the effect of foregrounds tend to be very localised close to 
the line of sight, the effect of the beam can affect all scales, specially 
for the larger beam size considered (expected for SKA at � = 1.321). 
Nevertheless, the BAO signature is still apparent in all those cases. 
This is the first study that looks at these effects with the � (�⊥, � k)

2PCF computed on simulations. In parallel, an independent team 
studied the same function [� (�⊥, � k)] from the theoretical modelling 
side. Their results were recently published (Kennedy & Bull 2021) 
and simple visual comparison yields an excellent agreement. More 
direct and quantitative comparison will be pursued in future studies. 

Based on the apparent BAO signal in the anisotropic 2PCF, in 
Section 4, we explored different summary 2PCFs able to isolate the 
BAO signal. We studied a �-wedge 2PCF bounded by a �min and 
�max that can be tuned to avoid the orientations heavily affected 
by the observational effects. This 2PCF is compared against the 
reference monopole with �min = 0 and �max = 1. We find that 
foregrounds cause a general lowering of the 2PCF that can be mostly 
corrected by setting �max = 0.98 and 0.85 for �FG = 3.64 and 
41.9 × 10−3 ℎMpc−1 , respectively. However, the BAO peak seems 
unaffected by foregrounds. For the beam effect, we find that the BAO 
feature progressively sharpens as we increase �min. For the larger 
beam size (�beam = 38 ℎ−1 Mpc), we may need to consider a cut as 
drastic as �min = 0.7. 

We also studied a family of radial correlation functions. On oneÍ150end, we studied the integrated radial function �⊥ �, in which the 
BAO is mostly removed due to the smoothing performed over such 
a wide range of scales. On the other end, we measured the 1D ra-
dial correlation function motivated by the 1D radial power spectrum 
proposed in Villaescusa-Navarro et al. (2017), in which a very sharp 
but noisy BAO feature is found. We then find a middle ground on a 
3D radial correlation function with a maximum angular separation 
given by �⊥,max = 25 or 50 ℎ−1 Mpc. 

Finally, we compare all the proposed summary 2PCF in Fig-
ure 10 for the case most representative of an SKA1-MID H i 
intensity-mapping survey with �beam = 38 ℎ−1 Mpc and �FG = 
3.64 × 10−3 ℎMpc−1. We find that all the proposed 2PCFs show 
a clear BAO feature with different levels of prominence and uncer-
tainty. 

We leave for future work the theoretical modelling and statistical 
analysis required to determine which of those estimators can provide 
the most accurate and precise measurements of BAO and cosmo-
logical parameters. Kennedy & Bull (2021) performed a statistical 
analysis for redshift-space H i IM multipoles based on theoretical 
models for a MeerKLASS-like experiment, which is very comple-
mentary to this work. Whereas here we studied the H i clustering in 
real space in order to highlight the effect of the instrumental effects 
on the anisotropy, implementing redshift-space distortions would 
be straightforward. Combined analyses of simulations and models 
should follow up on the aforementioned paper and this work. 

In the next few years, a number of experiments will measure the 
clustering of H i via intensity-mapping programs. We remark that 
some of them will have milder telescope beams and, hence, the 
detection of BAO will simplify significantly. SKA operations are a 
decade away and, in the meantime, we expect to refine many of the 
techniques to improve our analysis techniques. The detection of BAO 
with H i IM will be a milestone in the maturity of this field as it was in 
the field of galaxy surveys two decades ago. Nevertheless, this is only 
a step towards unveiling the real potential of the H i IM, which will 
be able to probe unexplored scales close to the size of the observable 
Universe. 
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APPENDIX A: THE �H i (�� ) RELATION:
CENTRAL-SATELLITE SPLIT AND NEW ANALYTICAL
FITS

In Figure 1, we presented a 2D heat-map histogram of the halo masses 
�ℎ and the total H i mass �H i in each halo as found in the SAGE-
UNITsims catalogues. We also represented in black lines the mean 
H i mass in each halo mass bin [�H i (�ℎ)]. 

In this Appendix, in Figure A1, we split the H i contribution com-
ing from central and satellite galaxies, as it is typically done in Halo 
Occupation Distribution (HOD) studies. We perform this analysis for 
both the �mol = 0.4 (Equation 2, left) and the Blitz & Rosolowsky 
(2006) (Equation 3, right) H i prescriptions. 

In order to make this HI HOD information more useful for the 
community, we have fitted analytical curves to the SAGE-UNITsims 
results. In these fits we have discarded the points that seem affected 
by resolution effects: the first 2 points for the centrals and the first 5 
points for the satellites. 

For central galaxies we use 

" !# � �� 
1 log�ℎ − log�0 − �ℎ 

h�H i, cen (�ℎ)i = 1 + erf · �H i � 
�0 ,

2 � 

(A1) 

where the first part (up to "·") corresponds to the standard 5-parameter 
HOD model (Zheng et al. 2005) and we introduce a second part to 
better fit h�H i, cen (�ℎ)i. This new part contains a normalisation 
factor (�H i) and an exponential damping that suppresses the H i 
occupation at large halo masses (see subsection 2.2 for a discussion 
on the physical interpretation of this suppression). The parameters 
�0, �, �H i and � are fitted to the results from SAGE-UNITsims 
and their best fit values are shown in Table A1. 

We do something similar to fit the HI HOD satellite component. 
We use the following function: 

!� " !# 
�ℎ − �0 1 log�ℎ − log�0h�H i, sat (�ℎ)i = · 1+erf � /ℎ . 
�1 2 � 

(A2) 

Again, we start by including the standard power-law (the part 
before the "·" corresponds to Zheng et al. 2005), whereas in the 
second part we introduce a smoothing factor that, in this case, helps 
fitting the low-mass end. The best fit value for the �0, �1, � and 
� parameters are also shown in Table A1. Note that, whereas some 
parameters are called the same in Equation A1 and Equation A2, they 
are treated independently to fit separately the central and satellite 
HOD. 

One feature we find is that, when using the �mol = 0.4 (Equa-
tion 2) prescription, we obtain a more pronounced H i suppression 
for centrals at large halo masses. Finally, we note that there is a small 
under-fitting around the peak of the central HI HOD. We tried to 
correct this with different functional forms of h�H i, cen (�ℎ)i with 
the same number of parameters, but the under-fitting remained. We 

Data log�0 log�1 or log�H i � � or � 

Centrals Eq. 2 11.60 . 10.32 0.680 0.1639 
Satellites Eq. 2 11.02 2.20 0.939 0.915 
Centrals Eq. 3 11.60 10.14 0.789 0.0820 
Satellites Eq. 3 11.02 2.24 0.984 0.910 

Table A1. Parameters of Eqs. A1 & A2 that best fit the h�H i (�ℎ) i. relation 
for the central and satellite components and for the two H i prescriptions 
considered in our catalogues. The best fit is computed by minimising the 
quadratic sum of the relative differences between the analytical curves (‘th’) 
and the SAGE-UNITsims results (‘SAGE’) in the �ℎ range considered (see Í � �
text and Figure A1): �H 

th 
i − �SAGE�2/ �SAGE�2 .H i H i 

believe that this could be corrected by including statistical error bars 
accounting for Poisson noise in the bins, significant at the high mass 
end. Alternatively, a Gaussian curve or other peaked curved could be 
added to account for the current residuals. However, this would imply 
increasing the already large number of parameters. Either of those 
solutions is beyond the scope of this study and we consider these fits 
sufficiently accurate, given the uncertainties in the �H i-�ℎ relation 
discussed in subsection 2.2. 

APPENDIX B: THE �H i (�� ) RELATION: FITS USED
FROM THE LITERATURE

In this Appendix we collect the analytical expressions of the different 
halo mass - H i mass relations �H i (�ℎ) taken from the literature for 
our comparison in Figure 1 & Figure 2. 

The first one has the following expression (Moster et al. 2013; 
Padmanabhan & Kulkarni 2017): 

"� #−1�−�1 � � �1�ℎ �ℎ
�H i,1 = 2�1�ℎ + (B1)

�1 �1 

This shape was first introduced by Moster et al. (2013) in order 
to relate stellar mass to halo mass and was later reused by Pad-
manabhan & Kulkarni (2017) in order to relate H i to halo mass. It 
has four redshift dependent parameters: the normalization �1, the 
characteristic mass �1 and two slopes �1 and �1, that control the 
sharpness of the decay (see discussion of the physics behind this in 
subsection 2.2). The reported redshift dependence of the parameters 
is further parameterized as (Padmanabhan & Kulkarni 2017): 

log�1 = log�10 +
� 

�11 ,
� + 1 
� 

�1 = �10 + �11 ,
� + 1 

� (B2) 
�1 = �10 + �11 & 

� + 1 
� 

�1 = �10 + �11 . 
� + 1 

In Padmanabhan & Kulkarni (2017), they fitted those parameters to 
low and high redshift measurements, reporting �10 = (4.58 ± 0.19) ·
1011� , �10 = (9.89 ± 4.89) · 10−3, �10 = 0.90, �11 = 1.56+0.53 

−2.70, 
�11 = 0.009+0.06 = −1.08−

+1
0 
.
. 
52
08 and �11 = 4.07+0.39 

−0.001, �11 −2.49. 
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Figure A1. H i Halo Occupation Distributions from the SAGE-UNITsims catalogues and analytical fits to them. We represent for each halo mass interval (whose 
center is the �-axis) the mean total (‘tot’) H i mass (�-axis) as well as the separated contribution from central galaxies (‘cen’) and from satellite galaxies (‘sat’). 
Whereas the different types of points represent the measurements from the SAGE, the lines represent analytical fits with Eqs. A1 & A2 and the best fit parameters 
reported in Table A1. The first two points for the satellites and the first five points for the centrals are not included in the fits, since they seem to be affected by 
resolution effects. These points are represented with a smaller size. Left: H i masses derived from Equation 2. Right: H i masses derived from Equation 3. 

The second H i mass assignment we consider was proposed by 
Bagla et al. (2010): 

 �2 �ℎ � �2 if � > �min 
�H i,2 = 1+ �ℎ (B3)�max 0 if � < �min 

with �min = 1.92 · 109� /ℎ, �max = 5.68 · 1011� /ℎ and 
�2 = 0.0159. 

The third parametrisation of HI mass we consider was introduced 
by Baugh et al. (2019): " � #� �� �ℎ 

�� 
�ℎ −

�H i,3 = �ℎ �1 � �break + �2 , (B4)
1010 

in which the values of the parameters are (we use the values fitted at 
� = 1): �1 = 7 · 10−3, �2 = 1.5 · 10−4, log (�break) = 11.5,� = 1.5 
and � = 0.2. 

Finally, we also consider an extension of Baugh et al. (2019), 
propossed by Spinelli et al. (2020) in order to include a cut-off at low 
masses. The expression is as follows: " � �� � 

�ℎ 
�� # � �� �min�ℎ − −

�H i,4 = �ℎ �1 � �break + �2 � 
�ℎ (B5)

1010 

in which the values of the new parameters are � = 0.5 and 
log�min = −1.3. The other redshift-dependent parameters were re-
calibrated: �1 = 3.8 · 10−3 , �2 = 1.6 · 10−3 , � = 0.24, � = 1.70, 
log�break = 8.30 (Spinelli et al. 2020). 

This paper has been typeset from a TEX/LATEX file prepared by the author. 
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