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ABSTRACT

Context. BINGO (Baryon Acoustic Oscillations from Integrated Neutral Gas Observations) is a radio telescope designed to survey
from 980 MHz to 1260 MHz, observe the neutral hydrogen (Hi) 21 cm line, and detect the baryon acoustic oscillation signal with the
intensity mapping technique. Here we present our method for generating mock maps of the 21 cm intensity mapping signal that cover
the BINGO frequency range and related test results.
Aims. We would like to employ N-body simulations to generate mock 21 cm intensity maps for BINGO and study the information
contained in 21 cm intensity mapping observations about structure formation, Hi distribution and Hi mass-halo mass relation.
Methods. We fit an Hi mass-halo mass relation from the ELUCID semianalytical galaxy catalog and applied it to the Horizen Run 4
halo catalog to generate the 21 cm mock map, which is called HOD. We also applied the abundance-matching method and matched
the Horizen Run 4 galaxy catalog with the Hi mass function measured from ALFALFA, to generate the 21 cm mock map, which is
called HAM.
Results. We studied the angular power spectrum of the mock maps and the corresponding pixel histogram. The comparison of two
different mock map generation methods (HOD and HAM) is presented. We provide the fitting formula of ΩHi, Hi bias, and the log-
normal fitting parameter of the maps, which can be used to generate similar maps. We discuss the possibility of measuring ΩHi and Hi
bias by comparing the angular power spectrum of the mock maps and the theoretical calculation. We also discuss the redshift space
distortion effect, the nonlinear effect, and the bin size effect in the mock map.
Conclusions. By comparing the angular power spectrum measured from two different types of mock maps and the theoretical calcu-
lation, we find that the theoretical calculation can only fit the mock result at large scales. At small scales, neither the linear calculation
nor the halofit nonlinear calculation can provide an accurate fitting, which reflects our poor understanding of the nonlinear distribution
of Hi and its scale-dependent bias. We have found that the bias is highly sensitive to the method of populating Hi in halos, which
also means that we can place constraints on the Hi distribution in halos by observing 21 cm intensity mapping. We also illustrate that
only with thin frequency bins (such as 2 MHz), we can discriminate the Finger-of-God effect. All of our investigations using mocks
provide useful guidance for our expectation of BINGO experiments and other 21 cm intensity mapping experiments.

Key words. telescopes – methods: observational – radio continuum: general – cosmology: observations

1. Introduction

The spin-flip of electrons in neutral hydrogen (Hi) emits or
absorbs photons at a wavelength of 21 cm and therefore indi-

cates their location in the Universe. As a tracer of the underlying
matter density field, 21 cm intensity mapping can reveal the
tomographic baryon acoustic oscillation signal in a cheap and fast
fashion (Wyithe et al. 2008). Several different experiments have
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therefore been proposed to measure the 21 cm intensity map, such
as CHIME (Vanderlinde & Chime Collaboration 2014), Tianlai
(Chen 2012), BINGO (Wuensche & the BINGO Collaboration
2019), FAST (Bigot-Sazy et al. 2016; Smoot & Debono 2017;
Hu et al. 2020), and the SKA (Santos et al. 2015). By analyzing
the large-scale structure of the Universe using 21 cm intensity
mapping, we can gain a better understanding of dark matter and
dark energy (Kovetz et al. 2017), which is crucial for understand-
ing the Universe. A more detailed overview of BINGO project
is described in the our companion Papers I and II (Abdalla et al.
2022a; Wuensche et al. 2022).

At low redshift, Hi is mostly contained inside galaxies and
dark matter halos (Villaescusa-Navarro et al. 2018). Since z ∼
10, the UV photons from first-generation stars started reionizing
the Universe. At z < 5, the Universe has been mostly ionized
(Becker et al. 2001; Fan et al. 2006a,b). Hi can be protected in
high-density regions (Prochaska et al. 2005; Wolfe et al. 2005;
Zafar et al. 2013), because the column depth is sufficient for self-
shielding (Pritchard & Loeb 2012). The state-of-the-art hydro-
dynamic simulation IllustrisTNG (Villaescusa-Navarro et al.
2018) has shown that more than 95% Hi gas is inside the virial
radius of the dark matter halo.

Therefore it is valid to assume that Hi gas traces the dis-
tribution of galaxies and to use the distribution of galaxies and
dark matter halos to estimate the distribution of Hi gas with
high-resolution N-body simulations. Zhang et al. (2020) used
the ELUCID simulation (Wang et al. 2016) together with a semi-
analytical model (Luo et al. 2016) to construct the Hi mock.
They studied the redshift-space distortion (RSD) effect and shot
noise for intensity mapping.

By observing the 21 cm emission line of Hi, we can deter-
mine the redshift of the emission source. Then, we can estimate
the distance of the sources by applying Hubble’s law. However,
these are not the real distances of the sources. The redshift of
the source is mainly contributed by the recessional velocity and
the peculiar velocity. The estimate of the position of the source
is distorted by the peculiar velocity. This distortion is known
as RSD effect. Because the peculiar velocity of the Hi gas is
mainly affected by gravity from the clustering of matter, the
RSD effect also contains rich information about the large-scale
structure. The RSD effect has been used to measure the growth
factor of the Universe (Icaza-Lizaola et al. 2020), test General
Relativity (Jullo et al. 2019; Anagnostopoulos et al. 2019) and
test different cosmological models (Costa et al. 2017; An et al.
2019; Yang et al. 2019; Cheng et al. 2020). The forecast of con-
straints from BINGO is described in our companion Paper VII
(Costa et al. 2022).

The RSD effect can be classified into two parts, the
Kaiser effect (Kaiser 1987) and the Finger-of-God (FoG) effect
(Jackson 1972). The moving of matter toward high-density
regions under gravity leads to the Kaiser effect. The Kaiser effect
is dominant at large scales. It squeezes the distribution of galax-
ies in the line-of-sight direction. On the other hand, the random
motion of matter inside high-density regions introduces the FoG
effect; this is dominant at small scales. It elongates the distri-
bution of galaxies, causing them to look like fingers pointing at
the observer. The RSD effect in 21 cm intensity mapping is well
studied in Sarkar & Bharadwaj (2019) and was later improved in
Zhang et al. (2020).

Various factors contribute to the 21 cm intensity map. The
leading terms are the distribution of Hi gas in real space and
the RSD effect (Hall et al. 2013). The contributions from gravi-
tational redshift, the integrated Sachs-Wolfe effect, gravitational
lensing, etc. can be neglected in this consideration. However, a

more detailed study of these effects might be necessary in future
experiments with higher sensitivity and resolution. The position
and velocity information of halos and galaxies from simulations
is sufficient to create a mock 21 cm intensity map for BINGO.

In Sect. 2 we give the overview of the goals and methods
of building a mock map. We introduce the Hi halo occupation
distribution (HOD) model built from the ELUCID simulation
in Sect. 3. To validate the HOD model and the halo mass res-
olution, we test our method using the ELUCID simulation in
Sect. 4. In Sect. 5 we introduce the method of building a full-
sky 21 cm intensity mock map. The measurements of the mock
are presented in Sect. 6. Finally, we summarize the key points
of this study and discuss future works in Sect. 7. This is the
sixth in a series of companion papers presenting the BINGO
project. Companion Paper I is the project paper (Abdalla et al.
2022a), Paper II describes the instrument (Wuensche et al.
2022), Paper III the optics (Abdalla et al. 2022b), Paper IV the
simulations (Liccardo et al. 2022), Paper V the data analysis,
correlations and component separation (Fornazier et al. 2022),
and Paper VII the forecasts (Costa et al. 2022).

2. Overview

It is very popular in cosmological surveys to use simulated
mocks to mimic real observations before the observations are
taken. There are two main purposes for building the mock: First,
to provide a mock data challenge, test the entire data analysis
pipeline, and test whether we obtain the correct constraints of
the cosmological parameters; Second, to construct the covari-
ance matrix, which is essential to understand the source of error
and the uncertainty range of the parameter constraints.

For 21 cm intensity mapping, the data product of the mock is
the brightness temperature distribution at the 2D spherical sur-
face at different redshifts. This data product consists of the fol-
lowing four components:

– Signal: It is the 21 cm emission from extragalactic sources.
It mainly comes from Hi gas in the galaxies and dark matter
halos.

– Foreground: It is contributed by radio wave emission in the
Milky Way and the extra-galactic sources. It mainly consists
of synchrotron radiation and free-free emission.

– Noise: It includes thermal noise, shot noise and other sources
of noise.

– Mask: The mask that covers part of the sky to remove fore-
ground that is too strong, usually around very bright stars
or directly toward the Milky Way, and to account for unob-
served regions.

We only discuss the 21 cm signal here. The other three com-
ponents are discussed in our companion Papers IV and V
(Liccardo et al. 2022; Fornazier et al. 2022). In order to gener-
ate the mock 21 cm intensity map, the key part is determining
the distribution of Hi. There are six ways to generate the Hi gas
distribution:

– In the hydro way, the gas particle properties are directly read
out from hydrodynamic simulations, such as IllustrisTNG
(Villaescusa-Navarro et al. 2018).

– SAM uses the Hi gas-mass information from a semianalyt-
ical galaxy catalog based on N-body simulations, such as
ELUCID (Zhang et al. 2020).

– N-body uses the empirical Hi mass-halo mass relation
to populate Hi gas in dark matter halos, such as HIR4
(Asorey et al. 2020).

– Fast halo again relates the Hi mass to the halo mass using
empirical relations, but the dark matter halo catalog is gen-
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erated by a fast simulation method, such as COLA-HALO
(Koda et al. 2016).

– The model populates the Hi mass in the lognormal dark
matter density distribution (Alonso et al. 2014; Xavier et al.
2016) or even in a Gaussian realization (Asorey et al. 2020).

– The Poisson halo uses the empirical Himass-halo mass rela-
tion to populate Hi gas in dark matter halos, but the subres-
olution dark matter halos are generated by Poisson sampling
in dark matter density fields measured in N-body simulations
(Seehars et al. 2016).

Clearly, the hydro way is the most expensive and accurate
method. However, it is too expensive to construct a full-sky
mock. Even the currently best hydrodynamic simulation cannot
fulfill our requirement. A semianalytical galaxy catalog is built
from merger tree traced by N-body simulations, which requires a
subhalo identification. The SAM method is less accurate than the
hydrodynamic simulation, but more efficient. Populating the Hi
mass in dark matter halos identified from N-body simulation or
fast simulations is even more efficient, but less accurate. Using
dark matter halos that are Poisson-sampled from a dark matter
density field can largely reduce the requirement of the simulation
resolution, which is very useful for a large-scale application. The
lognormal (Gaussian) density generation method is the most effi-
cient of these six methods, but it is the least accurate. We need to
find the balance between accuracy and efficiency for the different
purpose of mock building. We also note that when a full-sky light
cone from z = 0.12 to z = 0.45 is constructed without using the
periodic boundary, the box size of this simulation will be larger
than 2.4 Gpc h−1. Currently, we do not have a large-scale hydro-
dynamic simulation like this. We therefore introduce our empiri-
cal relations from the IllustrisTNG and ELUCID semianalytical
model and apply it to the Horizon Run 4 simulation (Kim et al.
2015) light cone to generate the mock map. This method can
also be applied to fast halo-generation catalogs to calculate the
covariance matrix in the future.

3. HI halo occupation distribution

3.1. ELUCID SAM catalog

We used the semianalytical galaxy catalog from the ELUCID N-
body simulation (Wang et al. 2016; Luo et al. 2016). The ELU-
CID simulation is an N-body simulation with 30723 particles in
a periodic cubic box of 500 h−1 Mpc on a side. WMAP5 cos-
mology (Dunkley et al. 2009) was assumed in the ELUCID sim-
ulation. By following the merger tree of dark matter halos in
the simulations, Luo et al. (2016) constructed the galaxy cata-
log using their semianalytical model, which considered physi-
cal process such as gas cooling, star formation and supernova
feedback. To study the Hi gas halo occupation distribution, we
used the position, velocity, Hi mass, and dark matter halo mass
of the galaxies from the galaxy catalog. The lower limit of the
dark matter halo mass is about 1.85 × 109 M� h−1. We assumed
that all the Hi mass in the Universe is inside galaxies and
their hosting halos, concentrated in the center of the galaxies.
As described in Villaescusa-Navarro et al. (2018), it was shown
from IllustrisTNG simulation (Naiman et al. 2018; Nelson et al.
2018, 2019; Pillepich et al. 2018; Springel et al. 2018) results
that at z < 3.0, more than 90% of the Hi gas is inside the galaxies
and more than 95% of the Hi mass is inside the halos. Therefore
this assumption is reasonable.

This galaxy catalog also includes information about whether
the galaxy is the central galaxy of the halo or a satellite galaxy.
This allows us to further separate the galaxies into central

galaxies and satellite galaxies for further discussion. Although
IllustrisTNG is currently the best hydrodynamic simulation,
its box size is still quite small (205 Mpc h−1 at most for the
IllustrisTNG-300 simulation and smaller for the other Illus-
trisTNG simulations). Therefore a larger box size simulation like
that of ELUCID with a high particle resolution can provide better
statistics of the Hi halo occupation distribution in very massive
clusters. The 21 cm intensity mapping using a semianalytical
model galaxy catalog from the MDPL2 simulation was consid-
ered (Cunnington et al. 2020). However, the MDPL2 simulation
can only resolve halos with mass >3×1010 M� h−1 (Klypin et al.
2016), one order of magnitude higher than the ELUCID simu-
lation. Without sufficient resolution, it will be hard to define the
Hi distribution in low-mass halos such as 109 M� h−1. The ELU-
CID SAM (semianalytical model) catalog is a good choice to
study the Hi halo occupation distribution at the high and low-
mass end. We used this catalog to study the Hi distribution in
halos throughout this section.

3.2. Central and satellite galaxies

In general, gas cannot efficiently cool and form galaxies in too
massive dark matter halos or too low-mass dark matter halos.
However, because their formation history is different, central
galaxies and satellite galaxies can host a very different fraction of
Hi gas. Padmanabhan & Refregier (2017) provided a halo model
and an Hi mass-halo mass relation, but the subhalos inside the
main halos were not taken into account separately. An Hi mass-
halo mass relation was provided by Guo et al. (2017) that was fit
to ∼16 000 galaxies in the range of 0.0025 < z < 0.05 from
ALFALFA. The importance of satellite galaxies was illustrated
in an updated halo model by Paul et al. (2018). By studying the
different Hi gas distribution in satellite galaxies and central galax-
ies using the SAM galaxy catalog at different redshifts, we hope
to provide a different Himass-halo mass relation that is more suit-
able for our redshift range. We show the number of galaxies as a
function of their Hi mass and host halo mass in Fig. 1, measured
from the ELUCID SAM catalog at z = 0. For central galaxies, it is
more abundant with a less massive host halo and lower Hi mass.
This is easy to understand because low-mass halos are more abun-
dant, and the Hi mass is positively correlated to the halo mass if
the halo mass is not more massive than ∼1012 M� h−1.

Together with the number of galaxies represented by differ-
ent color, we also show the mean value and the standard devia-
tion in Fig. 1. The mean Hi mass of the central galaxies clearly
peaks around host halo mass Mhalo = 1011.6 M� h−1. Below
this, the Hi mass is positively correlated to the halo mass, and
beyond this peak, the Hi mass drops with higher halo mass until
Mhalo ∼ 1013 M� h−1. The mean Hi mass of satellite galaxies
depends weakly on the halo mass. With higher halo mass, the
number of satellite galaxies rises up quickly, and the standard
deviation of their Hi mass also increases. Therefore the total Hi
mass in a dark matter halo consists of the contribution of the cen-
tral galaxies and satellite galaxies, which is different for different
halo masses.

The Hi mass function measured from the ELUCID SAM
catalog at z = 0 is shown in Fig. 2. We show the mass func-
tion of satellite galaxies and central galaxies separately, as well
as the total Hi mass function. The Schechter function given
in Martin et al. (2010) is shown as a red curve for compari-
son. The SAM Hi mass function fits the Schechter function at
MHI > 108 h−1 M� well, but deviates from it at the low-mass
end. Overall, the SAM catalog still provides a reasonably simi-
lar mass function to that fit from ALFALFA observation.
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Fig. 1. Number of galaxies as a function of their host halo mass and Hi mass in the ELUCID SAM catalog. The number in logarithmic scale is
represented by different colors. We show the result of central (satellite) galaxies in the left (middle) panel. The mean value and standard deviation
are shown together with the color map to illustrate the trend more clearly. The average number of satellite galaxies in each halo as a function of
mass is shown in the right panel.
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Fig. 2. Hi mass function measured from the ELUCID SAM catalog
at z = 0. The result of central (satellite) galaxy is shown in blue
(orange), and the total result is shown in green. The red curve shows
the Schechter function provided by Martin et al. (2010), which repre-
sents the fitting function of ALFALFA observation. Overall, the Himass
function between the SAM and observation is consistent.

3.3. Hi mass-halo mass relation

To generate the mock 21 cm map, the data product from N-body
simulations or fast simulations is usually a dark matter halo cat-
alog. The most popular and simplest information in the halo
catalog are the position, the velocity, and the mass of the halo.
Therefore it is most useful if we can find an Hi mass-halo mass
relation that provides the Hi mass as a function of halo mass.
Figure 3 shows that for low-mass halos, the main contribution
to the Hi mass comes from the central galaxies, and for high-
mass halos, the main contribution comes from satellite galax-
ies. Although massive halos contain more Hi mass in the central
galaxies than in every individual satellite galaxies on average,
the number of satellite galaxies is so huge that they still con-
tribute most of the Himass to massive halos. It is very important
to consider the satellite galaxy contribution of Hi mass in mas-
sive halos, which is ignored in HIR4 mock (Asorey et al. 2020).
We also compared the Hi mass-halo mass relation to the obser-

10 11 12 13 14 15
log10(Mhalo/h 1M )

6

7

8

9

10

11

12

lo
g 1

0(
M

H
I/h

1 M
)

Total
Central
Satellite
Guo2020

10 11 12 13 14 15
log10(Mhalo/h 1M )

6

7

8

9

10

11

12

lo
g 1

0(
M

H
I/h

1 M
)

Total
Central
Satellite

Fig. 3. Hi mass-halo mass relation at two different redshifts. Upper
(lower) panel: Hi mass-halo mass relation at z = 0(0.66). The total
Hi mass is shown as a blue curve, the contribution from central galax-
ies is shown in orange and the contribution from satellite galaxies is
shown in green. Regardless of whether it is at z = 0 or 0.66, the cen-
tral galaxy always contributes the most Hi mass to low-mass halos, and
satellite galaxies contribute most of the Himass in high-mass halos. We
also show the observed Hi mass-halo mass relation as red dots at z = 0
(Guo et al. 2020) for comparison.

vational results (Guo et al. 2020) at z = 0. The results from the
ELUCID galaxy catalog fit to the observation relatively well.

We first fit the measured Himass-halo mass relation from the
ELUCID SAM catalog using a linear function plus a Gaussian
function with free parameters a, b, c, d, and f . Then we derived
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Fig. 4. Fit of the measured Hi mass-halo mass relation from the ELU-
CID SAM catalog. The analytical formula is shown as solid lines. The
best-fit curve is in the mass range 1010 M� h−1 < Mhalo < 1015 M� h−1.

the parameters as functions of redshift z by assuming that the
parameters are linearly related to redshift in 0 < z < 0.66. Then
we determined the following analytical formula, which can eas-
ily be applied to halo catalogs with the information of the halo
mass,

log10(mHi) = a log10(m) + b + ce−(log10(m)−d)2/ f 2
,

a = 0.78 − 0.030z,
b = −0.23 + 0.68z,
c = 0.92 − 0.32z,
d = 11 + 0.038z,
f = 0.79 + 0.18z,

(1)

where z is the redshift, mHi is the Himass in units of M� h−1, and
m is the halo mass in units of M� h−1. The halo mass definition is
based on a friends-of-friends (FoF) halo finding algorithm, and
the linking length is 0.2 times the mean particle separation dis-
tance. The fitting result is shown in Fig. 4. The Hi mass-halo
mass relation is very similar between z = 0 and z = 0.66, there-
fore the assumption that the parameters are linearly related to
redshift in 0 < z < 0.66 is reasonable.

4. Tests with ELUCID

4.1. Halo mass threshold

When the mock Hi distribution is built, the mass resolution and
box size of the halo catalog we use is usually limited. We need
to know the effect of a limited mass resolution on the Hi power
spectrum. This effect can be quantified by the bias of Hi gas in
the mass-limited sample. The Hi gas traces the matter distribu-
tion in a biased way. We usually use the bias parameter bHi to
describe the difference between Hi distribution and the matter
distribution. Similarly, the dark matter halos also trace matter
distribution in a biased way, and the halo bias is b. It has been
addressed in HIR4 (Asorey et al. 2020) that the bias of the Hi
power spectrum can be calculated as the weighted average of the
halo bias,

bHi(z) =

∫
dm n(m, z)mHi(m, z)b(m, z)∫

dm n(m, z)mHi(m, z)
, (2)

where b(m, z) represents the halo bias, mHi is the Hi mass and m
is the halo mass. The halo bias can be calculated by the empirical

formula calibrated by N-body simulations (Tinker et al. 2010).
The halo bias we used here is scale independent, which means
that the resulted Hi bias model is also scale independent. In other
words, if the Hi bias is scale dependent, our bias model cannot
provide a proper description.

With the high-resolution ELUCID simulation, we can shed
light on whether a scale-independent bias model is a proper
description. We selected the galaxies according to their host halo
mass with a mass threshold m > 5×109 M� h−1, 1×1010 M� h−1,
1×1011 M� h−1, 1×1012 M� h−1. In Fig. 5 we show the Hi power
spectrum of the selected samples and the full sample in the left
panel and in the right panel we show the ratio of the Hi power
spectrum of the selected samples and the full sample. The linear
matter power spectrum calculated using Eisenstein & Hu (1998)
is shown for reference in cyan color in the left panel. Consider-
ing the RSD effect, the positions of the galaxies (x) are mapped
to redshift space (s) using the plane-parallel approximation

s = x +
1 + z
H(z)

ulos, (3)

where ulos is the peculiar velocity of the galaxies along line-
of-sight. The redshift-space results are shown as dashed lines
in Fig. 5. We deducted the shot noise power for the illustra-
tion and for the calculation of the power spectrum ratio. Only
when the ratio of power spectrum is close to a constant can we
safely use the scale-independent halo bias to calculate the Hi
bias. Considering a scale of 1 degree in the sky, which corre-
sponds to k ∼ 0.5 h Mpc−1 at z ∼ 0.12, the power spectrum ratio
of m > 1011 M� h−1 from k ∼ 0 to k ∼ 0.5 h Mpc−1 is close to
a constant, but in the m > 1012 M� h−1 case, the ratio cannot be
well represented by a constant.

Therefore we conclude that the halo mass resolution to create
a mock 21 cm intensity map requires at least ∼1011 M� h−1. The
finer the mass resolution, the better.

4.2. Repopulate HI mass

We used the Hi mass-halo mass relation introduced in Sect. 3.3
to repopulate the main halos in the ELUCID simulation at z =
0 with Hi gas in order to test the performance of our Hi HOD
model. We generated three types of Himaps and calculated their
power spectrum.
1. We used the galaxy (halo) positions in real space, treated the

galaxies (halos) as point masses, and calculated the Hi dis-
tribution in the SAM (HOD) catalog.

2. We used the galaxy (halo) positions in redshift space, treated
the galaxies (halos) as point masses, and calculated the Hi
distribution in the SAM (HOD) catalog.

3. We used the galaxy (halo) positions in redshift space, treated
the galaxies (halos) as extended mass due to the Hi velocity
dispersion inside the galaxies (halos), and calculated the Hi
distribution in the SAM (HOD) catalog.

We modeled the Hi velocity dispersion inside galaxies at z = 0
as

σv =
31 km s−1

√
3

(
m

1010 M� h−1

)0.35

, (4)

which was also used in Zhang et al. (2020), and is derived from
the IllustrisTNG simulation (Villaescusa-Navarro et al. 2018).
Usually, we did not consider the Hi velocity dispersion inside
galaxies (halos) when we created the mock 21 cm intensity map
using N-body simulations. Zhang et al. (2020) pointed out that
with the proper consideration of this Hi velocity dispersion, we
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Fig. 5. Comparison of power spectrum with different halo mass threshold. On the left, we show the Hi power spectrum. On the right, we show
the ratio of the power spectrum of the sample with a halo mass threshold and the full sample. The solid curves show the results in real space and
the dashed curves show the results in redshift space. Different colors denote different samples with different thresholds. We also include the linear
matter power spectrum for reference in cyan color on the left.
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Fig. 6. Comparison of the power spectrum of the HOD model and the SAM catalog. On the left, we show the Hi power spectrum. The solid lines
represent the power spectrum measured from the SAM galaxy catalog, and the dashed lines represent the power spectrum measured from the HOD
model. “Real” means the real-space point-mass power spectrum, “red” means the redshift-space point-mass power spectrum, and “red2” means
the redshift-space inside the galaxy Hi distribution modeled power spectrum (Zhang et al. 2020). On the right, we show the power spectrum ratio
of the results of the HOD model and the SAM galaxy catalog.

can describe the Himass distribution in redshift space more real-
istically. Therefore, we made these three types of Hi maps for
the test. The results are shown in Fig. 6. The power spectrum
is shown in the left panel and the ratio of the HOD model and
the SAM catalog is shown in the right panel. In the left panel, the
dashed lines represent the Hi power spectrum measured from the
HOD model and the solid lines show the results of the original
SAM catalog. The HOD model can recover the Hi power spec-
trum in the SAM catalog overall within a 10% (20%) accuracy
up to k = 0.5 h Mpc−1 (k = 0.8 h Mpc−1). Therefore we have

validated the method of the HOD model to populate dark matter
halos with Hi mass.

5. Mock building with HR4

5.1. Horizon Run 4 catalog

Horizon Run 4 (HR4 for short) is a cosmological N-body simu-
lation with a cubic box size of 3150 Mpc h−1 and 63003 particles
(Kim et al. 2015). The HR4 simulation adopted the WMAP5
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ΛCDM cosmology, where Ωm = 0.26, ΩΛ = 0.74, h = 0.72,
σ8 = 0.79, and ns = 0.96 (Dunkley et al. 2009). The halos are
identified with an FoF algorithm with a linking length equal to
0.2 times the particle mean distance in the HR4 simulation. At
least 30 particles are required to identify a halo. This means that
the minimum halo mass is 2.7 × 1011 M� h−1.

We used the halo light cone catalog and the mock galaxy
light cone catalog to generate our mock 21 cm intensity map.
In order to generate a full-sky light cone catalog, we typically
use the periodic boundary conditions of the simulations to pile
up simulation boxes to obtain a deep light cone. This technique
introduces some duplicate structures. However, the HR4 simula-
tion box size is so large that there are no periodic structures in
z < 0.6 in the full-sky light cone catalog.

The redshift range of BINGO is 0.127 < z < 0.449. Our
mock map therefore contains no duplicate structure. In summary,
there are four steps in making the mock map.

– First, we populated Hi gas in the galaxy (halo) catalog and
calculated the Hi density distribution ρHi.

– Then we calculated the brightness temperature

Tb = 189h
H0(1 + z)2

H(z)
ρHi

ρc
mK (5)

where ρc is the critical density of the Universe
(Villaescusa-Navarro et al. 2018).

– Then we rescaled the map according to the required ΩHi.
– Finally we smoothed the brightness temperature map with a

Gaussian kernel with a full width at half maximum (FWHM)
of 40 arcmin, which is due to the beam of BINGO.

5.2. Abundance matching

Halo abundance matching (HAM) and subhalo abundance
matching (SHAM) have been widely used to link dark matter
halos to galaxies in observations. Under the assumption that
more luminous galaxies (with higher Hi mass) are populated
inside more massive halos (subhalo), we can populate the halos
in the simulations with galaxies. This was adopted to generate
the HR4 galaxy catalog (Hong et al. 2016). The HR4 galaxy
catalog provides the position, velocity, and an “artificial mass-
like quantity”, which is also used to estimate the galaxy lumi-
nosity with abundance matching. We used the Schechter form
of the Hi mass function measured from the ALFALFA catalog
(Martin et al. 2010),

φ(mHi)d log10 (mHi) = ln(10)φ∗
(mHi

m∗

)α+1
exp

(
−

mHi

m∗

)
d log10(mHi),

φ∗ = 0.0048
α = −1.33

m∗ = 109.96
(

0.7
h

)2

,

(6)

where mHi is in units of M�. We also calculated the abundance
of galaxy “mass” in the redshift range 0.127 < z < 0.449 in
the HR4 galaxy light cone catalog. By matching the abundance
of the galaxy “mass” and the Hi mass function, we obtained a
Hi mass-galaxy “mass” relation. In this way, we populated Hi
mass in the galaxy catalog. The measurement of the Hi mass
function from ALFALFA is made at z = 0, which is not compat-
ible with the light cone catalog. It is just an approximate way of
populating Hi mass in galaxies. Then we sliced the catalog into
redshift bins of 10 MHz each. We calculated the density of Hi
in each redshift using HEALPix pixelization (Gorski et al. 2005)

0.000807542 0.405778Tb(mK)

Fig. 7. Mollweide projection of the brightness temperature map using
the abundance-matching method to populate Hi gas in galaxies in real
space from 990 MHz to 1000 MHz.

with Nside = 256. Finally, using Eq. (5), we calculated the bright-
ness temperature distribution. This set of mock map is labelled
HAM mock map in the following sections.

In Fig. 7, we show a Mollweide projection of the brightness
temperature map in the 990 MHz−1000 MHz bin in units of mK
as an example. The map represents the Hi distribution in real
space.

5.3. HOD population

The abundance-matching method has the following shortcom-
ings: First, Using the Hi mass function at z = 0 to match all
galaxies at different redshifts is not adequate because the evo-
lution with redshift is ignored and the Hi mass is mismatched.
Second, The assumption that a galaxy with a higher mass has a
higher Himass may not hold. Third, It is not convenient to calcu-
late the bias from theory to compare with the mock map. Fourth,
If only FoF halo catalog (without subhalo catalog) is available,
this abundance-matching method does not apply, while many
fast simulations only provide FoF halo catalog. Therefore we
need to use the HOD approach to obtain the mock map.

With the FoF halo light cone catalog from the HR4 simu-
lation, we can use the Hi mass-halo mass relation described by
Eq. (1) to populate the Hi mass in the halo catalog. We followed
the same process as described in the last subsection. We sep-
arated the catalog into 30 bins and pixelized the full sky map
using HEALPix with Nside = 256. We obtained the brightness
temperature map and show it in Fig. 8. This Mollweide projec-
tion map extends from 990 MHz to 1000 MHz and represents the
real-space distribution of Hi gas, in the same way as Fig. 7. Com-
paring these two maps, we can see that different ways of populat-
ing Hi gas in galaxies (halos) lead to different results. Although
the map looks very similar at a large scale, the brightness tem-
perature fluctuation in the HAM map is much higher than that
in the HOD map. This illustrates the different bias of the Hi dis-
tribution. With the abundance-matching method, Hi gas is more
clustered than in the HOD method. A more detailed discussion is
provided in Sect. 6. With intensity mapping, we can distinguish
different ways of Hi clustering and occupation in halos.

5.4. Redshift-space distortion

The intensity map we observe is binned according to frequency,
which is determined by the redshift of the 21 cm emission
source. Thus, we observe in redshift space rather than real space.
We need to consider not only the redshift of emission sources
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0.00273849 0.32319Tb(mK)

Fig. 8. Mollweide projection of the brightness temperature map using
the HOD method to populate Hi gas in halos in real space from
990 MHz to 1000 MHz.

0.00208564 0.43859Tb(mK)

0.00213317 0.413756Tb(mK)

Fig. 9. Mollweide projection of the brightness temperature map using
the HOD method to populate Hi gas in halos in redshift space from
990 MHz to 1000 MHz. We only considered the velocity of halos as
a point source in the upper panel, which mainly only contains Kaiser
effect. Lower panel: we considered the velocity dispersion of Hi gas in
the sources, which means that the FoG effect is taken into account.

due to the Hubble flow, but also the redshift contribution from
the peculiar velocity of the sources. The positions of the 21 cm
emission sources are different in redshift space from the posi-
tions in real space. This is known as RSD effect, which consists
of the Kaiser effect at large scale (Kaiser 1987) and FoG effect at
small scale (Jackson 1972). We considered two possible sources
of the RSD effect in the mock map.

– The peculiar velocity of galaxies (halos) as a point source,
which mainly contributes to the Kaiser effect,

– The velocity dispersion inside the halos, which mainly con-
tributes to the FoG effect.

In Fig. 9, we show the Mollweide projection mock map of the
brightness temperature adopting the point-source assumption in

the upper panel. The result of additionally considering the veloc-
ity dispersion is shown in the lower panel. Under the point-
source assumption, it is easy to adopt the RSD effect because
the redshift of the source can be calculated by

z′ = (1 + z)(1 + vr/c) − 1, (7)

where z is the redshift of the point source calculated according
to its distance to the observer and Hubble’s law, which is pro-
vided in the light cone catalog, vr is the peculiar velocity along
the line-of-sight direction, and c is the speed of light. Then we
can bin the sources according to their redshift z′, calculate the Hi
density with Nside = 256 HEALPix pixelization and calculate the
corresponding brightness temperature. When this is compared
to the real-space mock map after considering the RSD effect,
some of the sources are moved away from their real-space fre-
quency range, and some of them are moved into the frequency
bin. Thus, this shows slightly different large-scale structures in
the real space mock map and in the redshift-space mock map.

The mock map considering the velocity dispersion of Hi gas
in halos is built following the steps described below.
1. We calculated the velocity dispersion of Hi gas in each halo

according to the halo mass m and real redshift z,

σv(z) = (4.9z + 30)
(

m
1010M� h−1

)(0.0091z+0.36)

, (8)

which was fitted from IllustrisTNG simulation
(Villaescusa-Navarro et al. 2018) and adopted in Zhang et al.
(2020) (this fitting formula uses multiple data points at dif-
ferent redshifts, and the calculated result at z = 0 is not
exactly the same as Eq. (4)).

2. We calculated the corresponding comoving distance variance

δs =
1 + z
H(z)

σv(z)
√

3
.

3. For a given redshift bin from z1 to z2, where z1 < z2, we
calculated the corresponding comoving distance range from
s1 to s2, and selected the halos within the range s1−3δs and
s2 + 3δs in redshift space,

4. We calculated the Hi mass contribution w from the selected
halos in this given bin for a given halo at sh,

t1 = (sh−s1)/δs,

t2 = (sh−s2)/δs,

w =
mHi
√

2π

∫ t2

t1
e−t2/2dt,

(9)

5. We calculated the Hi density in this bin and the related
brightness temperature.

In this way, we assumed that the mass distribution of Hi in one
halo in redshift space follows a Gaussian distribution. This pro-
cess can provide a rough estimate of FoG effect in the mock map.

5.5. Rescale the map

The average brightness temperature T̄b can be calculated from
the mock maps at different redshifts. It also represents the Hi
abundance ΩHi because the mean temperature is proportional to
it. The relation of T̄b and ΩHi is

T̄b = 189h
H0(1 + z)2

H(z)
ΩHi mK. (10)

Because we neglected the contribution from halos whose mass is
lower than the resolution in the mock map, we may have missed
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Fig. 10. Zoom-in view of the central 10 × 10 deg2 brightness temperature distribution of the mock map from 990 MHz to 1000 MHz.

some of the Hi gas in small halos. On the other hand, we may
also have overestimated the Hi mass in halos in the comparison
to the real observation for various reasons, for instance, we may
have overestimated the Hi mass-halo mass relation. Therefore
we need to rescale the maps to meet the requirement of ΩHi.
We can rescale the maps according to the required ΩHi value by

applying T ′b = Tb
Ω′Hi

ΩHi
·

6. Results of the mock

6.1. Angular power spectra

We address the effect of different ways of linking Hi gas with
galaxies (halos) and the effect of RSD an angular power spec-
trum in this subsection. We also determine whether we can iden-
tify this difference with the BINGO telescope.
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Fig. 11. Comparison of the angular power spectrum of the HOD mock,
HAM mock, and Re-HAM mock in real space. With the same ΩHi, the
Re-HAM mock has a higher angular power spectrum than the HOD
mock, which means that it has a higher bias. Although very close at
large scales, HAM mock has higher angular power spectrum than the
HOD mock at small scales because of the substructures in the HAM
mock.

In Fig. 10, we showed the zoom-in view of a 10 × 10 deg2

brightness temperature map of the full-sky mock map from
990 MHz to 1000 MHz. We compared the map generated using
the HOD method (labeled HOD) and the abundance-matching
method (labeled HAM) and rescaled the HAM map to the same
ΩHi as the HOD map (labeled Re-HAM). We also showed
the map smoothed with a Gaussian kernel with an FWHM =

40 arcmin. The same color map is shown in each row for com-
parison. The Tb contrast in the HAM map is clearly much higher
than that in the HOD map, which can be more easily identified
in the Re-HAM map. In the HAM map, more Hi gas is located
inside clusters than in the HOD map. Because the bias of high-
mass halos is higher than that of low-mass halos, we expect that
with the same ΩHi, the angular power spectrum of the mock map
generated with the abundance-matching method is higher than
the map generated using HOD.

Figure 11 verifies our expectation. Re-HAM and HOD share
the same ΩHi, but the angular power spectrum of the Re-HAM
mock map is much higher than that of the HOD mock map. The
HAM mock shows a very similar angular power spectrum to the
HOD mock by coincidence. Moreover, at large l (l > 200), the
real-space angular power spectrum of the HAM mock is slighter
larger than the HOD mock. This phenomenon is also shown in
Fig. 6. We know that in the HOD mock, the Hi gas is assumed
to be located at the center of the halo, without any substructures.
In the mocks that contain subhalos, however, the subhalo dis-
tribution inside the main halos leads to additional clustering at
small scales, which is known as the one-halo term. This can be
seen when the HR4 HAM mock and HR4 HOD mock in Fig. 11
are compared. It can also be seen when ELUCID SAM mock
and ELUCID HOD mock in Fig. 6 are compared. Therefore it
is expected that at small scales, the real-space power spectrum
of HOD mock has a smaller amplitude as the HAM mock or
SAM mock in real space. However, when RSD effect is consid-
ered, because the subhalos in halos also move randomly in the
frame of the center of mass of the main halo, the FoG effect
suppresses the power spectrum at small scales. Thus, in the red
mock, the higher power from the one-halo term and the lower
power from the FoG counter each other, and the power spec-
trum of the HOD mock and SAM from the ELUCID simulation
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Fig. 12. Comparison of the angular power spectrum of the HOD mock
in real space and redshift space. The power in redshift space is higher
than in real space at large scales because of the Kaiser effect. Regardless
of whether we treat the Hi gas in halos as point sources (red) or extended
sources due to internal velocity dispersion (red2) in redshift space, the
difference between them is not significant.

approach each other. Furthermore, in the red2 mock, the FoG
effect is taken into account in the HOD mock, and the difference
between HOD and SAM is again revealed.

In Fig. 12, we show the comparison of the HOD real-
space mock (labeled “real”), the HOD redshift-space point-
source mock (labeled “red”), and HOD redshift-space mock that
includes the FoG effect (labeled “red2”). The angular power
spectrum difference between the real and the red mock is clear
at large scales because of the Kaiser effect, but the difference
between the red mock and the red2 mock due to FoG effect
at small scales is not significant. This is because of the bin
width of the mock is 10 MHz, that corresponds to more than
20 Mpc h−1, while the typical velocity dispersion is not higher
than 1000 km s−1, which roughly corresponds to 10 Mpc h−1 in
redshift space. Therefore the power spectrum suppression intro-
duced by the velocity dispersion is averaged out by the large bin
width.

In Fig. 13, we compare the angular power spectrum of the
mocks smoothed by a Gaussian kernel with an FWHM =
40 arcmin, which is the beam size of BINGO. After smoothing,
the difference at small scales is easily covered. The difference of
the bias can still be clearly identified by comparing HOD mock
and Re-HAM mock, which share the same ΩHi value. There-
fore we can answer the questions raised at the beginning of this
subsection.
1. Different ways of linking Hi gas with galaxies (halos) lead

to a different bias and one-halo term. The bias difference can
be seen in the total power of angular power spectrum and the
difference of one-halo term can be seen at small scales.

2. The Kaiser effect leads to a higher angular power spectrum
at large scales. The FoG effect leads to a suppression of the
power spectrum at small scales, but cannot be distinguished
due to 10 MHz bin size.

3. Gaussian kernel smoothing eliminates the difference at small
scales, but the bias difference shown at all scales and the Kaiser
effect shown at large scales can still be easily identified.

6.2. Pixel histogram

We have shown that the brightness temperature fluctuation in the
HAM mock is higher than in the HOD mock in Fig. 10. More
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Fig. 13. Angular power spectrum of the HOD mock, HAM mock, and
Re-HAM mock in redshift space. Re-HAM mock is clearly higher due
to a higher bias. The difference between the HAM mock and HOD mock
due to the one-halo term and the difference between red mock and red2
mock due to the FoG effect at small scales is not significant because
of smoothing introduced by the Gaussian kernel with an FWHM =
40 arcmin.

quantitatively, we calculated the histogram of the pixels in the
unsmoothed mock map. In the upper panel of Fig. 14, we show
the histogram of the pixels. We excluded all the pixels that are
zero. As expected, there are more extremely high brightness tem-
perature pixels in the HAM mock than in the HOD mock.

On the other hand, the lognormal distribution was widely used
to simulate dark matter tracer fields (Xavier et al. 2016), which is
the 21 cm intensity map in our case. We calculated the histogram
of the pixels from 0 mK to 0.4 mK and fit them with the lognormal
distribution using the stats routine in scipy (Virtanen et al. 2020).
The result is shown in the lower panel of Fig. 14. We found that the
lognormal distribution can represent the measured results from
our mock map reasonably well. This means that using a lognormal
distribution to simulate the brightness temperature map is reason-
able, but has clear limitations as well.

The difference between the pixel histogram of the HOD
mock and the HAM mock shows that the way in which the Hi
gas is distributed inside the halos can largely affect the intensity
map, not only in the angular power spectrum, but also in other
statistical measurements.

6.3. Lognormal fitting

The lognormal distribution can provide a reasonable fitting to
the pixel histogram of the mock map, both in redshift space and
in real space. Furthermore, after we considered the 40 arcmin
Gaussian kernel smoothing for the mock map, we found that
the lognormal function can fit the pixel histogram very well.
We illustrate one slice as an example in Fig. 15. We fit the his-
togram by a lognormal distribution using the stats routine in
scipy (Virtanen et al. 2020). For every redshift bin, we fit the his-
togram with the lognormal distribution and show the parameters
in Fig. 15. The lognormal probability density function is

f (y, s) =
1

sy
√

2π
exp

(
−
− log2(y)

2s2

)
/scale,

y = (x − loc)/scale,
(11)

where the x variable is given by Tb in our case.
We used the parabola function, f (z) = a + bz + cz2 to fit these

three parameters of the lognormal distribution as a function of
redshift z. The fit results are given in Table 1.

Based on these parameters, a similar mock map can be gen-
erated using the lognormal distribution (Xavier et al. 2016). This
is helpful for further study and comparison.

6.4. Effect of the bin size

As discussed in Sect. 6.1, different ways of populating Hi gas in
galaxies (halos) will lead to different biases and one-halo term,
and the bin width of 10 MHz will largely wipe out the FoG effect.
One step further, it is interesting to ask whether if we used a dif-
ferent bin width, for example, 2 MHz or 5 MHz, the conclusion
would be. A more significant FoG effect might be visible, or
a different small scale power introduced by the one-halo term
with a smaller bin width. To answer this question, we generated
the mock map with the HOD and HAM method in a 2 MHz bin
width and 5 MHz bin width, following the same steps as we used
to generate the 10 MHz bin width mock map.

In Fig. 16 we show the comparison of the angular power
spectrum of the mocks with 10 MHz, 5 MHz, and 2 MHz. For
better comparison, we took the frequency range from 990 MHz
to 1000 MHz, which consists of one bin in the 10 MHz mock,
two bins in the 5 MHz mock, and five bins in the 2 MHz mock.
We took the average of the angular power spectrum measured
from this one (two and five) bin(s) of 10 (5 and 2) MHz mocks.
We also amplified the results to keep the curves of different bin
width separated for better illustration. The higher angular power
spectrum of the HAM mocks compared to the HOD mocks at
small scales (l > 100) is evident. The angular power spectrum
of the HOD mocks compared to HAM mocks is lower by more
than 10% at l > 300. It is also obvious that the difference hardly
depends on the bin width. This is expected because regardless of
whether the difference of the small-scale power is due to scale-
dependent bias or the one-halo term, it is isotropic. The width
of the frequency bin is expected to play only a little role in the
power spectrum.

In contrast, the FoG effect is anisotropic. The FoG effect
points toward the line-of-sight direction. We expect to see a
stronger suppression due to the FoG effect at small scales with
a smaller bin width because there is less smoothing. The result
is shown in Fig. 17, which is exactly what we have expected.
We assumed a point source in the red mock and took the veloc-
ity dispersion into account in the red2 mock. Therefore the FoG
effect is modeled in the red2 mock. The FoG effect is very clear
in the 2 MHz mock, it is weaker in the 5 MHz mock, and it is
almost indistinguishable in the 10 MHz mock. We conclude that
a smaller frequency bin width is very effective in identifying the
FoG effect in 21 cm intensity-mapping observations. However,
we also note that with a smaller bin width, the noise level is also
higher. Therefore it is an open question whether we can identify
the FoG effect in the real observations with BINGO.

6.5. Comparison with UCLCl

When we take the mock maps and the measured angular power
spectrum as a real observation, we need a fast model predic-
tion to compare this with the map and see whether we can
fit it to the observation. This is essential for parameter fit-
ting and cosmological parameter constraints. UCLCl (Unified
Cosmological Library for C`s) is a package that calculates
the angular power spectra (McLeod et al. 2017; Loureiro et al.
2019) from the power spectrum of density fluctuations
through

Ci j
l = 4π

∫
dk
k

W i
l (k)W j

l (k)∆2(k), (12)
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Fig. 14. Pixel histogram of the brightness temperature distribution of the
mock map from 990 MHz to 1000 MHz in redshift space. Upper panel:
histogram comparison of the HOD map and the HAM map from 0 mK
to 1.5 mK. Lower panel: we zoom in to the range from 0 mK to 0.4 mK.
The lognormal fitted curves are also shown. The HAM map clearly has
more extremely high brightness temperature pixels, as expected from
Fig. 10.

where Wl(k) is the window function that absorbs all the pro-
cesses involved in the evolution, convolution, and the projection
effects, and ∆2(k) is the dimensionless matter power spectrum.
By using the linear perturbation calculation of the matter power
spectrum, we obtain the linear angular power spectrum. By using
the halofit nonlinear correction (Takahashi et al. 2012), we can
take the one-halo term nonlinear effect into account. We calcu-
lated the angular power spectrum using the UCLCl package with
the cosmological parameters consistent with the HOD mock.

In Fig. 18, we compare the results of the UCLCl and our HOD
mock measurements in redshift space. The point-source assump-
tion was taken in this HOD mock for comparison. The HOD
mock results are higher than the linearly calculated results, but
they are lower than the halofit corrected results at small scales.
At large scales, the UCLCl results are consistent with the HOD
mock except for the obvious fluctuations due to cosmic vari-
ance. At lower redshift (higher frequency), we can see a larger
small-scale nonlinear correction than at higher redshift (lower
frequency). There are two reasons for this. One reason is that
at higher redshift, the one-halo term plays a smaller role than
at lower redshift. The other reason is that at lower redshift, the
shell of the Hi distribution that we can measure is closer to us,
which means that at lower redshifts we can see more details from

small scales with the same angular resolution when compared to
higher redshift shells.

If we take the HOD mock as a benchmark, the linear case has
underestimated the angular power spectrum at small scales and
the halofit correction has overestimated the angular power spec-
trum. At higher redshift, the UCLCl calculation is closer to the
measurements of the HOD mock. At l < 80, the UCLCl linearly
calculated results, which adopted the linear bias assumption, can
fit the HOD mock from 1250 MHz to 1260 MHz. From 960 MHz
to 970 MHz, the UCLCl linear calculation can fit the HOD mock
result up to l < 200. This comparison clearly tells us the short-
coming of our modeling for the 21 cm intensity-mapping angu-
lar power spectrum using the UCLCl package. Without further
improvement in the modeling at small scales and a better under-
standing of the Hi distribution in halos, it is hard to use the full
information of the angular power spectrum at l > 80 at the lowest
redshift and l > 200 at the highest redshift for BINGO.

6.6. Hi bias and abundance

The overall amplitude of the angular power spectra of 21 cm
intensity mapping is closely related to ΩHi and bHi. Therefore,
observations constrain these parameters. The detailed forecast is
provided in our companion Paper VII (Costa et al. 2022). Here
we provide the answer of the mock map for the future parame-
ter fitting and pipeline building. We calculated the ΩHi in each
mock map by adding all the Hi mass in each redshift bin, and
then divided it by the volume of each bin. We show ΩHi as a
function of frequency (redshift) in Fig. 19. The measurement of
the HOD mock is shown as dotted lines, and the HAM mock is
shown as dashed lines. The population of the Himass is different
in the real-space mock map and the in the redshift-space mock
map in the same frequency bin because of RSD effect. We illus-
trate the result of real-space mock and redshift-space mock in
different colors, but there is clearly little difference between real
space and redshift space. The RSD has little effect on the ΩHi in
each bin. We provided a parabola fitting to the real-space mocks,
which gives

(HOD)ΩHi = 2.7 × 10−4 + 1.0 × 10−4z − 8.0 × 10−5z2, (13)

for the HOD mock and

(HAM)ΩHi = 2.5 × 10−4 − 4.0 × 10−5z − 7.0 × 10−5z2, (14)

for the HAM mock, shown as solid black lines.
For the HOD mock, we used the publicly available python

package COLOSSUS (Diemer 2018) to calculate the bias of
each halo using the empirical relation provided by Tinker et al.
(2010), and by considering the following relation in real space:

ClHAM

ClHOD
=

T̄ 2
HAM

T̄ 2
HOD

b2
HAM

b2
HOD

, (15)

we estimated the bias of the HAM mock. We show the bias bHi
as a function of frequency (redshift) in Fig. 20. The crosses rep-
resent the result of the HOD mock and the dots represent the
result of the HAM mock. Because the real-space and redshift-
space results are almost identical, we just show the results of the
real-space mock for better illustration. Similarly, we also provide
the parabola fitting results

(HOD)bHi = 0.96 + 0.36z + 0.17z2, (16)

for the HOD mock and

(HAM)bHi = 1.4 + 0.092z + 0.50z2, (17)
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Fig. 15. Pixel histogram of the brightness temperature distribution and related lognormal fitting results. Upper left panel: histogram of the pixels
of the brightness temperature distribution of the redshift-space mock map from 990 MHz to 1000 MHz smoothed by a 40 arcmin Gaussian kernel.
After smoothing, the histogram can be very well fit by the lognormal distribution. The fitted parameters, s, loc, and scale, are shown as a function
of the redshift (frequency) in the other three panels. For each of them we also fit a parabola function, which is a good fit. The lognormal fitted
parameters are shown in red for the HOD mock and in blue for the HAM mock. Crosses represent the real-space mock and dots the redshift-space
mock. The parabola fitting curves are shown in red for the HOD mock and in blue for the HAM mock. Solid lines show the real-space mock, and
dashed lines show the redshift-space mock.

for the HAM mock, shown as solid black lines. The large differ-
ence in the bias of the HOD mock and the HAM mock shows
that different ways of Hi gas occupation can lead to a very dif-
ferent linear bias, which is observable in the angular power spec-
trum. The 21 cm intensity mapping can also tell us about the Hi
gas distribution, which is related to the galaxy formation and
evolution.

The fitting formula has three advantages.
– It is useful when the map is to be reproduced with other

methods, such as a Gaussian realization or FLASK, which
can easily generate a large number of realizations to con-
struct a covariance matrix.

– It can largely reduce the number of free parameters for ΩHi
and bHi with the fitting formula, when maps at many different
redshifts are used.

– This fitting formula is independent of the number of bins. It
is useful when we need to change the number of bins.

7. Summary and discussion

We have introduced the method of building mock 21 cm inten-
sity maps using N-body simulation data. In summary, we have
achieved the following points:

Table 1. Parabola fitting parameters of lognormal parameters as a func-
tion of redshift z.

Mock Parameter a b c

HOD real s 0.99 −2.8 2.9
HOD red s 1.1 −2.9 3.0
HAM real s 1.6 −4.4 4.6
HAM red s 1.7 −4.7 4.9
HOD real loc −0.0016 −0.047 −0.025
HOD red loc −0.00037 −0.050 0.0046
HAM real loc 0.00095 −0.021 0.0030
HAM red loc 0.0015 −0.024 0.0080
HOD real scale 0.021 0.18 −0.046
HOD red scale 0.017 0.19 −0.081
HAM real scale 0.0058 0.16 −0.12
HAM red scale 0.0042 0.16 −0.13

1. We used the ELUCID N-body simulation and its semiana-
lytical galaxy catalog to study the Hi halo occupation dis-
tribution. We concluded that for halos less massive than
1012 M� h−1, the main contribution of Hi gas comes from the

A19, page 13 of 16



A&A 664, A19 (2022)

101 102

l

10 8

10 7

10 6

10 5

10 4

Cl
(m

K
2 )

HOD 10Mhz
HOD 5Mhz
HOD 2Mhz
HAM 10Mhz
HAM 5Mhz
HAM 2Mhz

101 102

l

0.7

0.8

0.9

1.0

1.1

1.2

1.3

Cl
H

O
D
/C

l H
AM

10Mhz
5Mhz
2Mhz

Fig. 16. Comparison of HOD and HAM mocks in real space shown with
10 (5 and 2) MHz in red (blue and green). Upper panel: HOD results are
shown as thick solid lines, and the HAM results are shown as faint solid
lines. For better illustration, we artificially amplified the curves by 0.5
(1 and 2) times for 10 (5 and 2) MHz results. Lower panel: ratio of the
angular power spectrum of the HOD mocks and HAM mocks. Clearly,
HAM mocks have a higher angular power spectrum at small scales, and
it depends weakly on the bin width.

central galaxies. For halos more massive than 1013 M� h−1,
the main contribution of Hi gas comes from the satellite
galaxies. Neglecting the Hi contribution in satellite galaxies
is not a good approximation.

2. We provided a good fitting formula of the Himass-halo mass
relation. This facilitates populating Hi gas in dark matter
halos. The fitting function is given by Eq. (1).

3. The HOD method was verified using the ELUCID simula-
tion by comparing it to the SAM galaxy catalog. With a 10%
accuracy, the power spectrum of the HOD-repopulated Hi
distribution is correct up to k = 0.4 h Mpc−1.

4. The mass resolution of the N-body simulation can lead to
scale-dependent bias. With the halo mass limit down to about
1011 M� h−1, the linear bias assumption, which assumes a
constant bias number, is still valid. The linear bias assump-
tion is not valid with the 1012 M� h−1 halo mass limit. This
sets a resolution requirement for the N-body simulation to be
used to build the Hi mock map.

5. Using HR4 simulation, we built the full-sky 21 cm intensity
mock maps that extend from 960 MHz to 1260 MHz, and
cover the range of BINGO (from 980 MHz to 1260 MHz).
Both the HOD method and abundance-matching (HAM)
method were applied to obtain two types of mocks.
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Fig. 17. Comparison of the red (point-source assumption) HOD mock
and the red2 (velocity dispersion induced FoG effect modeled) HOD
mock shown with 10 (5 and 2) MHz in red (blue and green). The red
results are shown as thick solid lines, and the red2 results are shown
as faint solid lines. For better illustration, we artificially amplified the
curves by 0.5 (1 and 2) times for 10 (5 and 2) MHz results. The FoG
suppression at small scales is clearer with a smaller bin width.
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Fig. 18. Angular power spectrum of the HOD mocks (solid faint curves)
compared to the calculation with the UCLCl code with a linear calcu-
lation (dashed lines) and halofit nonlinear correction (dotted lines) in
redshift space. Red (orange, green, and blue) lines show the result from
960 (1050, 1150, and 1160) MHz to 970 (1060, 1160, and 1260) MHz,
averaged at 965 (1055, 1155, and 1255) MHz, which are amplified by
0.25 (0.5, 1, and 2) times for better illustration. HOD mock measure-
ments are higher than the linear calculation, but lower than the halofit
calculation at small scales.

6. The RSD was taken into consideration, we introduced a
method that considers the point-source RSD and a method
that considers the velocity dispersion to account for the FoG
effect.

7. The lognormal distribution can provide a reasonable fitting to
the pixel histogram of the mock map. If the map is smoothed
by a 40 arcmin Gaussian kernel, the fitting will be very good.

8. We provided the lognormal fitting parameters for our mock
maps. A further parabola fitting to the lognormal parame-
ters as functions of redshift was made. The fitting results are
given. It is easy to realize a similar brightness temperature
distribution with the distribution using our parameters.

9. We discussed the effect of Gaussian beam smoothing, RSD,
and the difference of the HOD mock and HAM mock by
comparing the angular power spectrum. Different bias and
Kaiser effect can be distinguished. The nonlinear effect at
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Fig. 19. ΩHi as a function of frequency (redshift) in our mock map.
The dotted lines show the result of the HOD mock, and the dashed
curves show the result of the HAM mock. “Real” means the real-space
mock, and “red” means the redshift-space mock under the point-source
assumption. The solid black lines show the parabola fitting results to the
real-space mock.
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Fig. 20. bHi as a function of frequency (redshift) in our mock map. The
crosses show the result of the HOD mock and the dots show the result
of the HAM mock. The real-space and redshift-space mock bias are
measured, and they are almost identical. The solid black lines show the
parabola fitting results.

small scales and the FoG effect are not important if the
40 arcmin Gaussian smoothing is taken into account.

10. The effect of different frequency bin sizes was discussed. The
FoG effect can be more easily identified with a smaller bin
size. A different bin size has little effect on distinguishing
between HOD mock and HAM mock.

11. The theoretical calculation was made using the UCLCl pack-
age and was compared to our mock map measurements. We
found that the UCLCl results can fit the mock at large scales,
but it failed at small scales. The lower the redshift, the worse.
They fit well at l < 80 for the highest frequency bin and at
l < 200 for the lowest frequency bin of BINGO. The lin-
ear theory calculation has underestimated the angular power
spectra at small scales and the halofit nonlinear correction
has overestimated it. We need a better modeling to make full
use of the whole range of the angular power spectra.

12. We provided the measurement of ΩHi and bHi as a function of
frequency (redshift) in the HOD mock and HAM mock. The
parabola function can provide very good fit to the measure-
ments. The fit functions for each case are listed in Sect. 6.6.

In addition to constraining cosmological parameters, 21 cm
intensity mapping is expected to constrain the astrophysical pro-
cesses related to Hi gas. There is no conclusion about the best
method. HAM and HOD, these two different methods we to pop-
ulate Hi gas in halos, can be regarded as valid tests. Because we
can distinguish HAM from HOD using 21 cm intensity mapping
by constraining the bias parameter, it proves the ability of distin-
guishing the Hi population in halos. The mock we generated here
will serve as the source signal to test the BINGO data analysis
pipeline. This will include parameter fitting, BAO signal fitting
and many other methods developed for intensity mapping.

The method we introduced here will be useful in building
mocks based on fast simulations such as COLA-HALO (Koda et al.
2016). After generating hundreds of mocks, we can measure the
covariance matrix, which is essential to estimate the cosmolog-
ical parameters. On the other hand, this methodo can also be
applied for other 21 cm intensity-mapping experiments such as
the SKA. As a next step, we will combine the foreground, noise
and mask of BINGO to generate a more realistic mock map to
test our data analysis pipeline. In the future, we will also include
more effects that might change the map, such as radio point
sources, lensing effects, and gravitational redshift. By continu-
ously making more realistic mock maps, we can improve the
understanding of intensity mapping and provide a better data
challenge for the pipeline.
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