
MNRAS 537, 3134–3143 (2025) https://doi.org/10.1093/mnras/staf263 
Advance Access publication 2025 February 12 

Statistical selection of high-r edshift, neutral-hydr ogen-rich, lensed galaxies 

with the Square Kilometre Array 

Charissa B. Button 

1 and Roger P. Deane 

1 , 2 ‹

1 Department of Physics, University of Pretoria, Lynwood Rd, Pretoria 0028, South Africa 
2 Wits Centre for Astrophysics, University of the Witwatersrand, 1 Jan Smuts Avenue, Johannesburg 2000, South Africa 

Accepted 2025 February 10. Received 2025 February 7; in original form 2024 November 22 

A B S T R A C T 

Deep wide spectral line surv e ys with the Square Kilometre Array (SKA) will expand the cosmic frontiers of neutral atomic 
hydrogen (H I ) in galaxies. Ho we ver, at cosmologically significant redshifts ( z � 0 . 5), detections will typically be spatially 

unresolved and limited to the highest mass systems. Gravitational lensing could potentially alleviate these limitations, enabling 

lower mass systems to be studied at higher redshift and spatially resolved dynamical studies of some H I discs. Additionally, 
lensed H I systems would select foreground dark matter haloes using a different, more extended baryonic tracer compared to 

other lens surv e ys. This may result in a wider selected range of foreground dark matter halo properties, such as the concentration 

parameter. This paper uses the distortion of the observed H I mass function produced by strong gravitational lensing to find a 
flux density criterion for selecting lensed H I sources in future SKA-Mid spectral line surv e ys. This selection approach could 

yield lensed H I source densities in the range of ∼0 . 1–10 galaxies per square degree out to a redshift of z � 3 co v ered by 

SKA-MID Band 1. Although the sample sizes are modest, even with the proposed SKA-Mid surv e ys, the selection approach 

is straightforward and should have a 50 per cent efficiency without any additional information, such as low-impact-factor or 
lo wer redshift massi ve galaxies. The ef ficiency of selecting high-redshift, neutral-h ydrogen-rich, lensed g alaxies should then be 
greatly enhanced by using SKA-MID data in concert with the Vera C. Rubin Large Surv e y of Space and Time. 

Key words: gravitational lensing: strong – galaxies: evolution – galaxies: high-redshift. 
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 I N T RO D U C T I O N  

tomic and molecular hydrogen are two fundamental transitory
hases in the baryon cycle, which refers to the cycling of gas through
ifferent phases (e.g. atomic h ydrogen, molecular h ydrogen, stars,
nd ionized gas) and through the different regions in and surrounding
 galaxy (see e.g. Bouch ́e et al. 2010 ; Lilly et al. 2013 ; Peroux &
owk 2020 ; Walter et al. 2020 ). Understanding the atomic and
olecular content within the interstellar medium (ISM) can help

o explain global scaling relations such as the star-forming main
equence (Saintonge & Catinella 2022 , and references therein) and
ontribute to our theory of star formation and galaxy evolution. Re-
ently, sev eral large surv e ys hav e enabled the study of the molecular
as content in galaxies out to high redshifts (e.g. Saintonge et al.
017 ; Tacconi et al. 2018 ; Decarli et al. 2019 , 2020 ; Magnelli et al.
020 ). These surv e ys include the ALMA Spectroscopic Surv e y in the
ubble Ultra-deep Field (Walter et al. 2016 ) which observed carbon
onoxide (CO) as a tracer for H 2 o v er a large redshift co v erage

 z � 10), as well as surv e ys undertaken with the Herschel Space
bservatory , co v ering the redshift range 0 � z � 2 . 5 (see Berta et al.
016 , and references therein). Ho we ver, there are comparati vely fe w
tudies of H I in similar detail, particularly at higher redshifts, where
bservations of H I rely on indirect tracers. 
 E-mail: roger.deane@wits.ac.za 
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At low redshift, H I can be observed through its emission line at
1 cm which arises due to the hyperfine structure levels of hydrogen
n its ground state. Ho we ver, due to the low transition probability,
his emission line is weak, thereby limiting our ability to make direct
irections at large cosmological distances ( z � 0 . 2). Furthermore,
ecause of its fairly long wavelength, the H I 21-cm line in galaxies
eyond the local Universe can only be spatially resolved with
nterferometers. 

Over the past two decades there have been several systematic
earches for H I 21-cm emission from low redshift galaxies. Two
uch surv e ys, co v ering wide areas and undertaken with single dish
nstruments are the H I Parkes All-Sky Survey (HIPASS; Barnes et al.
001 ; Meyer et al. 2004 ) and the Arecibo Le gac y F ast ALFA Surv e y
ALF ALF A; Giovanelli et al. 2005 ; Haynes et al. 2018 ). These two
urv e ys co v ered redshifts out to z � 0 . 04 and z � 0 . 06, respectively.
n addition to these single-dish surv e ys, there hav e been sev eral
urv e ys undertaken with radio interferometers, including deep H I

urv e ys that probed higher redshifts than previous studies. The H I

earby Galaxies Surv e y (THINGS; Walter et al. 2008 ) studied
earby galaxies using the Very Large Array (VLA) and was able
o resolve the H I content within these galaxies on sub-kpc scales.
t higher redshifts, requiring substantial integration times, the Blind
ltra-Deep H I Environmental Surv e y (BUDHIES; Verheijen et al.
007 ; Gogate et al. 2020 ), undertaken with the Westerbork Synthesis
adio Telescope (WSRT), and the COSMOS H I Large Extragalactic
urv e y (CHILES; Fern ́andez et al. 2013 ), undertaken with the VLA,
© 2025 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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ere able to reach the sensitivities required to observe the H I content
n galaxies at redshifts of z � 0 . 2. Recently, the FAST Ultra-Deep
urv e y (Xi et al. 2024 ), carried out on the FAST telescope, disco v ered
ix H I galaxies at redshifts between z � 0 . 38 and z � 0 . 40. These
xamples illustrate the development and improvement in these 
ystematic H I searches o v er the past two decades, especially in
he aim to detect H I 21-cm emission at cosmologically significant 
istances. 
At intermediate to high redshifts ( z � 0 . 4), current radio tele-

copes are not sensitive enough to detect H I directly through its
1-cm emission line within � 24 h (beyond this integration time, 
ystematic calibration errors begin to limit the theoretical sensitivity 
imits). Hence, high redshift studies rely on indirect methods, such 
s spectral line stacking, damped Lyman- α absorption studies or H I 

bsorption studies. Over redshifts of 0 . 3 � z � 1 . 3, stacking the H I

1-cm emission from individual galaxies that are below the detection 
imit can yield the average H I content of the sample (e.g. Bera et al.
018 ; Chowdhury et al. 2020 , 2021 ). However, uncertainties in the
edshifts of the galaxies that are used in the stacking, as well as the
patial and spectral apertures o v er which the individual spectra are
xtracted, can lead to significant uncertainties in the stacked spectrum 

nd the inferred H I mass (e.g. Elson, Baker & Blyth 2019 ). At higher
edshifts ( z � 1 . 6), H I can be studied using the Lyman- α transition,
hich falls into the optical wavebands at these redshifts. Using this

pproach, H I is usually studied through absorption in rest-frame UV 

pectroscopy against a class of quasars known as damped Lyman- α
ystems (DLAs). This method, ho we ver, suf fers from line saturation
owards high H I column density systems, limiting its application to 
he circumgalactic medium (Jorgenson et al. 2006 ; Krogager et al. 
019 ). Another approach to studying high-redshift H I is to study
 I absorption, although this method also suffers from uncertain- 

ies due to, for example, spin temperature and gas morphologies. 
iven the uncertainties in these indirect methods, direct detections 
f the H I 21 cm line at these redshifts are desirable in and of
hemselves, but could also be used to test and calibrate these indirect
pproaches. 

Due to the natural amplification caused by gravitational lensing, 
nother technique for studying the H I content in intermediate to 
igh redshift galaxies is to measure H I 21-cm emission in systems
hat are gravitationally lensed. Gravitational lensing has played an 
mportant role in studying molecular and ionized ISM gas in distant 
alaxies (Solomon & Vanden Bout 2005 ; Vieira et al. 2013 ) and
ould, similarly, offer a promising tool for directly observing the H I

1-cm line at higher redshift and lower H I masses than would be
ossible without lensing (Deane, Obreschkow & Heywood 2015 ). 
uch observations could enable the H I scaling relations that are 
nown in the local Universe to be observed and tested as a function
f both redshift and H I mass. They would also enable important
ross-checks of the indirect H I detection methods. Additionally, if 
he lensed H I galaxy is resolved, the increase in the angular size will
nable resolved studies of the H I kinematics that would otherwise 
ot be possible, which can be used to extend the current studies of
he baryonic Tully–Fisher relation and dark matter distributions at 
arlier cosmological epochs. 

Two of the current MeerKAT H I surv e ys, MeerKAT International
igahertz Tiered Extragalactic Exploration surv e y (MIGHTEE; 

arvis et al. 2016 ) and Looking At the Distant Universe with the
eerKAT Array surv e y (LADUMA; Blyth et al. 2016 ), as well

s the proposed Square Kilometre Array (SKA) H I surv e ys will
etect a large number of H I sources, on the order of 10 3 –10 5 

Stav ele y-Smith & Oosterloo 2015 ). These surv e ys are also expected
o detect lensed systems; for example, LADUMA is predicted to 
ontain around 20 lensed H I galaxies, while the SKA Deep Surv e y
s expected to contain of order 10 3 lensed H I galaxies (Deane et al.
015 ). Given the much larger number of the unlensed H I sources in
hese surv e ys and the arcsec-scale angular resolution, it remains a
hallenge to find an efficient method for selecting the lensed sources
n the surv e y data, particularly for lower magnification sources. 

Efficiently identifying lens systems in surv e y data is challenging
t all wavelengths. One of the most productive lens searches in
ptical wavelengths is the Sloan Lens ACS Survey (SLACS; Bolton 
t al. 2008 ). The SLACS sample consists of 131 systems where high
edshift spectral lines from a distant galaxy are superimposed on 
o the continuum emission from a lower redshift galaxy along the
ame line of sight. These spectra were selected from the parent Sloan
igital Sk y Surv e y (SDSS) sample which contained ∼10 6 spectra.
ollo w-up observ ations with the Hubble Space Telescope confirmed 

ensed nature of at least 70 out of the 131 candidates (Bolton et al.
008 ). Another example of a lens search in optical data is the search
or strong gravitational lenses in the Dark Energy Spectroscopic 
nstrument Le gac y Imaging Surv e ys Data Release 9 (Storfer et al.
024 ). This surv e y co v ers a total area of 19 000 deg 2 and has detected
 v er ∼4 . 5 × 10 6 objects. Out of this, 1895 candidate lens systems
ere identified using a machine learning approach (Storfer et al. 
024 ). Clearly lens systems are rare, and in this paper we investigate
n approach to selecting gravitationally lensed galaxies based only 
n their H I 21-cm emission. 
Gravitational lensing boosts the observed number counts of a 

ource population, an effect which can be used to select gravitation-
lly lensed objects in large surv e ys based on a flux density selection
riteria. This effect was used to select lensed sub-millimetre galaxies 
n some of the far infrared and sub-millimetre surv e ys carried out
y Herschel (Negrello et al. 2017 ) and the South Pole Telescope
Vieira et al. 2013 ). For example, Negrello et al. ( 2017 ) extract a
ample of 80 lensed sub-mm galaxy candidates that were selected 
rom the H -ATLAS surv e y using an observed frame 500 μm flux
ensity threshold of 100 mJy. This population of sources observed at
00 μm is made up of low-redshift late-type galaxies, AGN-powered 
adio sources and high-redshift sub-mm galaxies. The flux density 
election applied to the H -ATLAS sample remo v ed the unlensed sub-
m galaxies, while the late-type galaxies and AGN-powered radio 

ources remained as contaminants and had to be remo v ed using
ultiw avelength data. This tw o-step selection process left a sample

hat only contained gravitationally lensed sub-mm galaxies and 
ollo w-up observ ations of these lens candidates with either the Sub-
illimetre Array or the Atacama Large Millimetre/sub-millimetre 
rray (ALMA) confirmed their lensed nature (Negrello et al. 2017 ).
In the same way, gravitational lensing will distort the observed 
 I mass function (H I MF) due to the amplification of the H I signal

n a subset of sources. Using this effect on the observed H I MF,
 flux density threshold can be identified at which the integrated
umber counts of the lensed sources exceed the integrated number 
ounts of the unlensed sources. This flux density threshold could 
hen, in principle, be used to efficiently select lensed H I galaxies
n the large spectral line surv e ys of the SKA-Mid. In a previous
aper , we have in vestigated to what extent this same approach would
e useful for selecting gravitationally lensed OH megamasers in 
hese same spectral line surv e ys (Button & Deane 2024 ), but the
 I application is significantly different for a multitude of reasons
iscussed in Sections 2 and 3 . 
In this paper, this statistical approach of selecting lensed galaxy 

andidates is applied to the problem of selecting candidate lensed H I
MNRAS 537, 3134–3143 (2025) 
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Figure 1. The effect of the magnification bias on the H I MF. The green solid 
curve shows the unlenseH I MF based on the parameters derived from the 
ALF ALF A sample (Jones et al. 2018 ). The blue curves show the lensed H I MF 
for two values of the maximum magnification (both assume that μmin = 2). 
The blue dashed curves are calculated for sources at z S = 1 . 5 an assume a 
Sheth and Tormen dark matter halo mass function (Sheth et al. 2001 ). 
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ources in the large upcoming H I surv e ys that hav e been proposed
or the SKA-Mid. Specifically, this paper addresses the question as to
hat extent is this approach practically useful for selecting candidate

ensed H I galaxies in large H I surv e ys. Section 2 briefly describes
ow the distortion to the H I MF is calculated. Section 3 discusses
he details of how the H I integrated source counts are calculated.
he results of the statistical selection as applied to H I sources
re presented and discussed in Section 4 . Finally, the conclusions
re presented in Section 5 . In this paper, we assume a Planck
018 cosmological model (Planck Collaboration VI 2020 ) unless
therwise stated. 

 DISTORTION  O F  T H E  H  I MF  

he distortion of a mass function or luminosity function due to the
ffects of gravitational lensing is described in detail in Button &
eane ( 2024 ), which is a spectral line application of the far infrared

ontinuum approach developed by Perrotta et al. ( 2002 ), Negrello
t al. ( 2007 ), and Wardlow et al. ( 2013 ). For the sake of clarity, the
ssential equations are repeated here. 

The probability that a background source at redshift, z S is lensed
y a magnification factor greater than μ is given by the ratio of
he total lens cross-section area, σ , to the area of a sphere centred
n the earth with radius equal to the angular diameter distance to
he source. Since the total lens cross-section is the sum of the lens
ross-sections due to all the intervening lenses, this probability can
e written as 

 ( > μ, z S ) = 

1 

4 πD 

2 
A ( z S ) 

∫ 4 π

0 
d �

∫ z S 

0 
d z L 

d V C 

d �d z L ∫ 

d M vir σ ( μ, z L , z S , M vir ) N C ( M vir ,z L ) , (1) 

here D A ( z S ) is the angular diameter distance at the redshift
f the source, d V C / d �d z is the comoving volume element,
( μ, z L , z S , M vir ) is the lens cross-section for a single lens system,
nd N C ( M vir ,z L ) is the comoving number density of the lenses.
onsistent with previous work (e.g. Perrotta et al. 2002 ; Wardlow
t al. 2013 ), we assume that the lens population consists of dark
atter haloes with singular isothermal sphere (SIS) density profiles

nd we ignore any effect of substructure. Hence, the lens cross-
ection only depends on the nature of the lens via its virial mass and
he comoving number density of the lenses can be be described by
he Sheth and Tormen dark matter halo mass function (Sheth, Mo &
ormen 2001 ). 
Given the probability, P ( μ, z S ), that a background source is
agnified by a factor greater than μ, the magnification probability

istribution is given by 

( μ, z S ) = −d P ( μ, z S ) 

d μ
. (2) 

The distorted H I mass function (H I MF) is then given by 

 

′ ( M H I , z S ) = 

∫ μmax 

μmin 

d μp( μ, z S ) � 

(
M H I 

μ
, z S 

)
, (3) 

here � is the intrinsic H I MF expressed as the number density
f H I sources per base-10 logarithmic H I mass interval, and � 

′ is
he distorted H I MF due to the effect of gravitational lensing on the
bserved number counts. Here, the minimum magnification, μmin , is
ssumed to have a value of μmin = 2 as per the formal definition of
trong lensing, while the maximum magnification, μmax , depends on
he angular extent of the background source and is typically estimated
sing ray-tracing simulations. 
NRAS 537, 3134–3143 (2025) 
Throughout this work, we assume that the unlensed H I MF is given
y a Schechter function where the parameters are estimated from the
LF ALF A sample (Jones et al. 2018 ) and adjusted to the Planck
018 cosmological parameters (Planck Collaboration VI 2020 ).
hese adjusted parameters are α = −1 . 25, log M 

∗
H I = 9 . 96, and

∗ = (4 . 24) × 10 −3 Mpc −3 dex −1 . The largest uncertainties in the
arameter values determined by Jones et al. ( 2018 ) are in the values
f α and φ∗ where the uncertainties are 9 per cent and 22 per cent,
espectively, while the uncertainty in the characteristic mass, M 

∗
H I ,

s only 0.6 per cent. The two parameters that most affect the results
f this work are the characteristic mass, M 

∗
H I , and the normalization,

∗. Additionally, uncertainties in the results of this paper, arise from
he assumed H I mass–peak flux density model and the assumption
f the SIS density profile for the lenses. 
Furthermore, in this work we assume that the H I MF does not

volve with redshift, so that the local ALF ALF A H I MF can be
ssumed to be valid o v er the redshift range, 0 ≤ z ≤ 3, that is
onsidered here. This assumption is moti v ated by the fact that recent
ork by Walter et al. ( 2020 ) has found that the cosmic density of
ydrogen only evolves by a factor of ∼2 out to z � 4, and by the
act that recent work on MIGHTEE early science data has not found
vidence for any redshift evolution of the H I MF out to z � 0 . 084
Ponomare v a et al. 2023 ). Ho we ver, this assumption, as well as the
ossible impact of an evolving H I MF on the results of this paper, is
iscussed in more detail in Section 4.1 . 
Fig. 1 shows the distortion of the H I MF due to lensing with a toy
odel. The green curve shows the ALF ALF A H I MF with the adjusted

arameters given above, while the blue curves show the lensed H I MF
or μmax = 10 and 30 calculated according to equation ( 3 ). Here,
he lensed sources are all assumed to be at redshift z S = 1 . 5, and

min = 2 for both curves. The blue curves intersect the green curve
t log M H I ∼ 11 indicating that for masses greater than this, the
umber counts of the lensed population dominates o v er the unlensed
opulation. It is this point that we aim to utilize in order to find a flux
ensity threshold at which to preferentially select lensed H I sources.
Fig. 2 shows the fraction, γ , of galaxies that are expected to be

trongly lensed as a function of both H I mass and source redshift.
ere, the fraction, γ is calculated as the ratio of the distorted H I MF,
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Figure 2. The fraction of strongly lensed galaxies (assuming μmin = 2 and 
μmax = 30) as a function of log H I mass and source redshift. The fraction of 
galaxies is shown on a log colour scale. 

g  

i  

d  

fi  

l

3

T
i  

S
b

N

w  

r  

i  

o  

a  

l  

o  

r  

l
d

t
n  

i  

c
t  

m  

d  

w

3

A
g  

t  

d  

d
f

 

m
P  

q  

l
m  

p
t  

f  

u  

m  

i  

a  

f  

o
c  

2
 

t
m  

o  

r  

H  

s  

A  

f  

i  

e  

d
e
e
e  

b  

w  

w  

o  

c  

w
h
o

 

t  

r  

m  

t  

h
m  

u
t  

r
t  

h

3

T  

s  

fl  

H  

n  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/4/3134/8010859 by Pretoria U
niversity user on 17 April 2026
iven by equation ( 3 ), to the sum of the distorted H I MF and the
ntrinsic H I MF at a given H I mass and redshift. In calculating the
istorted H I MF, it is assumed that μmin = 2 and μmax = 30. The
gure shows that it is only at high H I masses and redshifts that the

ensed fraction becomes significant. 

 INTEGRATED  C O U N T S  O F  H  I S O U R C E S  

he integrated source counts of a population can be found by 
nte grating o v er the volume number density within the rele v ant limits.
pecifically for H I galaxies the integrated source counts are given 
y 

( > S peak 
ν ) = 

∫ 4 π

0 
d �

∫ z 2 

z 1 

d z 

∫ ∞ 

M H I ( S 
peak 
ν ,z) 

d log M H I � ( M H I , z) 
d V c 

d �d z 
, (4) 

here M H I ( S peak 
ν , z) is the H I mass at a given peak flux density and

edshift, d V c / d �d z is the comoving volume element, and � ( M H I , z S )
s either the intrinsic H I MF in the case of the unlensed population,
r the distorted H I MF in the case of the lensed population. Here,
nd in the rest of the paper, the log notation refers to the base-10
ogarithm. Note that � will not have any z-dependence in the case
f the unlensed population since we are assuming that there is no
edshift evolution in the intrinsic H I MF. Ho we ver, in the case of the
ensed population � 

′ does depend on z since the lensing probability 
epends on the source redshift (see equation 3 ). 
So, in order to calculate the number counts, three quantities need 

o be specified: first, the maximum magnification for H I galaxies 
eeds to be estimated, second, the H I mass needs to be expressed
n terms of the peak flux density of the spectral line for the selected
hannel frequency widths, and third, the redshift interval over which 
o integrate needs to be chosen. Sections 3.1 and 3.2 discuss the
aximum magnification and the H I mass in terms of the peak flux

ensity. The redshift range is explored in greater detail in Section 4
here the results are discussed. 

.1 Maximum magnification 

s mentioned in Section 2 , the maximum magnification due to 
ravitational lensing is limited by the finite size of the source. Hence,
he value of the maximum magnification used in equation ( 3 ) will
epend on the angular size of the H I disc in galaxies, with smaller
iscs typically having larger magnifications than larger discs, at least 
or g alaxy–g alaxy lenses (Blecher et al. 2019 , 2024 ). 

Perrotta et al. ( 2002 ) and Lapi et al. ( 2012 ) investigate the
aximum magnification of extended sources using ray-tracing. 
errotta et al. ( 2002 ) consider an ellipsoidal lens potential of a
uasi-isothermal sphere, while Lapi et al. ( 2012 ) consider spherical
ens models. They both use ray-tracing to estimate the expected 

agnification of a source as a function of its position in the source
lane. Then, using a de Vaucouleurs brightness profile, they estimate 
he magnification of the extended source as a function of the distance
rom its centre, as the ratio of the total lensed brightness to the total
nlensed brightness. Perrotta et al. ( 2002 ) find that the maximum
agnification for sub-mm galaxies with ef fecti ve radii of 1–10 kpc is

n the range 10–30. They note that a value of 10 is fairly conserv ati ve
nd is easily achieved while a value of 30 is only obtained under
a v ourable conditions. Lapi et al. ( 2012 ) find a slightly higher range
f maximum magnifications of 30–50. These values are broadly 
onsistent with modelling of lensed far-IR systems (e.g. Vieira et al.
013 ; Negrello et al. 2017 ). 
The size of H I discs, which is typically larger than other baryonic

racers (Broeils & Rhee 1997 ), is constrained through the H I size–
ass relation (Wang et al. 2016 ). This relation constrains the diameter

f the H I discs o v er fiv e orders of magnitude in H I mass, giving a
ange of ∼0 . 3–300 kpc for the diameter with a scatter of 0.06 dex.
o we ver, this relation has only been measured in undisturbed

ystems and only out to redshifts of z < 0 . 08 (Rajohnson et al. 2022 ).
t higher redshifts, the size of the H I discs is uncertain as several

actors could affect their extent. One factor is that the size of galaxies
s expected to decrease with redshift (Gunn & Gott 1972 ; Bouwens
t al. 2004 ) which would also imply that the diameter of the H I discs
ecreases. Another factor is that at earlier cosmological epochs, the 
ffects of turbulence and the ionizing background compete with the 
ffects of minor and major mergers. At these earlier cosmological 
pochs, the Universe is more turbulent and has a high ionizing
ackground which would tend to decrease the size of the H I discs,
hile at the same time, there are more minor and major mergers
hich would result in more extended H I discs for a larger fraction
f galaxies. Direct mapping of H I at higher redshifts will help to
onstrain the M H I –D H I relation. The expectation is that the size
ould decrease, hence resulting in higher maximum magnifications, 
o we ver, theoretical work based on cosmological simulations is 
ngoing. 
To estimate the maximum magnification of H I discs, we use

he results of Deane et al. ( 2015 ). Using N -body simulations with
ay-tracing, Deane et al. ( 2015 ) measure the distribution of the
agnifications of H I discs in a simulated area of 150 deg 2 out

o a redshift of z ∼ 4. They found that the majority of sources
ave magnification factors less than 10, although they did observe 
agnification factors as high as ∼50 in rare cases. Serjeant ( 2014 )

sed a range of 10–30 for the maximum magnification, following 
he results of Perrotta et al. ( 2002 ). Given all of the abo v e, it seems
easonable to use maximum magnifications in the range 10–30 in 
his paper, an assumption which will be refined as our knowledge of
igh redshift H I impro v es. 

.2 An H I mass–peak flux density model 

he second quantity that is needed in order to calculate the integrated
ource counts is an expression for the H I mass in terms of the peak
ux density of the spectral line for a given velocity width. Because
 I gas is detected through the hyperfine transition at 21 cm, the
umber of hydrogen atoms, and hence the mass of the gas, is directly
MNRAS 537, 3134–3143 (2025) 



3138 C. B. Button and R. P. Deane 

M

Figure 3. The 2D distribution of velocity width and H I mass from the AL- 
F ALF A sample for sources with log M H I > 6 . 4. The black triangles indicate 
the mean log W 50 value in each log M H I bin, while the error bars indicate the 
standard deviation from the mean in each bin. The grey line indicates a linear 
fit to the mean v alues, gi ven by log W 50 = 0 . 298 log M H I − 0 . 63, with the 
1 σ uncertainty on the parameter values indicated by the grey shading. 

r  

t  

e  

v

w  

v  

a  

d  

s  

r  

s  

a  

t  

w
 

o  

e
v  

p  

H  

u  

c  

f  

F  

l  

i  

w
v  

r

T  

i

Figure 4. The derived relation between H I mass and peak flux density at 
redshifts z = 0 . 1 , 0 . 5 , 1 . 0 , 2 . 0, and 3.0. The vertical dashed lines indicate the 
approximate 5 σ sensitivity of the proposed SKA-Mid surv e ys. 
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elated to the luminosity of the source (see Meyer et al. 2017 ). Since
he opacity of H I is typically τ ∼ 0, this is true even in the densest
nvironments (Braun & Walterbos 1992 ). From this, the rest-frame
 elocity-inte grated flux can be related to the H I mass by 

M H I 

M �
� 

2 . 35 × 10 5 

1 + z 

(
D L 

Mpc 

)2 (
S V rest 

Jy km s −1 

)
, (5) 

here D L is the luminosity distance and S V rest is the rest-frame
 elocity-inte grated flux (e.g. Me yer et al. 2017 ). Ho we ver, for our
pplication, we seek a relation between H I mass and peak flux
ensity, since this work is based on finding a peak flux density
election threshold in a spectral cube at a pre-defined range of channel
esolutions, to aid the practical implementation of this approach for
pectral lines. This relation can be found through making simplifying
ssumptions about the shape of the H I line profile, as well as using
he ALF ALF A H I sample (Haynes et al. 2018 ) to relate the velocity
idth of the H I line profile to the H I mass. 
The ALF ALF A sample contains ∼25 000 high quality sources

bserved in the ALF ALF A survey (Giovanelli et al. 2005 ; Haynes
t al. 2018 ). The catalogue provides measures of both the W 50 

elocity width (defined as the velocity width at 50 per cent of the
eak flux density and corrected for instrumental broadening) and the
 I mass for each source in the catalogue. These velocity widths are
ncorrected for the inclination of the galaxy. This is desired in our
ase, since we want to relate the H I mass to the peak flux density
or sources that will also not be corrected for inclination effects.
ig. 3 shows the 2D distribution of the ALF ALF A sources in bins of

og W 50 and log M H I . The triangles indicate the mean log W 50 value
n each log mass bin. In order to find a relation between the velocity
idth and H I mass, we carry out a linear fit to the mean log W 50 

alues and the centres of each log mass bin. The best-fitting linear
elationship is given by 

log 

(
W 50 

km s −1 

)
= (0 . 298 ± 0 . 005) log 

(
M H I 

M �

)
− (0 . 63 ± 0 . 03) . 

(6) 

his is shown in Fig. 3 as the grey curve and the grey shading
ndicates the 1 σ uncertainty on the parameter values. 
NRAS 537, 3134–3143 (2025) 
The rest-frame v elocity-inte grated flux can be written explicitly as
he integral of the flux density over the rest-frame velocity: 

 

V rest = 

∫ 

S νd V rest . (7) 

ue to the rotation and distribution of H I within the disc, the emission
ine profile typically has a double peak, if sufficiently inclined and

assiv e. These peaks mo v e close together for intermediate inclina-
ions and lower mass. Here, we make the simplified assumption
hat the emission line has a boxcar profile. This is the simplest
ormulation of the shape of the emission line which retains the
elocity and total flux of a double horned profile. The assumption
s further justified by the fact that we will perform this with a
elativ ely coarse v elocity resolution, lik ely merging the tw o peaks of
ny double horn profile. Under this assumption the integrated flux
ecomes 

 

V rest = S peak 
ν W , (8) 

here S peak 
ν is the peak flux density of the line and W is the rest-frame

elocity width of the line, uncorrected for inclination. Although peak
ux density is a brightness and so has units of Jy beam 

−1 , in this case
he peak flux density is the peak of an integrated spectrum and so
s taken to have units of Jy. So then, equation ( 8 ) relates this peak
ux density to the rest-frame integrated flux for a given rest-frame
elocity width. 

Finally, combining equations ( 5 ) to ( 8 ), enables us to find a relation
etween the H I mass and peak flux density of an H I source: 

log M H I = −1 . 42 
(
log (1 + z) − log (2 . 35 × 10 5 ) 

−2 log ( D L ) − log ( S peak 
ν ) + 0 . 63 

)
. (9) 

This relationship is shown in Fig. 4 at redshifts z =
 . 1 , 0 . 5 , 1 . 0 , 2 . 0 and 3.0. 
Note we apply the relation derived in equation ( 9 ) across the

edshift range 0 ≤ z ≤ 3 even though it is based on the distribution
f W 50 with H I mass in the ALF ALF A sample which is restricted
o low redshift sources ( z ≤ 0 . 06). This is an assumption that will
ave to be refined in the future as higher redshift sample sizes
ncrease. Also note that under the assumption of a boxcar profile,
he mean flux density of the profile is equi v alent to the peak
ux density. For other profiles the two will not be equi v alent,
ut equation ( 9 ) will still be valid for the mean flux density.
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Figure 5. Integrated source counts for the lensed (shown by the blue dashed curve) and unlensed (shown by the green solid curve) populations integrated over 
different redshift intervals. The lensed source counts are calculated for two values of the maximum magnification, μmax = 10 and μmax = 30. The grey shading 
shows the region where the lensed number counts are equal to or exceed the unlensed number counts, making this the region of efficient lens selection, even 
if no other multiwavelength information is used. The hatched region within the grey shaded region indicates where the unlensed source counts are less than 1 
source in the whole sky area. Selecting lenses in this region should have 100 per cent efficiency. 
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o we v er, we hav e chosen to keep to the peak flux density descrip-
ion as this is a more intuitive description from an observational 
erspective. 

 RESULTS  A N D  DISCUSSION  

ection 3 shows how the general statistical lens selection technique 
an be applied to the selection of candidate lensed H I sources. In
his section, we discuss the results of the H I lens selection. The first
uestion to consider is what redshift interval should be integrated 
 v er in equation ( 4 ). In choosing the redshift interval, both the central
edshift and the width of the interval need to be specified. This work
s focused on the application to the proposed SKA-Mid H I surv e ys
escribed in Stav ele y-Smith & Oosterloo ( 2015 ). Since the SKA-
id Band 1 and 2 receivers cover the frequency range that span H I

n the redshift range 0 ≤ z ≤ 3, only intervals within in this range
re considered here. To explore which redshift intervals this lens 
election might yield reasonable surface densities of lensed sources 
t an accessible flux density, the unlensed and lensed integrated 
ounts are calculated for all the redshift intervals between z = 0 and
 = 3 for widths of �z = 0 . 1, 0.15, 0.3, 0.6, and 1.0, resulting in a
otal of 68 redshift windows for consideration. 

Fig. 5 shows the integrated source counts as a function of the
eak flux density for both unlensed and lensed sources, separately, 
or a subset of the 68 redshift intervals. The integrated source count
s the cumulative number of sources that have a peak flux density
reater than a given value per square degree on the sk y. F or the lensed
ources, the integrated counts for maximum magnifications of 10 and 
0 are shown, in order to give an indication of the range of source
ounts for different maximum magnifications. 

We define the flux density selection criterion to be the flux density
alue where the lensed integrated source counts start to exceed the
nlensed integrated source counts. The region where the lensed 
ource counts exceed the unlensed source counts is indicated by the
re y shaded re gions in Fig. 5 . These plots show that if the redshift
nterval includes redshifts of z � 0 . 2, the unlensed counts are al w ays
MNRAS 537, 3134–3143 (2025) 
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M

Figure 6. Source count equality points for all the redshift intervals considered. The points plotted here are the points in Fig. 5 where the grey dashed lines 
intersect. The centre of the redshift interval is indicated by the colour and the size of the points indicates the width of the redshift interval. The grey dashed 
vertical lines indicate the approximate 5 σ sensitivity of the proposed SKA-Mid surveys. 
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reater than the lensed counts, and there is no flux density selection
hat will select a sample that contains predominantly lensed sources.
his implies that there is a threshold redshift of z = 0 . 2 below which

his selection technique is not applicable, if no multiwavelength
ontaminant removal is applied. A second region of interest is
ndicated by the hatched region. In this re gion, the inte grated source
ounts of the unlensed population is less than 1 source in the whole
ky for the given redshift interval. This implies that a sample selected
t this flux density should consist only of lensed sources. 

As in Button & Deane ( 2024 ), we refer to the point where
he lensed source counts are equal to the unlensed source counts
shown by the intersection of the dashed grey lines in Fig. 5 ) as
he source count equality points . These points are plotted in Fig.
 as a function of the central redshift (shown by the colour bar)
nd the width of the redshift interv al (sho wn by the size of the
arkers). As expected, the points move to lower flux densities as

he redshift increases, since the received flux from these sources
ecreases. The points also mo v e to to higher surface densities as
he redshift increases, since the probability of lensing increases with
edshift. Lastly, the points occur at higher surface densities for larger
edshift intervals; this is because a larger volume is included in a
arger redshift interval which increases the integrated count. Note
hat the intervals that include redshifts of z ≤ 0 . 2 are not included
n the figure since these intervals have no source count equality
oints. 
In addition to the source count equality points, the estimated 5 σ

ensitivities of the proposed SKA-Mid surv e ys are also shown on
ig. 6 by the dot-dashed vertical lines. The estimation of these
ensitivities is described in Button & Deane ( 2024 ) and stems from
raun et al. ( 2019 ) assuming 133 SKA 15-m dishes and 64 13.5-
NRAS 537, 3134–3143 (2025) 
 MeerKAT dishes. This figure enables us to investigate the utility
f this approach for selecting lensed H I sources with the proposed
KA-Mid surv e ys. As can be seen from the figure, the Medium
ide surv e y will hav e the sensitivity to perform this lens selection at

edshifts of z ∼ 0 . 83. At this peak flux density threshold, the lensed
urface density is ∼5 sources in 100 de g 2 . Giv en the proposed area
f 400 deg 2 for the Medium Wide survey, this selection approach
ould yield a sample of ∼20 lensed H I candidates, assuming that the
edium Wide surv e y will co v er the frequenc y range of the SKA-
id Band 1 receiver. Similarly, the Medium Deep survey would have

he sensitivity to perform the lens selection at redshifts of z ∼ 1 . 3,
hile the lensed surface density at this peak flux density threshold

s in the range ∼0 . 2–2 lensed sources per square degree. Since the
roposed Medium Wide surv e y will co v er an area of 20 de g 2 , this
mplies that a sample of ∼4–40 lens candidates could be selected
n this way . Finally , the Deep surv e y will reach the sensitivity to
erform this lens selection out to redshifts of z ∼ 2 . 6, while at
he peak flux density threshold of the Deep surv e y, the surface
ensity of lensed sources ranges from ∼2–9 sources per square
egree. Although the proposed Deep survey would consist of a
ingle pointing co v ering a field of view of ∼1 deg 2 , at these higher
edshifts, the field of view would reach approximately 13.6 deg 2 .
his implies that it would be possible to obtain a sample of ∼ 27–
22 lensed H I candidates from the Deep surv e y. These results are
ummarized in Table 1 . Although these surv e ys yield modest lens
amples, the lens surface density of the Medium Deep and Deep
urv e ys are higher than that obtained for the H -ATLAS surv e y. F or
omparison, Negrello et al. ( 2017 ) obtained a sample of 80 candidate
enses o v er a surv e y area of 600 de g 2 , giving a lens surface density
f 0.13 lens candidates per square degree. Although the sample sizes
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Table 1. Summary of the source count equality points at the sensiti vity le vels of the proposed SKA-Mid surv e ys. The 
third column provides the 5 σ sensitivity level of each of the proposed SKA-Mid survey, where the calculation of the 
sensitivity is described in Button & Deane ( 2024 ). The fourth column shows the redshift at which the source count 
equality points reach the flux density threshold given by the surv e y sensitivity. The final three columns show the range, 
average and total values of the lensed source counts at these flux density thresholds. 

Surv e y Area log (5 σ ) z N L (Range) N L (Average) N L (Total) 

deg 2 log [ S peak 
ν / Jy ] sources/ deg 2 sources/ deg 2 

Med Wide 400 −4.14 0.83 0.05–0.06 0.05 20–24 
Med Deep 20 −4.75 1.3 0.2–2 0.6 4–40 
Deep 1 −5.35 2.6 2–9 3 2–9 
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ould be small given the areas of the proposed SKA-Mid surveys, the
election is relatively straightforward with a simple peak flux density 
ut yielding a sample that should be 50 per cent lens candidates, prior
o any multiwavelength considerations. 

Previous work by Serjeant ( 2014 ) also investigated an approach 
o H I lens selection with the SKA, based on the effect of the
agnification bias on the H I MF. His work considered a surv e y

hat was proposed to probe dark energy and that would co v er an
bserving area of 15 000 deg 2 . The estimated sensitivity of the surv e y
ssumed the full SKA (i.e. SKA2-Mid) and is based on the work by
bdalla, Blake & Rawlings ( 2010 ). Using the details provided in both
bdalla et al. ( 2010 ) and Serjeant ( 2014 ), we estimate the flux density

ensitivity used in the predictions by Serjeant ( 2014 ) to be ∼4 μJy in
 30 km s −1 velocity channel. This is comparable to the sensitivity of
he 1 de g 2 Deep surv e y. Ho we ver, since the work by Serjeant ( 2014 ),
he design for the SKA was significantly rebaselined, and it is unclear
ow whether such a dark energy surv e y will still be practical with the
KA given the required integration time. The work in this paper, then, 
rovides updated estimates for this lens selection approach based 
n the currently planned SKA-Mid surv e ys and incorporating the 
easured performance of the MeerKAT receivers when estimating 

he sensitivity of the SKA-Mid surv e ys. 
Deane et al. ( 2015 ) makes predictions for the number of lensed H I

ources that will be detectable in various SKA and SKA-precursor 
urv e ys. The y used simulations of a mock observing cone with a
eld of view of 150 deg 2 in order to make their predictions. From this
bserving cone, they produced a catalogue of simulated H I sources
hat are magnified by a factor of 2 or more. Although the assumptions
sed in the predictions in this work differ from the assumptions used
n Deane et al. ( 2015 ), by assuming that the flux thresholds in Deane
t al. ( 2015 ) can be converted to peak flux density thresholds using
 box-car profile, our predictions can be compared, and we find that,
i ven the comparati vely small cosmological volume over which the 
ay tracing is carried out, the two sets of predictions agree reasonably
ell (to within a factor of ∼2–3), given the significantly different 

pproaches, cosmologies, and dark matter properties, amongst other 
ethodological differences. 

.1 Redshift evolution of the H IMF 

his work is based on the local H I MF as measured from the
LF ALF A surv e y (Jones et al. 2018 ). Ho we ver, the cosmic density
f hydrogen has been measured o v er the range 0 ≤ z ≤ 4 using
easurements from H I stacking and DLAs at higher redshifts and 

as been found to evolve by a factor of ∼ 2 (Walter et al. 2020 ).
ince the cosmic H I density is found from the integral over the
 I MF, the normalization and the characteristic mass would also 

volve with redshift, if the evolution of the cosmic H I density is
onfirmed. There have also been attempts to measure the H I MF at
 ∼ 0 . 35 using the H I mass–absolute B -band magnitude relation and
 -band luminosity function (Bera et al. 2022 ) and at 0 ≤ z ≤ 0 . 084
sing direct detections from the MIGHTEE early science data 
Ponomare v a et al. 2023 ). The second of these studies, albeit at
ery low redshifts, did not find any significant evolution in the
 I MF, while the first study found that the number of high-mass
alaxies ( M H I � 10 10 M �) decreases by a factor of 3.4 from z = 0
o z = 0 . 35, which would indicate evolution in both the characteristic

ass and the o v erall normalization. In contrast to this, recent work
y Chowdhury, Kanekar & Chengalur ( 2024 ), which is also based
n the H I mass–absolute B -band magnitude relation and the B -band
uminosity function, find that the number density of galaxies with 
 H I > 10 10 M � increases by a factor of 4–5 from z � 0 to z � 1. 
These recent results indicate that there is mixed evidence for 

ny H I MF evolution scenario and that further studies are needed
o confirm any evolution or lack thereof. Ho we ver, if the e volution
s confirmed, it will impact the results presented here. Specifically, 
f the normalization increases, then the surface density of the lensed
ources at a given peak flux density threshold will increase. The
haracteristic mass would impact the peak flux density threshold 
t which the source count equality points occur for each redshift
nterval. For a higher characteristic mass, the source count equality 
oints would occur at a higher peak flux densities compared to the
on-evolving H I MF. Thus, if the H I MF at z � 1 is confirmed, the
redicted lens source counts would impro v e if both the normalization
nd characteristic mass of the H I MF increase. A better understanding
f the evolution of the H I MF at higher redshifts, as well as of the H I

ize–mass relation is needed in order to refine these predictions. 
o we ver, direct detections or lensed detections of high redshift

ystems are needed in order to further constrain the evolution of these
elations before their impact on these results can be investigated. We
onsider our current estimates as on the conserv ati ve side, rooted
n well-studied empirical relations and measured SKA precursor 
erformance. 

.2 Contaminant remo v al 

he selection approach based on the source count equality points is
esigned to select samples where 50 per cent of the sources should
e lensed H I candidates and where the remaining 50 per cent of
ources are expected to be unlensed, massive H I galaxies. Since
he goal here is strong lens selection, these unlensed, massive H I

alaxies can be regarded as ‘contaminants’. Since truly lensed sys- 
ems would typically hav e massiv e fore ground elliptical galaxies in
lose proximity and/or optical/near infrared arcs, these contaminants 
ould be remo v ed from the sample with additional multiwavelength 
nformation. It can be expected that with the up-coming large-area 
urv e ys at other wavelengths, such as the Le gac y Surv e y of Space and
ime (LSST; Ivezi ́c et al. 2019 ), these massive elliptical foreground
MNRAS 537, 3134–3143 (2025) 
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alaxies would be easily identifiable given their expected mass and
he relatively low to intermediate redshifts. 

In principle, if the multiwavelength contaminant removal approach
s straightforward and ef fecti ve, samples could be selected so as to
ontain an even higher ratio of unlensed contaminants to lensed H I

andidates. Although this approach would decrease the flux density
hreshold of a given sample at a fixed redshift, it would increase the
urface density of the lensed candidates, thereby increasing the yield
f this statistical lens selection approach. 

.3 Practical considerations 

ractically, this lens search would be undertaken by searching the
 I data cubes for pixels that have flux density values that are
reater than the given peak flux density threshold. An important
onsideration would be how to smooth o v er the spatial and spectral
imensions in order to maximize the signal-to-noise ratio. The
ux density thresholds calculated here assume spatially unresolved
alaxies and a velocity width that is related to the H I mass of
he galaxy through the relation between log W 50 and log M H I in
he ALF ALF A data set, while the sensitivities are calculated for
he surv e y channel sensitivity and a boxcar profile. The signal-to-
oise ratio, and therefore the number of detections, could be further
mpro v ed with suitably selected smoothing kernels. Additionally,
egions near bright continuum sources would have to be masked
ut if they contain non-Gaussian noise distributions, which would
ecrease the search volume. 
At the SKA-Mid site, radio-frequency interference (RFI) will

ffect measurements of the H I 21-cm line between redshifts 0 . 09 ≤
 ≤ 0 . 22, and to a lesser extent up to z ∼ 0 . 3. Ho we ver, this selection
pproach will only be compelling at redshifts z � 0 . 8, so that the
edshift range most affected by RFI in SKA-MID Band 1 and 2 is well
elow the redshift range that is demonstrated to be compelling in this
aper. Moreo v er, the MeerKAT UHF-band ( ∼580–1000 GHz) is a
elatively clean band. Hence, RFI is not expected to have a significant
mpact on the results presented here, although this expectation will
ave to be confirmed once measurements in the 350–580 MHz range
ave been carried out on site. 

 C O N C L U S I O N  

s a transitory phase in the baryon cycle, H I has a significant role in
alaxy evolution. Currently, our understanding of the H I content
n galaxies is limited by a lack of direct emission detections at
ntermediate to high redshifts. Gravitational lensing is a promising
ool that could enable direct detections of H I at intermediate to high
edshift within moderate integration times. Additionally, the increase
n angular size of spatially resolved lensed H I sources could enable
tudies of the H I kinematics, while lensed H I systems would provide
 different baryonic tracer for selecting dark matter haloes compared
o what has been used in the past. 

Given the upcoming spectral line surveys proposed for SKA-Mid,
hich are expected to detect ∼10 4 –10 5 unlensed H I sources, this
aper investigates a statistical approach to selecting gravitationally
ensed H I sources in surv e y data. The method used in the paper is
ased on the distortion of the number counts per H I mass bin due
o the amplification of the H I signal by gravitational lensing. This
istortion is used to find a flux density threshold at which half of the
otal number of sources are likely to be lensed H I candidates. 

The results indicate that at peak flux density thresholds given by
he Medium Wide, Medium Deep and Deep surv e ys, the av erage lens
urface density is 0.05, 0.6, and 3 lensed sources per square degree,
NRAS 537, 3134–3143 (2025) 
t redshifts of z = 0 . 83 , 1 . 3 and 2.6, respectiv ely. F or the proposed
urv e y areas this would yield average sample sizes of 20, 12, and 3
ens candidates for each surv e y, not taking into account any redshift
caling of the field of view. Although these sample sizes are modest
iven the proposed areas of the SKA-Mid surveys, the sample selec-
ion is simple and should have a 50 per cent efficiency. Furthermore,
ncluding multiwavelength information, including from LSST, will
ncrease the total number of lens candidates dramatically, a topic
f future study and optimization. If the evolution of the H I MF at
 � 1 is confirmed as significant, these lens predictions could be
 ven more positi ve as a higher normalization and characteristic mass
ould increase both the lensed counts and the flux density thresholds

t which the source count equality points occur. 
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