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A B S T R A C T 

The relationship between the already formed stellar mass in a galaxy and the gas reservoir of neutral atomic hydrogen, is a 
key element in our understanding of how gas is turned into stars in galaxy haloes. In this paper, we measure the MH I − M� 

relation based on a stellar-mass selected sample at 0 . 25 < z < 0 . 5 and the MeerKAT International GHz Tiered Extragalactic 
Exploration-H I Data Release 1 spectral data. Using a powerful Bayesian stacking technique, for the first time we are also able 
to measure the underlying bivariate distribution of H I mass and stellar mass of galaxies with M� > 109 . 5 M�, finding that an 

asymmetric underlying H I distribution is strongly preferred by our complete samples. We define the concepts of the average of 
the logarithmic H I mass, 〈log 10 ( MH I ) 〉 , and the logarithmic average of the H I mass, log 10 ( 〈 MH I 〉 ), and find that the difference 
between 〈log 10 ( MH I ) 〉 and log 10 ( 〈 MH I 〉 ) can be as large as ∼0.5 dex for the preferred asymmetric H I distribution. We observe 
shallow slopes in the underlying MH I − M� scaling relations, suggesting the presence of an upper H I mass limit beyond which 

a galaxy can no longer retain further H I gas. From our bivariate distribution we also infer the H I mass function at this redshift 
and find tentative evidence for a decrease of 2–10 times in the comoving space density of the most H I massive galaxies up to 

z ∼ 0 . 5. 

Key words: methods: statistical – galaxies: fundamental parameters – radio lines: galaxies. 
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 I N T RO D U C T I O N  

eutral atomic hydrogen (H I ) gas serves as the raw fuel for star
ormation in galaxies. The relationship between neutral atomic
ydrogen gas and stars provides insight into a galaxy’s evolu-
ionary stage. However, the relationship between H I and stellar

ass ( MH I − M� ) is complex because of the intricate physical
rocesses involved in galaxy evolution. Consequently, a simple
orrelation describing the MH I − M� relation is insufficient to
apture the full complexity of this relation. Gaining a deeper
nderstanding of this relation is crucial for uncovering the mech-
nisms that drive galaxy evolution from youth to maturity (e.g.
. Rodrı́guez-Puebla et al. 2020 ; A. Saintonge & B. Catinella
022 ). 
 E-mail: panhengxing@nao.cas.cn 
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Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
In particular, N. Maddox et al. ( 2015 ) and H. Pan et al. ( 2024 )
xplored the upper envelope of the H I and stellar mass ( MH I − M� )
elation based on H I selected samples from Arecibo Legacy Fast
LFA (ALFALFA), MeerKAT International GHz Tiered Extra-
alactic Exploration (MIGHTEE), and FAST COSMOS H I surveys,
nlightening the processes of gas consumption and star formation. In
omplementary studies, B. Catinella et al. ( 2010 ) and V. Parkash et al.
 2018 ) explored the underlying MH I − M� relation based on stellar
ass-selected samples, highlighting the role of gas poor early-type

alaxies in regulating the intrinsic MH I − M� relation. 
The direct detection of emission lines from the neutral hydrogen

omponent of galaxies has been limited to the local Universe or
assive H I systems, constrained by the sensitivity of modern radio

nstruments such as the Parkes and Arecibo telescopes in the past
ew decades. Despite these limitations, several H I studies have been
arried out from the H I Parkes All-Sky Survey (D. G. Barnes et al.
001 ), the ALFALFA survey (R. Giovanelli et al. 2005 ), to the more
© The Author(s) 2025.
y. This is an Open Access article distributed under the terms of the Creative
ch permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.
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Figure 1. DEVILS spectroscopic samples overlaid on the MIGHTEE field. 
The colour scheme indicates the noise level of MIGHTEE DR1 L1 spectral 
data on a projected two-dimensional sky. 

Table 1. Key parameters of the MIGHTEE DR1 L1 spectral 
data. 

Survey area 4.94–6.49 deg2 

Integration time 94.2 h 
Frequency range 960–1150 MHz 
Channel width 104.5 kHz 
Synthesized beam 14.8 arcsec, 19.6 arcsec ( r 

= 0, 0.5) 
Sensitivity (Median 1 σ RMS) 40 μJy beam−1 ( r = 0.5) 
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ecent, MIGHTEE (M. Jarvis et al. 2016 ) survey, Looking at the
istant Universe with the MeerKAT Array (S. Blyth et al. 2016 ),

nd the FAST All Sky H I survey (C.-P. Zhang et al. 2024 ) using
eerKAT (J. Jonas & MeerKAT Team 2016 ) and the Five-hundred- 
eter Aperture Spherical Radio Telescope (FAST; R. Nan et al. 

011 ), respectively. 
At higher redshift ( z > 0.1), the number of direct detections from
 I surveys is limited due to the faintness of the 21-cm line, with
nly recent surveys gradually building up larger samples (e.g. H. Xi 
t al. 2024 ; M. J. Jarvis et al. 2025 ), thus H I studies tend to rely on
tatistical approaches. The straightforward way is to average the H I 

uxes at known locations of sources detected in other wavelengths, 
hus increasing the signal-to-noise ratio using the stacking technique 
e.g. J. Delhaize et al. 2013 ; J. Healy et al. 2019 ; F. Sinigaglia et al.
022 ). However, a simple averaging in the flux space risks losing
nformation on the intrinsic scatter of H I distribution (or shape of
 I mass function, see e.g. A. Bera et al. 2022 ; F. Sinigaglia et al.
025 ), limiting the accessible knowledge of the MH I − M� relation 
rom the noisy H I data at high redshifts. The underlying H I mass
istribution as a function of the stellar mass reveals how strong the H I

ass correlates with the stellar mass and hence traces the conversion 
f gas into stars, which is crucial for constraining the evolutionary 
tage of galaxies, and inferring the total amount of H I gas by linking
o the H I mass function (e.g. A. A. Ponomareva et al. 2023 ; A.
azemi-Moridani et al. 2024 ). 
In this paper, we implement a Bayesian stacking technique, based 

n our previous work (H. Pan et al. 2021 , 2023 ), for measuring
he underlying MH I − M� scaling relation by combining the MIGH- 
EE Data Release (DR1) H I images and an optical catalogue at
 . 25 < z < 0 . 5, while taking into account the intrinsic H I scatter
s a function of the stellar mass. This technique employs fluxes of
 I emission line as measurables while modelling the underlying 
 I mass distribution that can naturally account for the thermal noise

catter from the radio receiver on the linear flux scale, and the intrinsic
 I scatter on the logarithmic mass scale. 
This paper is organized as follows: We describe our MIGHTEE- 
 I and the ancillary data in Section 2 , and the Bayesian technique

n Section 3 . We present our main results in Section 4 , and conclude
n Section 5 . We use the standard � CDM cosmology with a Hubble
onstant H0 = 70 km ·s−1 · Mpc −1 , total matter density �m 

= 0 . 3
nd dark energy density �� 

= 0 . 7, and AB magnitudes throughout
hen magnitudes are used. 

 DATA  

.1 MIGHTEE-H I 

IGHTEE-H I is the H I emission project within the MIGHTEE
urvey. The MIGHTEE Early Science (E.S.) data were collected 
etween mid-2018 and mid-2019 and are described by N. Maddox 
t al. ( 2021 ) in detail. For this study, we use the latest MIGHTEE
ata Release 1, observed with the 32k channel mode of the MeerKAT 

elescope (I. Heywood et al. 2024 ) across the L band. The MeerKAT
2k correlator mode provides 32 768 channels with a spectral 
esolution of 26.1 kHz, corresponding to 5.5 km s−1 at 1420 MHz. 
he L band has been split into two sub-bands ( L 1 and L 2 ) with

he frequency ranges of these sub-bands are 960–1150 MHz (0.23 
 zH I < 0.48) and 1290–1520 MHz (0 < zH I < 0.1), respectively. 
ote that the L1 band cube has a velocity resolution of 27.6 km s−1 

or H I at z = 0 . 25, and we round the H I redshift range of L1 band
s 0.25 < z < 0.5 hereafter. The COSMOS field was observed using
his mode with 15 × 8h tracks, arranged in a tightly dithered mosaic
overing approximately ∼6 deg2 for L1 band. Each pointing was 
maged using robustness parameters of 0.0 and 0.5 after two rounds
f Radio Frequency Interference (RFI) flagging, self-calibration, and 
isibility-domain continuum subtraction. Subsequently, all pointings 
ere combined for homogenization, mosaicking and an additional 

mage-domain continuum subtraction (I. Heywood et al. 2024 ). We 
how the averaged noise level of the L1 data across the sub-band
n Fig. 1 , where the galaxies with optical spectroscopy sit in the
eepest region of our survey field. We list a few key parameters of
he MIGHTEE DR1 L1 spectral data in Table 1 which are used in
his paper. 

.2 Ancillary data 

he MIGHTEE COSMOS field is covered by multiwavelength 
hotometric and spectroscopic surveys ranging from X-ray to far- 
nfrared bands (e.g. J.-C. J. Cuillandre et al. 2012 ; H. J. McCracken
t al. 2012 ; H. Aihara et al. 2018, 2019 ; L. J. M. Davies et al. 2018 ).
e use the Deep Extragalactic VIsible Legacy Survey (DEVILS; L. 

. M. Davies et al. 2018 ) for stellar properties, which are constructed
n A. Hashemizadeh et al. ( 2022 ). DEVILS is a magnitude-limited
pectroscopic and multiwavelength survey, with the spectroscopic 
bservations taken with the Anglo-Australian Telescope, provid- 
ng spectroscopic redshift completeness of > 95 per cent to Y-
ag < 21.2 mag. This spectroscopic sample has derived physical 

roperties, such as colour, stellar mass, and star formation rate based
n fitting the full spectral energy distribution with the modelling 
MNRAS 544, 1710–1731 (2025)
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M

Figure 2. Stellar mass as a function of redshift. The dashed line is the limit 
of the sample completeness of log 10 ( M� / M�) = 9.5. 
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Figure 3. Colour ( u-r ) against the stellar mass. The blue stars are spirals 
while the orange dots are ellipticals. The dashed line is from K. Schawinski 
et al. ( 2014 ) for seperating the full sample into blue and red subsamples. 

Figure 4. Histogram of the stellar mass for all galaxy samples. The orange, 
blue, red, green, and purple are the full sample, blue, red, spiral, and elliptical 
subsamples. 
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ode PROSPECT which has well-motivated parametrizations for
ust attenuation, star formation histories, and metallicity evolution
J. E. Thorne et al. 2021 ). In this paper, we limit the stellar mass
o log 10 ( M� / M�) ≥ 9 . 5 to reduce the effects of incompleteness (see
ig. 2 ) and to include the morphological classifications following the
ame practice in A. Hashemizadeh et al. ( 2022 ). 

.3 Morphology and colour 

he optical morphologies of the catalogued galaxies are classified
nto pure disc (D), pesudo/diffuse bulge + disc (pBD), classical
ulge + disc (cBD), elliptical (E), compact (C), and hard (H). We
roup the D, pBP, and cBD as ‘Spirals (or disc galaxies)’, and also
ombine the C and E as ‘Ellipticals (or Spheroids)’ since the C
ubcategory is dominated by unresolved and most likely compact
pheroidal systems (A. Hashemizadeh et al. 2022 ). The sample for
isual inspection is selected to have large enough surface brightness
nd angular size, to be visually classified in the COSMOS Hubble
pace Telescope data, based on a number of quality checks outlined
n A. Hashemizadeh et al. ( 2021 ). The process of morphological
lassification initially used a number of automatic pre-classification
ethods followed by a full visual inspection by multiple classifiers.

f the checker felt that the source was erroneously classified it
as removed. All erroneous sources were then reclassified by each

lassifier independently. The final morphology classification is taken
here the majority of classifiers agree. This process is described in
ore detail in A. Hashemizadeh et al. ( 2021 ). 
The galaxies are also well separated into blue and red colours

 u - r ) in Fig. 3 using the upper limit of green valley galaxies in
. Schawinski et al. ( 2014 ). The u -band images for COSMOS
eld were obtained as part of the Canada-France-Hawaii Telescope
egacy Survey (CFHT-LS1), 1 supplemented by independent CFHT
bservations outlined in P. Capak et al. ( 2007 ), and the r -band images
n this region were from the new second public data release (H. Aihara
t al. 2019 ) of the Subaru Telescope’s Hyper Suprime-Cam Subaru
trategic Program (H. Aihara et al. 2018 ). The Planck E( B − V ) map
as used to correct the measured magnitudes for Galactic extinction,
NRAS 544, 1710–1731 (2025)

 http://www.cfht.hawaii.edu/Science/CFHLS 

s  

F  

f  
nd the attenuation correction for each band was determined in
he traditional manner (i.e. Ax = [ Ax /E( B − V )] × E( B − V )) by
sing the extinction coefficients listed in table 2 of L. J. M. Davies
t al. ( 2021 ). Overall, the blue and red galaxies correlate with the
pirals and ellipticals, respectively. However, we note that a large
raction of red spirals (i.e. blue stars in the upper panel of Fig. 3 )
xist, indicating a significantly reduced star formation rate in these
alaxies compared to typical blue spirals, often caused by a depletion
f gas needed for new stars to form, potentially due to environmental
actors, such as ram pressure stripping in galaxy clusters or internal
rocesses such as strong stellar feedback. 
We show the histograms of the full galaxy sample, and the

ubsamples based on the morphology and colour classifications in
ig. 4 . Clearly, the blue or spiral galaxies trace the majority of the
ull sample and their numbers drop as the stellar mass increases. The

http://www.cfht.hawaii.edu/Science/CFHLS
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Figure 5. Distribution of SNR of the measured flux for all galaxy samples. 
The orange, blue, red, green, and purple are the full sample, blue, red, spiral, 
and elliptical subsamples. The dashed grey line indicates a nominal detection 
threshold of 5 σ . The dashed line is for the measured noise at positions offset 
from the optical galaxy locations. 
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pirals have even larger counts at the massive end compared to the
lue galaxies as a fair fraction of red spirals exist (e.g. K. L. Masters
t al. 2010 ; S. Mahajan et al. 2019 ), although a different colour (e.g.
UV-r ) selection may reduce the fraction of red spirals to a certain
egree (S. Zhou et al. 2021 ). In contrast, the red or elliptical galaxies
re concentrated in the intermediate mass range, and we can see that
he number of red spirals is on the same order of magnitude as that of
he red ellipticals. Overall, the red galaxies and ellipticals constitute 
nly a small fraction of the total galaxy population, except for the
igh-mass end of log 10 ( M� / M�) > 10.5. 

.4 Flux extraction 

he H I fluxes were measured from the MIGHTEE L1 spectral 
ube based on the angular positions and spectroscopic redshifts of 
bjects in the ancillary galaxy catalogue. We first extracted cubelets 
entred on all catalogued sources with an angular aperture size of
6 arcsec and a spectral window of 1500 km s−1 . We further restrict
he spectral window to 600 km s−1 at the centre of the full spectra
or measuring the flux density of the H I line to minimize the level
f source confusion (H. Pan et al. 2020 ), while balancing the need to
nclude all flux without significantly increasing the noise given that 
he maximum H I line width is ∼500 km s−1 (A. A. Ponomareva et al.
021 ). The rest of the spectral windows serve as a measurement of
he spectral baseline that is subsequently removed from the central 
pectra. We then measure the integrated flux, Sm 

, from the extracted 
ux densities, while correcting for the total beam area. The total 
rea under a 2D Gaussian is exactly twice the area integrated within
ts full width at half-maximum ellipse. The correcting factor for 
ur extraction window is slightly lower than the typical beam size 
 ∼20 arcsec) at the frequency range of 960–1150 MHz. Therefore, 
e correct the integral flux numerically based on the integral to 
eak flux for a bright maser discovered by M. J. Jarvis et al. ( 2024 )
n Appendix A . The minor evolution of the beam size within this
requency range is also taken into account (I. Heywood et al. 2024 ).

e quantify the flux uncertainties by moving the flux extraction 
ox to 100 random positions surrounding the source in a distance 
ange of 5–10 beams and computing their standard deviation. We 
o not require a formal H I detection in order to measure the flux
ince we extract the H I flux based on the source location from an
ptical catalogue. We also note that we are extracting fluxes below 

he nominal noise threshold of the data, as such the fluxes that we are
easuring are not cleaned, but are beam-corrected fluxes from the 

ynthesized beam. However, the side lobes within the MIGHTEE H I 

ythesized beam are very low level for the robust = 0.5 spectral cube
e use in this paper, 2 as such we do not expect significant offsets in

he measured flux densities. We also carry out the same experiment 
ith the robust = 0.0 cube and find consistent results for all our

nalyses, from which we can infer that the flux extraction is robust. 
We show the distribution of the signal-to-noise ratio ( Sm 

σn 
) of the 

easured flux in solid lines in Fig. 5 . Although there are some
uminous H I sources present in our full sample, the majority of the
xtracted fluxes are below the 5 σn detection threshold. As expected, 
he blue (or spiral) galaxies dominate the high-signal-to-noise ratio 
SNR) end since they represent the most H I -rich population of
alaxies. We also show the histogram of the measured noise with the
ashed orange line for the full sample at offset from the spectroscopic
 In Fig. A3 , we show the ratio of the integrated to peak flux of the unresolved 
H Megamaser from M. J. Jarvis et al. ( 2024 ), which shows that the flux 

xtracted at 16 arcsec is consistent with the synthesized beam. 

w
�  

t  

T  
ource position by five times the beam size, demonstrating quasi- 
aussian noise behaviour in comparison to the obvious ‘long tail’ 

eature for the full galaxy sample due to the H I signal at the source
ocation. We are essentially modelling the difference between the 
istribution of measurements from the offset position and that of the
easurement at the position of the galaxies, with each measurement 
eighted by its noise. The weighting scheme is similar to the

pproach employed in traditional stacking investigations (e.g. J. 
ealy et al. 2019 ; F. Sinigaglia et al. 2022 ; A. Bianchetti et al.
025 ). 
At the redshift range of 0.25 < z < 0.5, a large number of our
easurements are below the nominal detection threshold, therefore 
e only use the measured fluxes to constrain the underlying H I

ass distribution rather than to calculate the individual H I masses.
owever, we do need to establish a relationship between the H I mass

nd the intrinsic flux to model the underlying H I mass distribution
see the next section for details). Under the optically thin gas
ssumption, we convert the intrinsic flux to an H I mass (or vice
ersa) via 

H I = 2 . 356 × 105 D2 
L (1 + z)−1 S, (1) 

here MH I is the H I mass in solar masses, DL is the luminosity
istance in Mpc, and S is the integrated flux in Jy km s−1 (M. Meyer
t al. 2017 ). 

 BAYESI AN  ANALYSI S  

.1 Bayesian framework 

ur analysis is based on Bayes’ theorem: 

( � | D , H ) = L ( D | �, H ) � ( � | H ) 

Z( D | H ) 
, (2) 

here P represents the posterior distribution of the model parameters 
 , given the data D and a model H . The likelihood L quantifies

he probability of the data D given the parameters and the model.
he prior � reflects our initial knowledge or assumptions about the
MNRAS 544, 1710–1731 (2025)
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arameter values. The Bayesian evidence Z acts as a normalization
actor and is expressed as an integral over the n -dimensional
arameter space � : 

( D| H ) =
∫ 

L ( D| �, H ) � ( � | H )d n �. (3) 

he evidence Z is essential for model selection, as it represents the
robability of the data given a model, marginalized over all free
arameters. By comparing evidences, we can quantitatively evaluate
he relative performance of different models. The difference in the
ogarithm of the evidences, � ln ( Z) = ln (ZB ) − ln (ZA 

), is known as
he Bayes factor and indicates how much better Model B is compared
o Model A . This method naturally penalizes overly complex models
y accounting for their flexibility. 
We adopt the criteria from H. Pan et al. ( 2023 ), where � ln ( Z) < 1

s categorized as ‘not significant,’ 1 < � ln ( Z) < 2 . 5 as ‘significant,’
 . 5 < � ln ( Z) < 5 as ‘strong,’ and � ln ( Z) > 5 as ‘decisive.’ For
ur analysis, we use MULTINEST (F. Feroz, M. P. Hobson & M.
ridges 2009 ; J. Buchner et al. 2014 ), an efficient and robust
ayesian inference tool commonly applied in cosmology and particle
hysics. MULTINEST allows us to sample the parameter space, explore
he posterior distribution for parameter estimation, and calculate the
ayesian evidence for model comparison. 

.2 Likelihood 

he relationship between the H I mass and stellar mass of galaxies
an be fully described by a bivariate distribution function of H I mass
nd stellar mass, i.e. the conditional H I mass function on the stellar
ass. 
We first assume the probability of having a H I mass ( MH I ) at a

iven stellar mass ( M� ) follows the normal function, 

 ( MH I | M� ) = 1 √ 

2 πσH I 

e
− 1 

2 

(
log 10 ( MH I ) −μ

σH I 

)2 

, (4) 

here μ = a[log 10 ( M� ) − 10] + b, and σH I is the intrinsic scatter in
 I mass at a given stellar mass. We define this normal function as
ur base ‘ Model A ’. 
A priori we do not know the underlying relation between stellar
ass and H I mass. We therefore also define two additional models
here the underlying distribution of H I mass is allowed to be

symmetric. 
The first asymmetric model is a conditional probability density

ith the form of a Schechter function: 

 ( MH I | M� ) = ln (10) φ∗

(
MH I 

M∗

)α+ 1 

e
− MH I 

M∗ , (5) 

here log 10 ( M∗) = a[log 10 ( M� ) − 10] + b and α correspond to the
haracteristic mass and faint-end slope respectively, and φ∗ is the
ormalization such that the integration of equation ( 5 ) over the
ogarithmic H I mass is equal to 1, therefore not a free parameter.

e note this Schechter function form as ‘ Model B ’. 
The second asymmetric model that we propose is a skew-normal

robability density distribution given by: 

 ( MH I | M� ) = 2 

σ
√ 

2 π
e

− (log 10 ( MH I ) −μ)2 

2 σ2 �

(
α · log 10 ( MH I ) − μ

σ

)
, 

(6) 

here α, σ, μ = a[log 10 ( M� ) − 10] + b are free parameters, and

 ( x) = 1 
2 

[ 
1 + erf 

(
x √ 

2 

)] 
. We note this skew-normal form as

 Model C ’. 
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With an assumed conditional probability distribution, the proba-
ility of measuring a flux, Sm 

, for a single source, can be expressed
s 

 ( Sm 

| M� ) =
∫ 

d MH I P ( MH I | M� ) Pn ( Sm 

− S( MH I )) , (7) 

here S( MH I ) is given by equation ( 1 ), and Pn is the noise distribution
hich we assume to be consistent with a normal distribution centered
n zero with standard deviation σn . Fig. B2 in I. Heywood et al.
 2024 ) shows that the mean Pearson kurtosis are close to the ideal
aussian value of 3, and a slight deviation from Gaussianity for

he noise behaviour does not affect our main results (We tested this
sing a model distribution for the M� − MH I relation and injected
he simulated sources in the real data cube and performed the same
nalaysis. Full details can be found in Appendix B ). We emphasize
hat this assumption is the same for the more traditional stacking
echnique, where the signal is weighted by the noise measured
n nearby offset positions or either side of the emission line,
lso under the assumption of Gaussian noise (e.g. J. Healy et al.
019 ). 
The likelihood of all the sources having the measured fluxes, given

he model and known stellar masses, is given by 

L ∝
∏ 

source 

P ( Sm 

| M� , A( a, b, σH I ) , 

or | M� , B( a, b, α) , 

or | M� , C( a, b, α, σ )) . 

(8) 

y maximizing equation ( 8 ), we obtain the best-fitting MH I − M� 

elation described by Models A, B, and C for a given galaxy
ample. 

At this point, we would like to note again that our equation ( 7 )
oes not require a formal H I detection to calculate the probability
f measuring the flux, Sm 

, since this flux can always be extracted
ased on the source location from an optical catalogue regardless
f its SNR in the radio image. The σn is measured on a per source
asis from propagating the per channel noise measurement over the
00 km s−1 spectral window and σn is not assumed to be constant.
 higher noise level for a low-SNR source will result in a wider
n , which will reduce the contribution of the Sm 

for this source to
he total likelihood of the equation ( 8 ) for constraining the assumed
odel of P ( MH I | M� ) in the equations ( 4 )–( 6 ). 
The average of logarithmic H I mass for a conditional distribution

f log 10 ( MH I ) on the stellar mass is 

log 10 ( MH I ) 〉 =
∫ 

log 10 ( MH I ) P ( MH I | M� )d log 10 ( MH I ) . (9) 

In comparison, the logarithmic of average H I mass is given from
ur modelling by 

log 10 ( 〈MH I 〉 ) = log 10 

(∫ 

MH I P ( MH I | M� )d log 10 ( MH I )

)
. (10) 

e note that the log 10 ( 〈MH I 〉 ) could also be measured directly

rom the standard co-adding stacking approach, i.e. log 10 

(∑ 

wMm 
H I ∑ 

w 

)
,

here w is the weight of each galaxy taken as the reciprocal of
he noise variance, and Mm 

H I is the measured H I mass which is
he intrinsic MH I added to the noise. To differentiate these two

easurements, we denote the latter one as ‘Co-adding’ measurement.
The conditional H I mass function or bivariate distribution can then

e written as 

 ( MH I | M� ) = P ( MH I | M� ) � ( M� ) , (11) 
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Table 2. Parameters and priors for three Models used to 
measure the H I and stellar mass relation of the Full, Blue, 
and Spiral subsamples. 

Model Parameter Prior probability distribution 

A a uniform ∈ [ −2 . 5 , 2 . 5] 
b uniform ∈ [7 , 12] 
σH I uniform ∈ [0 , 2] 

B a uniform ∈ [ −2 . 5 , 2 . 5] 
b uniform ∈ [7 , 12] 
α uniform ∈ [ −2 . 5 , 2 . 5] 

C a uniform ∈ [ −2 . 5 , 2 . 5] 
b uniform ∈ [8 , 13] 
α uniform ∈ [ −47 . 5 , 2 . 5] 
σ uniform ∈ [0 , 3] 
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ic.o
here � ( M� ) is the galaxy stellar mass function (GSMF). Therefore,
he marginalization of � ( MH I | M� ) over M� results in the H I mass
unction. In this paper, we present the H I mass function for a stellar
ass-selected sample with log 10 ( M� / M�) > 9 . 5 as 

� ( MH I )9 . 5 =
∫ +∞ 

9 . 5 
� ( MH I | M� )d log 10 ( M� ) 

=
∫ +∞ 

P ( MH I | M� ) � ( M� )d log 10 ( M� ) . 

(12) 
9 . 5 

igure 6. Top row: bivariate distribution of H I mass and stellar mass for the full s
re fit to the data from left to right panels. The grey dots with the error bars corre
ass bins from the SIMBA simulation (R. Davé et al. 2019 ). Bottom row: posterio

rom left to right panels. The grey histograms represent the marginal posterior prob
istributions. In the two-dimensional (2D) posterior plots, the blue crosses mark 
stimated from the 1D marginal posterior distributions. 
e use the GSMF measurements for the full sample, spirals, and
llipticals from A. Hashemizadeh et al. ( 2022 ), and also split the
SMF of the full sample into GSMFs for the blue and red galaxies. 

.3 Priors 

he priors, which encode our knowledge of each parameter before 
ncorporating new experimental data, are listed in Table 2 for the
ull, Blue, and Spiral subsamples. Minor adjustments are made for 

he red and elliptical subsamples due to their small sample sizes. 

 RESULTS  

.1 The MH I − M� relation for the full sample 

e present the best-fitting bivariate distribution of H I mass and
tellar mass for the full sample in Fig. 6 (top row), with the three
est-fitting models of Normal, Schechter, and Skew normal from the 
eft to right panels, respectively (the measured bivariate distribution 
s shown in Appendix A for completeness). Compared to the Normal
odel where the H I scatter is symmetric at a given stellar mass, the
chechter and Skew normal models have the capability of capturing 
symmetry in the underlying H I mass distribution as a function
f the stellar mass. The posterior probability distributions for all 
arameters in the three models are well converged as shown in the
MNRAS 544, 1710–1731 (2025)

ample at 0 . 25 < z < 0 . 5. Three models (Normal, Schechter, Skew normal) 
spond to the 16th, 50th, and 84th percentiles for the H I mass in four stellar 
r probability distributions for the three fitting models correspondingly from 

abilities (1 or 2 dimensional), while the blue curves indicate the cumulative 
the parameter set with the maximum likelihood, and the 1 σ error bars are 

up.com
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nras/article/544/2/1710/8305914 by guest on 19 April 2026
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ottom row, and our data decisively favour the asymmetric H I mass
istribution for the full galaxy sample, given that the Bayes factors
f the Schechter (Model B) and Skew normal (Model C) models
ompared to the normal distribution (Model A) are much larger
han the critical threshold for most stellar mass bins as reported
n Table 3 . The Skew normal has no better performance than the
chechter model, despite the fact that the Skew normal has four
ree parameters which add a certain level of flexibility of fitting
or the data in comparison with the Schechter form. The physics
ehind this stems from the fact that the H I gas mass fraction is non-
inear with stellar mass and although there appears to be a strong
pper envelope in H I mass as a function of stellar mass (e.g. H. Pan
t al. 2023 ), the distribution of H I mass is not likely to have such a
trong low-H I mass envelope and that this is likely to be different
or spheroids and disc galaxies. We also show the band of H I mass
or the 16th, 50th, and 84th percentiles in four stellar mass bins at
 . 25 < z < 0 . 5 from the SIMBA simulation (R. Davé et al. 2019 ).
verall, the bivariate distribution of the H I mass and stellar mass

races the SIMBA percentiles, especially for the Schechter and Skew
ormal models where the high-density area just above the mass limit
s more consistent between our model and the simulated galaxies. 

.2 Log of the average versus average of the log 

he average of the logarithmic H I mass, i.e. 〈log 10 ( MH I ) 〉 , and the
ogarithmic average of the H I mass, i.e. log 10 ( 〈 MH I 〉 ), as a function
f the stellar mass, are shown in solid and dashed lines, respectively,
or the full sample in Fig. 7 . The three models of Normal, Schechter,
nd Skew normal are colour-coded in blue, orange, and green. The
ifference between 〈log 10 ( MH I ) 〉 and log 10 ( 〈 MH I 〉 ) for all models is
onsiderable with 0.2–0.3 dex for Normal and Schechter models, and
0.5 dex for the Skew normal. The solid dots are the logarithmic

f direct averaging the measured MH I , labelled as ‘Co-adding’ to
e differentiated from the log 10 ( 〈 MH I 〉 ) driven from our Bayesian
odelling. The log 10 ( 〈 MH I 〉 ) would be equal to the Co-adding
easurement if our models could perfectly describe the conditional
 I mass distribution on the stellar mass. As shown, the dashed lines

re indeed in excellent agreement with the solid dots overall, except
or the most massive end of log 10 ( M� / M�) > 11 where the number
f sources is only on a scale of a few hundreds, hence contributing
ow-number statistical uncertainties to our modelling. The overall

inimal offsets (less than 0.1 dex) indicate that the modelling of
he H I distribution is not in perfect agreement with the bivariate
istribution of H I mass and stellar mass from traditional stacking.
his may be because the relationship is more complex and is not fully
aptured by our simple analytic models with three or four parameters.
n the other hand, the traditional stacking method is sensitive to
utliers, which could result in a biased estimate of the average H I

ass, whereas our modelling of the underlying distribution provides
ore information on this. 
On the other hand, the 〈log 10 ( MH I ) 〉 for our base Model A (i.e. the

ormal model) also broadly agrees with that from H. Pan et al. ( 2023 )
here their average of the logarithmic H I mass is derived from the
 I detections at z < 0 . 08. Such an agreement could indicate minimal

volution on the H I distribution in massive galaxies at z < 0 . 5.
owever, the 〈log 10 ( MH I ) 〉 is notably lower than the measurement

rom H. Pan et al. ( 2023 ) at log 10 ( M� / M�) < 10.5 but slightly higher
han that at log 10 ( M� / M�) > 11. We return to this when discussing
he conditional H I mass function in Section 4.5 . 

The finding is also in accord with F. Sinigaglia et al. ( 2022 ),
uggesting a scenario where the massive galaxies have undergone
 significant H I replenishment through some accretion mechanism,
NRAS 544, 1710–1731 (2025)
uch as minor mergers or gas accretion from the nearby cosmic web
D. Kleiner et al. 2017 ), to maintain their neutral gas storage during
he last ∼4 Gyr. However, we note that the approach taken here
sing a large number of non-H I detections is quite different from
. Pan et al. ( 2023 ) using a limited number of H I detections with

arge statistical uncertainties of ∼ 0 . 3 dex. The shallow slopes across
ll models suggest the existence of an upper H I mass limit beyond
hich a galaxy can no longer retain more H I gas, independent of

he amount of their stellar component. This trend is also in line with
he findings from S. Huang et al. ( 2012 ), N. Maddox et al. ( 2015 ),
nd H. Pan et al. ( 2023 ) on the non-linear MH I − M� scaling relation
ith a transition stellar mass between 109 and 109 . 5 M�. 

.3 Colour dependence 

he blue galaxies are generally H I gas rich compared to the red
opulation; therefore, they should occupy a different parameter space
f H I mass and stellar mass from red galaxies. We now investigate
he colour dependence of the MH I − M� relation by dividing the full
ample into blue and red galaxies as illustrated in Fig. 3 . 

In Fig. 8 , we show the bivariate distribution of H I mass and stellar
ass for the blue and red samples in the left and right panels, with

he three best-fitting models from top to bottom panels. Indeed, the
lue galaxies are tightly clustered in the lowest stellar mass bins of
 . 5 < log 10 ( M� / M�) < 10 . 5, and relatively high H I mass range of
 < log 10 ( MH I / M�) < 10, especially with the preferred models of
chechter and Skew normal. The red galaxies instead sit broadly in

he intermediate stellar mass range of 9 . 5 < log 10 ( M� / M�) < 11 . 5,
nd the H I mass range of 7 . 5 < log 10 ( MH I / M�) < 9 . 5, therefore
end to have lower average H I mass than the blue galaxies. This
rend can be noted more clearly in the left panel of Fig. 9 , where
he 〈log 10 ( MH I ) 〉 and log 10 ( 〈 MH I 〉 ) of red galaxies in red solid and
ashed lines are both lower than those of the full sample. The
ifference between the log 10 ( 〈 MH I 〉 ) derived from our modelling
nd dots measured from the ‘Co-adding’ experiment is due to the
mall sample size of red galaxies for their broad distribution in the

H I − M� space. 
The log 10 ( 〈 MH I 〉 ) of the blue galaxies (blue dashed line) is in

ood agreement with the stacking result (grey dashed line) from F.
inigaglia et al. ( 2022 ) where they use the MIGHTEE E.S. data to
easure the logarithmic average of the H I mass as a function of

he stellar mass bin for selected star-forming galaxies, with a minor
iffering slope. We note that A. Bianchetti et al. ( 2025 ) use both
IGHTEE E.S. and COSMOS H I Large Extra-galactic Survey (X.

ernández et al. 2016 ) data and measure a relatively steeper slope
han that from F. Sinigaglia et al. ( 2022 ) mostly due to the difference
n the spectroscopic catalogue used. 

In the right panel of Fig. 9 , we show the difference for our
hree best-fitting models to the blue galaxy sample. Although the
ogarithmic average of the H I mass, log 10 ( 〈 MH I 〉 ), among the three
odels (dashed lines) is in excellent agreement, the average of

he logarithmic H I mass, 〈log 10 ( MH I ) 〉 , demonstrates notable differ-
nces. This is fundamentally rooted in their different mathematical
orms, where the logarithmic average is only sensitive to the the
assive end of log 10 ( MH I ) distribution while the average of the

ogarithmic is sensitive to the whole mass space of log 10 ( MH I )
istribution. Therefore, the difference of these models manifests in
he 〈log 10 ( MH I ) 〉 generally. Greater asymmetry in the fitting model
esults in a larger deviation of 〈log 10 ( MH I ) 〉 from the value predicted
y our symmetrical Model A. 
The maximum difference on the zero point of the 〈log 10 ( MH I ) 〉 as

 function of the stellar mass between Models A, B, and C is about
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The MH I − M� relation of massive galaxies 1719

Figure 7. Best-fitting MH I − M� scaling relation for the full sample. The 
solid and dashed lines are the 〈log 10 ( MH I ) 〉 and log 10 ( 〈 MH I 〉 ), respectively. 
The blue, orange, and green lines are our Model A, B, and C corresponding 
to the Normal, Schechter, and Skew normal distributions. The solid dots 
are the logarithmic of directly averaging MH I , labelled as ‘Co-adding’ to be 
differentiated from the log 10 ( 〈 MH I 〉 ) driven from our Bayesian modelling. 
The circles are the average of logarithmic H I mass from H. Pan et al. ( 2023 ). 
The shaded areas are 1 σ statistical uncertainties on the 〈log 10 ( MH I ) 〉 . 

0  

t
r  

s  

g  

a  

r  

m
u  

e
 

b  

p
s
t  

1  

t
t

r
〈  

l
t  

i
s
t  

s  

b
m  

p  

m  

l  

n  

a  

i

4

W  

t
t
e  

2  

m  

t  

m  

�  

A  

l  

t  

g  

8  

s
a  

k  

G  

r
g
b  

w  

S
t  

t  

s  

m  

(
 

r  

a  

f  

s  

a
t  

m  

n  

f  

e

4

W  

9  

T
a  

f  

p
s  

s  

T
a  

a  

s  

t  

i  

o

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/2/1710/8305914 by guest on 19 April 2026
.1 dex, which is smaller than that for the full sample in Fig. 7 due
o a tighter MH I − M� relation for the blue sample. Their slopes are 
ather close, and all are steep when compared to the relatively flat
lopes for the full sample, indicating that the H I mass of massive blue
alaxies is positively correlated with the stellar mass. This trend is
lso true for the red galaxies due to the existence of a large fraction of
ed disc galaxies. The 〈log 10 ( MH I ) 〉 for our model A (i.e. the Normal
odel) is slightly lower than the double-power law fitting for the 

nderlying average H I mass for the late-type galaxies from H. Pan
t al. ( 2023 ) but still within 1 σ uncertainties. 

The above analysis is based on the modelling of galaxies across a
road mass range of log 10 ( M� / M�) > 9 . 5, with only one set of free
arameters. To investigate whether we can improve the modelling by 
plitting the total stellar masses into individual mass bins, we plot 
he probability distribution of the H I mass in a typical mass bin of
0 < log 10 ( M� / M�) < 10 . 5 for the blue sample in Fig. 10 , and show
he three models of Normal, Schechter, and Skew normal from left 
o right panels. 

The probability distributions for the broad and individual mass 
anges are represented in blue and orange, respectively. The 
log 10 ( MH I ) 〉 and log 10 ( 〈 MH I 〉 ) are shown in thin and thick dashed
ines. For the blue sample, the best-fitting probability profiles from 

he broad mass range are in excellent agreement with those from the
ndividual mass range for all three models, except for the regions 
urrounding the probability peaks. The Skew normal distribution has 
he largest difference between the 〈log 10 ( MH I ) 〉 and log 10 ( 〈 MH I 〉 ), as
hown already in the right panel of Fig. 9 . The minimal difference
etween the log 10 ( 〈 MH I 〉 ) and the result from the Co-adding measure- 
ent is also the same as we see at log 10 ( M� / M�) = 10 . 25 in the right

anel of Fig. 9 . For the red galaxies, the Schechter and Skew normal
odels are not preferred by our data over the normal distribution,

ikely due to the small sample size of the red subsamples, based on the
egative Bayes factor of � ln ( Z) = −0 . 21 for the Schechter model
nd the � ln ( Z) = −1 . 47 for the Skew normal at log 10 ( M� ) > 9 . 5
n Table 3 . 

.4 Morphology dependence 

e also split the full sample into spirals and ellipticals to study
he morphology dependence of the MH I − M� relation, motivated by 
he morphology–colour correlation of galaxies as a function of the 
nvironment (e.g. S. P. Bamford et al. 2009 ; P. A. A. Lopes et al.
016 ). In Fig. 11 , the bivariate distributions of H I mass and stellar
ass for the spirals and elllipticals largely follow the features for

he blue and red galaxies in Fig. 8 . The Schechter and Skew normal
odels are favoured by our data for the spirals, with Bayes factors of
ln ( Z) = 18 . 15 ± 0 . 03 and � ln ( Z) = 19 . 26 ± 0 . 09, respectively.
 notable difference is that the number of ellipticals is apparently

ower than that of red galaxies as expected from Fig. 4 . We show
he SIMBA (R. Davé et al. 2019 ) spirals and ellipticals with the
rey circles along with the error bars indicating the 16th, 50th, and
4th percentiles of the H I mass in four stellar mass bins over a
imilar redshift range to our MIGHTEE observations. The spirals 
nd ellipticals in SIMBA are divided by the fraction of rotational
inetic energy ( κrot ) = 0.7 (L. V. Sales et al. 2012 ; E. Elson, M.
lowacki & R. Davé 2023 ), according to the importance of their

otationally supported components. Overall, we find reasonably 
ood agreement between MIGHTEE and SIMBA spirals for the 
ivariate distributions of H I mass and stellar mass, especially when
e model the conditional H I mass distribution with the preferred
kew normal and Schechter models. However, for the ellipticals, 

he MIGHTEE median H I masses tend to be systematically lower
han those predicted from the SIMBA simulation by ∼0.4 dex, which
uggests that SIMBA may overestimate the amount of H I gas in the
assive dead galaxies in line with the finding from H. Pan et al.

 2023 ) at z < 0 . 08. 
The averaged MH I − M� relation for the spirals in Fig. 12 has a

elatively smaller zero-point by ∼0.1 dex than for the blue galaxies,
nd deviates from F. Sinigaglia et al. ( 2022 ) slightly further than
or the blue population which presumably is more similar to the
tar forming population. We note that the H I mass seems to be
nticorrelated with the stellar mass for the ellipticals, indicating 
hat more massive elliptical galaxies consume or lose their H I gas

ore efficiently. In contrast, the red massive galaxies include a non-
egligible amount of disc galaxies which can still retain a certain
raction of H I gas across a wide stellar mass range (e.g. L. Wang
t al. 2022 ) 

.5 Conditional H I mass function 

e show the H I mass function for galaxies with log 10 ( M� / M�) >
 . 5 at 0 . 25 < z < 0 . 5 in Fig. 13 , determined using equation ( 12 ).
he three best-fitting models (Normal, Schechter, Skew normal) 
re shown from left to right panels. We also plot the H I mass
unction from ALFALFA (M. G. Jones et al. 2018 ) for the H I galaxy
opulation in the local Universe, without any selection based on 
tellar mass, along with the SIMBA H I mass function, applying the
ame selection criteria as imposed on our data at the same redshift.
he difference between our conditional HIMF for the full sample 
nd the ALFALFA general H I mass function (HIMF) is significant
t intermediate and low H I masses, as expected as the DEVILS
ample is limited to the log 10 ( M� / M�) > 9 . 5 galaxies, which have
he capability of hosting large amounts of H I gas (i.e. most H I gas
n the local Universe resides in the high-stellar mass galaxies based
n H. Pan et al. 2024 for example). 
MNRAS 544, 1710–1731 (2025)
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Figure 8. Bivariate distribution of H I mass and stellar mass for blue (left) and red (right) galaxies at 0 . 25 < z < 0 . 5. Three models (Normal, Schechter, Skew 

normal) are fit to the data from top to bottom panels. The corresponding posteriors are appended in Fig. C1 . 
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The MH I − M� relation of massive galaxies 1721

Figure 9. Left panel: best-fitting MH I − M� scaling relation for the full sample, blue, and red galaxies with the Skew normal model, colour-coded by orange, 
blue, and red, respectively. Right panel: best-fitting MH I − M� scaling relation for blue galaxies with Normal, Schechter, and Skew normal models labelled as 
Models A, B, and C. The solid and dashed lines are the 〈log 10 ( MH I ) 〉 and log 10 ( 〈 MH I 〉 ), respectively. The solid dots are the logarithmic of directly averaging 
MH I , labelled as ‘Co-adding’. The dashed grey line is from F. Sinigaglia et al. ( 2022 ), and the blue circles are from H. Pan et al. ( 2023 ). The shaded areas are 
1 σ statistical uncertainties on the 〈log 10 ( MH I ) 〉 . 

Figure 10. Conditional probability distribution of the H I mass on the stellar mass of log 10 ( M� / M�) = 10 . 25 for blue galaxies at 0 . 25 < z < 0 . 5. Three models 
(Normal, Schechter, Skew normal) are fit to the data from left to right panels. The blue and orange are the probability distributions for the broad and individual 
mass ranges, respectively. The thin and thick dashed lines are the 〈log 10 ( MH I ) 〉 and log 10 ( 〈 MH I 〉 ), respectively. The grey dashed line is the logarithmic of directly 
averaging MH I , labelled as ‘Co-adding’. 
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The deviation between the SIMBA HIMF and the MIGHTEE 

onditional H I mass function (from our Schechter and Skew normal 
odels) at the high H I mass end is notable, again indicating that
IMBA is likely overestimating the amount of H I gas in the massive
alaxies. The overall (2–10 times) offset between the ALFALFA (and 
he MIGHTEE HIMF; A. A. Ponomareva et al. 2023 at z = 0) and the

IGHTEE HIMF at 0 . 25 < z < 0 . 5 for the massive H I galaxies at
0 < log 10 ( MH I / M�) < 10 . 5 suggests a scenario of non-negligible
volution in their H I gas content. This offset is in reasonably good
greement with the finding in A. Bera et al. ( 2022 ) using the
raditional stacking experiment at z ∼ 0 . 35, indicating that massive 
alaxies at z ∼ 0 have acquired a significant amount of H I over
he past 4 Gyr, through either merger events or accretion from their
urrounding CGM and IGM. This is also roughly consistent with 
he recent measurements of the H I mass function from intensity 

apping (S. Paul et al. 2023 ) at z ∼ 0 . 32 and the apparent mild
volution in the cosmic H I mass density (e.g. C. Péroux & J. C. Howk
020 ). 
We note that F. Sinigaglia et al. ( 2025 ) measured a notably higher
IMF than we do in this work, at a similar redshift. However, this

s unsurprising considering that F. Sinigaglia et al. ( 2025 ) used the
caling relation between stellar mass and H I mass for star-forming
alaxies derived from A. Bianchetti et al. ( 2025 ) for inferring the
IMF, as mentioned in Section 4.3 . The A. Bianchetti et al. ( 2025 )

caling relation is much steeper than we find here, and also steeper
han that found by F. Sinigaglia et al. ( 2022 ) using the same data
et. A. Bianchetti et al. ( 2025 ) discuss this in the appendix of their
aper, and attribute the difference to the significantly more stringent 
efinition of star-forming galaxies. This selection thus minimizes the 
ontamination from galaxies significantly below the star-formation 
ain sequence. However, as noted in section 2.1.2 in A. Bianchetti

t al. ( 2025 ), by enforcing a symmetric scatter around the main
equence they remove around 25 per cent of the least star forming
opulation, even if the colour selection criteria is satisfied. On the
ther hand, the GSMF used to convert the scaling relation to the
IMF in F. Sinigaglia et al. ( 2025 ) is from J. R. Weaver et al. ( 2023 ),
MNRAS 544, 1710–1731 (2025)
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Figure 11. Bivariate distribution of H I mass and stellar mass for spiral (left) and elliptical (right) galaxies at 0 . 25 < z < 0 . 5. Three models (Normal, Schechter, 
Skew normal) are used to fit the data from top to bottom panels. The grey circles with the error bars corresponds to the 16th, 50th, and 84th percentiles for the 
H I mass in four stellar mass bins from the SIMBA simulation (R. Davé et al. 2019 ). The corresponding posteriors are appended in Fig. C2 . 
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The MH I − M� relation of massive galaxies 1723

Figure 12. Best-fitting MH I − M� scaling relation for the full sample, 
spiral, and elliptical galaxies with the Skew normal model, colour-coded 
by orange, green, and purple, respectively. The solid and dashed lines are 
the 〈log 10 ( MH I ) 〉 and log 10 ( 〈 MH I 〉 ), respectively. The solid dots are the 
logarithmic of directly averaging MH I , labelled as ‘Co-adding’. The dashed 
grey line is from F. Sinigaglia et al. ( 2022 ). 
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ho determine the star-forming GSMF from the purely colour- 
elected sample. As such the scaling relation from A. Bianchetti et al.
 2025 ) combined with the GSMF of all star-forming galaxies results
n a HIMF that is skewed to high values, compared to the HIMF we
nd in this paper. In this work, the sample used to determine the
caling relation is also that used to determine the GSMF that we use,
s such they should result a HIMF that is less susceptible to possible
iases in the mismatch of samples. We note that this is an important
oint for future studies, as a GSMF that is derived from a complete
ample, and then used with an incomplete or mismatched sample 
sed for determining the scaling relation, may lead to a bias in the
redicted abundance of H I at high-stellar masses. 
Although our sample is only complete at log 10 ( M� / M�) > 9 . 5,

t would require > 50 times more mass in H I than in stellar mass
or galaxies below our stellar mass limit to contribute to the high
 I mass to bring our results down and in agreement with the z ∼ 0
IMF, which would appear to be unlikely given the upper envelope 

n the M� − MH I relation discussed in N. Maddox et al. ( 2015 ) and
. Pan et al. ( 2023 ). 
The H I mass function for the massive galaxies with the preferred

chechter and Skew normal distributions peaks at log 10 ( MH I / M�) = 

 . 5 ∼ 10, which roughly corresponds to the knee of the H I

ass function from ALFALFA, further demonstrating that the 
og 10 ( M� / M�) > 9 . 5 galaxies trace the galaxies containing the
argest amount of H I gas, albeit not necessarily the largest fraction
f H I . The existence of red spiral galaxies across a wide H I mass
ange is also revealed by comparing the red and elliptical H I mass
unctions measured from the subsamples. The combined total HIMF 

rom the red and blue subsamples is shown in the orange dotted
ine, and in line with the HIMF measured from the full sample in
he orange solid line across a wide H I mass range. The discrepancy
nly increases towards the low-H I mass end where the statistical
ncertainties are large as shown by the shaded areas. 
At the highest mass end of log 10 ( MH I / M�) > 10 . 5, the H I mass

unction measured using our symmetric Normal model shows the 
mallest deviation from the ALFALFA HIMF at z = 0, and would
mply a minimal amount of evolution in the HIMF if it was
orrect. Indeed, work assuming a symmetric underlying distribution 
round a mean value (as widely conducted using traditional stacking 
echniques), would potentially lead to an incorrect measurement 
f H I distribution at the high-mass end. The fact that our results
isfavour the symmetric underlying normal distribution demonstrates 
he importance of properly modelling the underlying distribution. 
pecifically, A. Chowdhury, N. Kanekar & J. N. Chengalur ( 2024 )
bserved a strong evolution of the number density for high H I mass
alaxies at z ∼ 1, and they did not find a consistent evolution trend
ith A. Bera et al. ( 2022 ) using the similar approach of combining

he B -band luminosity function and the scaling relation between the
 I mass and B -band luminosity ( MB ) of star-forming galaxies at
 ∼ 0 . 35. A. Chowdhury et al. ( 2024 ) suspected that this apparent
ontradiction is due to the differing net gas accretion rate for high
tar-forming galaxies between 0 . 35 < z < 1 and 0 < z < 0 . 35 and
he influence of the cosmic variance on the measurement of the

H I − MB relation over a small cosmic volume. However, the 
ssumption of using the symmetrical H I scatter at z ∼ 1 may also be
n important limiting factor for them to construct a consistent HIMF
iven the comparison between the Normal, Schechter, and Skew 

ormal for the H I mass function on the high-mass end in Fig. 13 . We
ppend the best-fitting conditional H I mass function with Schechter 
nd Skew normal models in Table D1 . 

 C O N C L U S I O N S  

e implement a Bayesian technique, developed from our previous 
ork (H. Pan et al. 2021 , 2023 ), to the MIGHTEE DR1 images for
easuring the underlying MH I − M� scaling relation by using the 

nformation from the DEVILS spectroscopic catalogue at 0 . 25 <
 < 0 . 5, while taking into account the intrinsic H I distribution as a
unction of the stellar mass. Our results are highlighted as follows: 

(i) We measure the bivariate distribution of H I mass and stellar
ass of massive galaxies down to log 10 ( M� / M�) = 9.5 at 0 . 25 <
 < 0 . 5 for the full galaxy sample, with three conditional probability
istributions of H I mass (Normal, Schechter, and Skew normal). The
symmetric H I distributions are strongly preferred by our data. 

(ii) We differentiate the concepts of the average of the logarithmic 
 I mass, i.e. 〈log 10 ( MH I ) 〉 , and the logarithmic average of the
 I mass, i.e. log 10 ( 〈 MH I 〉 ), to clarify the statistical confusions

n the stacking approaches, and find that the difference between 
log 10 ( MH I ) 〉 and log 10 ( 〈 MH I 〉 ) is non-trivial with 0.2–0.3 dex for
ormal and Schechter models, and ∼0.5 dex for the Skew normal. 
(iii) We observe shallow slopes in the underlying MH I − M� 

caling relation, suggesting the presence of an upper H I mass limit
eyond which a galaxy can no longer accrete or retain further H I

as, and find tentative evidence of mild negative evolution for the H I

istribution in massive galaxies at z < 0 . 5 when compared to local
H I − M� relation. 
(iv) By studying the colour dependence of the MH I − M� relation, 

e find that the Schechter and Skew normal profiles provide the
est description of the conditional H I mass distribution for blue
alaxies, and the Normal profile is sufficient for describing the H I

estribution of red galaxies becasue of their small sample size in
ur present catalogue. This trend is also true for the spiral and
llipical subsamples due to the strong colour–morphology correlation 
f galaxies. 
(v) The massive blue (or spiral) galaxies are tightly clustered in the

tellar mass bins of 9 . 5 < log 10 ( M� / M�) < 10 . 5 and relatively high
MNRAS 544, 1710–1731 (2025)
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M

Figure 13. Conditional H I mass function for all samples at 0 . 25 < z < 0 . 5. Three models (Normal, Schechter, Skew normal) are fit to the data from left 
to right panels. The blue, red, green, and purple lines are for the blue, red, spiral, and elliptical subsamples while the corresponding shaded areas are 1 σ
statistical uncertainties from our Bayesian modelling. The orange lines are for the full sample with uncertainties derived from combining our modelling and 
error propagation from the GSMF (A. Hashemizadeh et al. 2022 ). Note that the shaded areas for spiral and elliptical subsamples are omitted for simplicity. The 
grey shaded area is the 1 σ band of the H I mass function at z < 0 . 06 from the ALFALFA survey (M. G. Jones et al. 2018 ). The orange circles are the H I mass 
function of 9 . 5 < log 10 ( M� / M�) galaxies from the SIMBA simulation (R. Davé et al. 2019 ). 
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 I mass range of 9 < log 10 ( MH I / M�) < 10 while the massive red
or elliptical) galaxies instead sit broadly in the intermediate stellar
ass range of 9 . 5 < log 10 ( M� / M�) < 11 . 5 and the H I mass range

f 7 . 5 < log 10 ( MH I / M�) < 9 . 5. 
(vi) The H I masses of massive blue and spiral galaxies are

ositively correlated with their stellar masses. Red galaxies follow a
imilar trend, largely due to the presence of a significant fraction of
ed disc galaxies. In contrast, the H I mass appears to be anticorrelated
ith stellar mass for ellipticals, suggesting that more massive

lliptical galaxies are more efficient at consuming or losing their
 I gas. 
e also present the H I mass function for log 10 ( M� / M�) > 9 . 5

alaxies and find that this conditional HIMF is several times lower
han the HIMF for the general galaxy population from ALFALFA at
he highest H I mass end, indicating a mild or moderate evolutionary
icture for the extremely H I rich galaxies observed at low redshift.
lthough we note that understanding the environmental effects on

he measured HIMF will be important for future work with larger
amples (e.g. F. Sinigaglia et al. 2024 ). 

In conclusion, we present the Bayesian stacking technique that
s capable of probing the underlying H I distribution at the distant
niverse, and measure the MH I − M� relation above or below the
etection threshold in a unified way while modelling the scatter
elf-consistently within the same procedure without binning the
ata sets. This technique allows us to put tighter constraints on the
alaxy formation and evolution models compared to the traditional
tacking approach. The log 10 ( 〈 MH I 〉 ), i.e. traditional stacking, is more
obust at picking out the peak of the distribution for an asymmetrical
nderlying H I distribution skewed towards lower mass galaxies and
s less susceptible to the form of the underlying distribution compared
o 〈log 10 ( MH I ) 〉 . 
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PPENDI X  A :  MEASURED  H  I MASS  

e used equation ( 1 ) to calculate the intrinsic H I fluxes with
ssumed H I masses driven from the underlying H I mass and stellar
ass relation as the majority of our extracted fluxes are below the

etection threshold at the redshift range of 0.25 < z < 0.5. However,
n this section, we use equation ( 1 ) to measure the individual H I

asses directly from the extracted fluxes to intuitively understand the 
istribution of the measured H I mass of Mm 

H I , although we note that
any of these measurements could be negative due to the presence of

ow-SNR sources. We show the measured H I mass ( Mm 

H I ) distribution
n Fig. A1 , which can be turned into the SNR distribution in Fig. 5
fter the noise normalization. We also show the bivariate distribution 
f the Mm 

H I and M� in Fig. A2 , which corresponds to the best-fitting
ivariate distribution of the intrinsic H I mass and stellar mass in
ig. 6 . 
The aperture size for our flux extraction is 16 arcsec, which is

lightly lower than the typical synthesized beam size for the robust
 0.5 (r0.5) H I spectral cube at the redshift range of 0.25 < z < 0.5.
his choice is to reduce the influence from the difference between

he synthesized beam and the corresponding Gaussian model when 
e use the integral over the source to measure the H I flux. We plot

he ratio of the integral to peak flux as a function of the aperture size
or the synthesized beam and the corresponding Gaussian model in 
ig. A3 for the maser discovered by M. J. Jarvis et al. ( 2024 ), and use

he vertical line to mark the size of 16 arcsec. At this size, the fraction
ifference between the synthesized beam and the corresponding 
aussian model is less than ∼2 per cent for both r0.5 and r0.0 H I
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Figure A2. Bivariate distribution of the measured H I mass and stellar mass for the full (left), blue (middle), and red (right) galaxies at 0 . 25 < z < 0 . 5. 

Figure A3. Ratio of the integral to peak flux for the discovered maser by M. 
J. Jarvis et al. ( 2024 ). The blue and orange lines are the synthesized beam 

and the corresponding Gaussian model. The solid and dashed lines are for the 
r0.5 and r0.0 H I spectral cubes, respectively. 
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ubes, and it increases gradually when the aperture size is larger. To
lso minimize the noise influence, we chose the r0.5 H I spectral cube
o extract the H I fluxes, and measure the H I masses based on them. 

PPENDIX  B:  I N J E C T I O N  A N D  R E C OV E RY  

ur approach for measuring the H I mass and stellar mass relation
elies on assuming the Gaussianity of the noise distribution in the H I

pectral cube. However, in practice the real noise behaviour deviates
NRAS 544, 1710–1731 (2025)
rom the perfect Gaussian distribution. To examine the influence of
he real noise on our approach, we inject fake sources with known

H I − M� relation and try to reconstruct this relation to verify if our
pproach is immune to the minor non-Gaussian noise behaviour. 

The input MH I − M� relation follows our Model A with parameters
, b, and σH I of 0.21, 9.37, and 0.47, which are in the range of typical
alues for the MH I − M� relation of blue or star-forming galaxies.
e use this relation to generate the H I masses, and convert them

nto fluxes based on their stellar masses and redshifts. We then inject
he flux for each fake source into a random position surrounding the
eal source (over a distance range of 5–10 beams), and we repeat
his process for 100 times to get a high statistical significance on
he agreement between the input parameters and reconstructed ones.
his whole process is to further verify that our approach is not

nfluenced by the random sampling, which in turn proves that the
oise surrounding the source in our data is indeed well-behaved.
e also simulate a data cube with Gaussian background noise for

onducting the same injections as a reference. 
We show the histograms for the recovered parameters in Fig. B1 .

he blue and orange lines correspond to the results reconstructed
rom the real background noise and fake Gaussian noise, respectively.
he grey vertical lines are the input values for our assumed model. For
ll three parameters in both cases, the median reconstructed values
re in great agreement with the input values, with a fraction difference
f < 1 per cent. The spread widths are on a scale of ∼0.02 as expected
rom our Bayesian modelling. The fraction difference between the
eal noise and Gaussian noise on our approach is also less than
 per cent for the median reconstructed values, demonstrating that
he influence of the real noise distribution (slightly deviated from the
erfect Gaussian) on the accuracy of our approach for measuring the

H I − M� relation is minimal. 
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Figure B1. Reconstructed parameters of a, b, σH I for the input H I mass and stellar mass relation from left to right panels. The blue and orange lines correspond 
to the results derived from real and simulated Gaussian background noise, respectively. The grey vertical lines are the input values for an assumed MH I − M� 

relation model. 
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PPEN D IX  C :  POSTERIORS  

he posterior distributions of modelling the H I mass and stellar
ass relation at 0 . 25 < z < 0 . 5 for the blue and red galaxies are

hown in Fig. C1 , and for the spiral and elliptical galaxies in Fig. C2 ,
espectively. 
MNRAS 544, 1710–1731 (2025)
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Figure C1. Posterior distributions for three models (Normal, Schechter, Skew normal) of the H I mass and stellar mass relation at 0 . 25 < z < 0 . 5 from top to 
bottom panels. The left and right panels are for the blue and red galaxies, respectively. The grey histograms represent the marginal posterior probabilities (1D or 
2D), while the blue curves indicate the cumulative distributions. In the 2D posterior plots, the blue crosses mark the parameter set with the maximum likelihood, 
and the 1 σ error bars are estimated from the 1D marginal posterior distributions. 
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Figure C2. The same as the caption of Fig. C1 , except that the left and right panels are for the spiral and elliptical galaxies, respectively. 
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PPENDIX  D :  BEST-FITTING  C O N D I T I O NA L  

I M F  

e list the best-fitting conditional H I mass functions with Schechter
nd Skew normal models in Table D1 for reference and ease of
omparison for future work. 
NRAS 544, 1710–1731 (2025)
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Table D1. Best-fitting conditional H I mass functions with Schechter and Skew normal models for the full galaxy sample, blue, red, 
spiral, elliptical subsamples at 0 . 25 < z < 0 . 5. The conditional HIMF for the Full (Blue + Red) is the sum of the conditional HIMFs 
for the Blue and Red subsamples, which has better performance than for the Full sample, particularly at the low-mass end, due to 
more accurate modelling. 

log 10 ( MH I /M�) � (MH I )9 . 5 h
−3 
70 [Mpc−3 dex−1 ] 

Full Blue Spiral Red Elliptical Full (Blue + Red) 

Schechter 

6.0 2 . 90 × 10−5 − 8 . 00 × 10−6 6 . 90 × 10−5 1 . 10 × 10−5 7 . 00 × 10−5 

6.2 4 . 10 × 10−5 1 . 00 × 10−6 1 . 20 × 10−5 8 . 90 × 10−5 1 . 50 × 10−5 9 . 00 × 10−5 

6.4 5 . 80 × 10−5 1 . 00 × 10−6 1 . 80 × 10−5 1 . 15 × 10−4 2 . 10 × 10−5 1 . 16 × 10−4 

6.6 8 . 30 × 10−5 2 . 00 × 10−6 2 . 70 × 10−5 1 . 48 × 10−4 3 . 00 × 10−5 1 . 50 × 10−4 

6.8 1 . 17 × 10−4 4 . 00 × 10−6 4 . 10 × 10−5 1 . 91 × 10−4 4 . 20 × 10−5 1 . 95 × 10−4 

7.0 1 . 65 × 10−4 7 . 00 × 10−6 6 . 20 × 10−5 2 . 45 × 10−4 5 . 80 × 10−5 2 . 52 × 10−4 

7.2 2 . 33 × 10−4 1 . 30 × 10−5 9 . 40 × 10−5 3 . 14 × 10−4 8 . 20 × 10−5 3 . 28 × 10−4 

7.4 3 . 28 × 10−4 2 . 50 × 10−5 1 . 42 × 10−4 4 . 02 × 10−4 1 . 14 × 10−4 4 . 27 × 10−4 

7.6 4 . 62 × 10−4 4 . 60 × 10−5 2 . 15 × 10−4 5 . 11 × 10−4 1 . 58 × 10−4 5 . 57 × 10−4 

7.8 6 . 50 × 10−4 8 . 50 × 10−5 3 . 25 × 10−4 6 . 46 × 10−4 2 . 17 × 10−4 7 . 31 × 10−4 

8.0 9 . 09 × 10−4 1 . 56 × 10−4 4 . 88 × 10−4 8 . 07 × 10−4 2 . 95 × 10−4 9 . 63 × 10−4 

8.2 1 . 27 × 10−3 2 . 84 × 10−4 7 . 28 × 10−4 9 . 91 × 10−4 3 . 92 × 10−4 1 . 27 × 10−3 

8.4 1 . 74 × 10−3 5 . 08 × 10−4 1 . 08 × 10−3 1 . 18 × 10−3 5 . 05 × 10−4 1 . 69 × 10−3 

8.6 2 . 36 × 10−3 8 . 90 × 10−4 1 . 56 × 10−3 1 . 35 × 10−3 6 . 20 × 10−4 2 . 24 × 10−3 

8.8 3 . 12 × 10−3 1 . 50 × 10−3 2 . 20 × 10−3 1 . 44 × 10−3 7 . 07 × 10−4 2 . 94 × 10−3 

9.0 3 . 96 × 10−3 2 . 39 × 10−3 2 . 96 × 10−3 1 . 38 × 10−3 7 . 20 × 10−4 3 . 77 × 10−3 

9.2 4 . 73 × 10−3 3 . 49 × 10−3 3 . 72 × 10−3 1 . 12 × 10−3 6 . 22 × 10−4 4 . 61 × 10−3 

9.4 5 . 11 × 10−3 4 . 41 × 10−3 4 . 18 × 10−3 7 . 15 × 10−4 4 . 28 × 10−4 5 . 13 × 10−3 

9.6 4 . 72 × 10−3 4 . 49 × 10−3 3 . 94 × 10−3 3 . 22 × 10−4 2 . 17 × 10−4 4 . 81 × 10−3 

9.8 3 . 40 × 10−3 3 . 29 × 10−3 2 . 82 × 10−3 8 . 90 × 10−5 7 . 20 × 10−5 3 . 38 × 10−3 

10.0 1 . 65 × 10−3 1 . 50 × 10−3 1 . 31 × 10−3 1 . 30 × 10−5 1 . 30 × 10−5 1 . 51 × 10−3 

10.2 4 . 29 × 10−4 3 . 56 × 10−4 3 . 15 × 10−4 1 . 00 × 10−6 1 . 00 × 10−6 3 . 57 × 10−4 

10.4 4 . 20 × 10−5 3 . 70 × 10−5 2 . 80 × 10−5 − − 3 . 70 × 10−5 

10.6 1 . 00 × 10−6 1 . 00 × 10−6 1 . 00 × 10−6 − − 1 . 00 × 10−6 

Skew normal 

6.0 1 . 70 × 10−5 − 5 . 00 × 10−6 1 . 00 × 10−6 5 . 00 × 10−6 1 . 00 × 10−6 

6.2 3 . 00 × 10−5 − 9 . 00 × 10−6 2 . 00 × 10−6 9 . 00 × 10−6 2 . 00 × 10−6 

6.4 5 . 00 × 10−5 − 1 . 70 × 10−5 6 . 00 × 10−6 1 . 50 × 10−5 6 . 00 × 10−6 

6.6 8 . 30 × 10−5 1 . 00 × 10−6 3 . 10 × 10−5 1 . 50 × 10−5 2 . 50 × 10−5 1 . 60 × 10−5 

6.8 1 . 33 × 10−4 2 . 00 × 10−6 5 . 40 × 10−5 3 . 40 × 10−5 3 . 90 × 10−5 3 . 60 × 10−5 

7.0 2 . 06 × 10−4 6 . 00 × 10−6 9 . 20 × 10−5 7 . 10 × 10−5 6 . 00 × 10−5 7 . 70 × 10−5 

7.2 3 . 12 × 10−4 1 . 30 × 10−5 1 . 49 × 10−4 1 . 41 × 10−4 8 . 90 × 10−5 1 . 54 × 10−4 

7.4 4 . 59 × 10−4 3 . 00 × 10−5 2 . 35 × 10−4 2 . 58 × 10−4 1 . 28 × 10−4 2 . 88 × 10−4 

7.6 6 . 55 × 10−4 6 . 50 × 10−5 3 . 58 × 10−4 4 . 39 × 10−4 1 . 77 × 10−4 5 . 04 × 10−4 

7.8 9 . 07 × 10−4 1 . 31 × 10−4 5 . 26 × 10−4 6 . 93 × 10−4 2 . 38 × 10−4 8 . 24 × 10−4 

8.0 1 . 22 × 10−3 2 . 47 × 10−4 7 . 48 × 10−4 1 . 01 × 10−3 3 . 09 × 10−4 1 . 25 × 10−3 

8.2 1 . 60 × 10−3 4 . 39 × 10−4 1 . 03 × 10−3 1 . 34 × 10−3 3 . 88 × 10−4 1 . 77 × 10−3 

8.4 2 . 03 × 10−3 7 . 32 × 10−4 1 . 37 × 10−3 1 . 60 × 10−3 4 . 72 × 10−4 2 . 33 × 10−3 

8.6 2 . 51 × 10−3 1 . 15 × 10−3 1 . 75 × 10−3 1 . 71 × 10−3 5 . 55 × 10−4 2 . 85 × 10−3 

8.8 3 . 00 × 10−3 1 . 69 × 10−3 2 . 17 × 10−3 1 . 60 × 10−3 6 . 32 × 10−4 3 . 29 × 10−3 

9.0 3 . 50 × 10−3 2 . 34 × 10−3 2 . 61 × 10−3 1 . 30 × 10−3 6 . 94 × 10−4 3 . 64 × 10−3 

9.2 3 . 95 × 10−3 3 . 04 × 10−3 3 . 02 × 10−3 9 . 11 × 10−4 6 . 90 × 10−4 3 . 95 × 10−3 

9.4 4 . 34 × 10−3 3 . 71 × 10−3 3 . 38 × 10−3 5 . 43 × 10−4 5 . 15 × 10−4 4 . 25 × 10−3 

9.6 4 . 53 × 10−3 4 . 20 × 10−3 3 . 63 × 10−3 2 . 73 × 10−4 2 . 41 × 10−4 4 . 47 × 10−3 

9.8 3 . 85 × 10−3 3 . 72 × 10−3 3 . 28 × 10−3 1 . 15 × 10−4 4 . 80 × 10−5 3 . 83 × 10−3 

10.0 1 . 84 × 10−3 1 . 69 × 10−3 1 . 57 × 10−3 4 . 10 × 10−5 2 . 00 × 10−6 1 . 73 × 10−3 

10.2 3 . 43 × 10−4 2 . 89 × 10−4 2 . 36 × 10−4 1 . 20 × 10−5 − 3 . 01 × 10−4 

10.4 2 . 00 × 10−5 1 . 60 × 10−5 8 . 00 × 10−6 3 . 00 × 10−6 − 1 . 90 × 10−5 

10.6 − − − 1 . 00 × 10−6 − 1 . 00 × 10−6 
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