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• Neutral atomic hydrogen (HI) is the fundamental fuel for star formation in galaxies 
• Sensitive probe of the dark matter halo in a galaxy  
• Traces a history of past interactions 
• Scaling relations provide insight into baryonic cycle in galaxies: HI mass vs HI size, 

stellar mass, SFR, sSFR, etc 

• How is HI linked to star formation                                                                                     in 
galaxy disks & related to kinematics 
• How does accretion fuel star formation 
• What is the fate of HI in environmental                                                             interactions 
• How do HI scaling relations vary with                                                                           redshift

6 Ianjamasimanana R. et al.

Figure 3. Left; MeerKAT H i column density map of the starburst galaxy NGC 4945 overlaid onto a DSS2 B-band optical image shown in grayscale. The
contour levels are (4.1 ⇥ 1019, 1.0 ⇥ 1020, 2.0 ⇥ 1020, 3.1 ⇥ 1020, 4.1 ⇥ 1020, 1.0 ⇥ 1021, 2.0 ⇥ 1021, 3.1 ⇥ 1021, 4.1 ⇥ 1021, 5.1 ⇥ 1021, 6.1 ⇥ 1021, 7.2 ⇥ 1021)
cm�2. We show in grayscale the column density values below 1.5 ⇥ 1020 cm�2 to highlight the halo gas. Right: MeerKAT H i velocity field of NGC 4945.
The contour levels are Vsys ± 180 km s�1 in step of 30 km s�1, where Vsys = 565 km s�1 and is indicated by the green contour. The red crosses indicate the
kinematic center derived by TiRiFiC. The red circles at the bottom left corner of each panel show the size of the beam (FWHM = 6000).

Figure 4. H i absorption profile at the central peak of the nuclear continuum
in NGC 4945.

gas in Section 3.4. Thus, in addition to applying a mask based on
the 7500 data as described in the previous section, we create an el-
liptical region surrounding the main disc of the galaxy and use the
MIRIAD task IMMMASK to mask out areas outside the ellipse. We
put zeros in the areas that have been masked out. The masked data
cube is then fed into TiRiFiC for the modelling. Note that due to the
presence of the central absorption, which has been masked out, the

fitting in the central part (about an arcminute in radius) is uncertain.
Thus we refrain from doing mass modelling.

3.3.2 Model parameters

Our final best-fitting model is a model where we fit the approaching
and receding sides separately as described below.

• The following parameters have been kept constant with radius:

(a) centre position: XPOS, YPOS, XPOS_2, YPOS_2
(b) systemic velocity: VSYS, VSYS_2
(c) global dispersion: CONDISP (this does not vary with radius by

default, and should not be confused with the SDIS parameter
which can be varied with radius)

(d) disc thickness: Z0, Z0_2

• The following parameters have been allowed to vary with radius:

(a) rotation velocity: VROT, VROT_2
(b) surface brightness: SBR, SBR_2
(c) amplitude of harmonic distortions in surface brightness (first and

second order): SM1A, SM1A_2; SM2A, SM2A_2
(d) phase of harmonic distortions in surface brightness (first and sec-

ond order): SM1P, SM1P_2; SM2P, SM2P_2
(e) inclination: INCL, INCL_2
(f) position angle: PA, PA_2

We show the parameters that are kept constant with radius in Table 1.
The ones that vary with radius are shown in Fig. 6 and Table 2.
General properties:

• We derive a flat rotation curve, typical of spiral galaxies. A fit to

MNRAS 000, 1–18 (2022)

Why study HI?

NGC 4945; Ianjamasimanana et al (2019)



‣How do galaxies replenish their gas? 
‣How are gas accretion, star formation, and feedback related 
‣How is the HI in galaxies linked to AGN activity? 
‣How is HI affected by galaxy interactions, environment, & redshift

SKA Science Community 



A global family of precursor and pathfinder facilities

FAST

Precursors:

Pathfinders:
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● All-sky ASKAP H Ⅰ survey

● PI: L. Staveley-Smith

● δ < +30°, z < 0.26

● 500,000 galaxies expected

● Shallow; median z ~ 0.04

WALLABY

WALLABY

ALFALFA HIPA
SS

Simulations: D. Obreschkow

SNR > 5

SNR > 10

HI surveys with SKA pathfinders: pushing instrumentation limits

CHILES ~0.25 deg2 

z~0.5

• Previous generation of HI studies 
• Pointed HI observations 
• Wide-area unresolved HI surveys 
• CHILES: upgraded EVLA

ALFALFA 7000 deg2

• Untargeted HI surveys

BUDHIES: z~0.2
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● All-sky ASKAP H Ⅰ survey

● PI: L. Staveley-Smith

● δ < +30°, z < 0.26

● 500,000 galaxies expected

● Shallow; median z ~ 0.04

WALLABY

WALLABY

ALFALFA HIPA
SS

Simulations: D. Obreschkow

SNR > 5

SNR > 10

HI surveys with SKA precursors: a tiered approach

LADUMA
CHILES

z=1.4

z~0.5

Apertif ~2200 deg2

MIGHTEE-HI ~20 deg2

• New generation of HI surveys enabled by tech 
advances with new SKA precursors 
• Improved surface brightness & resolution 
• Wide-area; medium-deep; deep

~14,000 deg2

Apertif medium-deep ~160 deg2

• Untargeted HI surveys



MHONGOOSE

J0335-24 (NGC 1371) 9.84

These images show the neutral hydrogen distribution in the MHONGOOSE galaxies as observed with MeerKAT. The images all measure 15’ x 15’. The HIPASS designation and alternative 
identification are given in the bottom-left of each panel. The logarithm of the neutral hydrogen mass in the bottom-right. From top-left to bottom-right, galaxies are presented in order of 

increasing neutral hydrogen mass. Background image: credit SARAO. Poster by Erwin de Blok. 

MeerKAT HI Observations of Nearby Galactic Objects: Observing Southern Emitters 

The MeerKAT Large Survey Project of HI in Nearby Galaxies 

http://mhongoose.astron.nl
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SINGG

J2257-41 (NGC7424) 10.04 J0419-54 (NGC 1566)

J0549-26 (NGC 1744) 9.56

J0052-31 (NGC 289) 10.34
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MHONGOOSE: Single dish sensitivity but at interferometric resolution

MeerKAT: 
• Study HI accretion    

& link with star 
formation 
• 30 nearby field disk  

& dwarf galaxies 
• HIPASS detected/

SINGG 
• MHI ~ 107-1011 
• Each 55h 
• HI column density 

limit of ~5x1017 cm-2   
(3σ/16 km/s)

Healy et al, in prep
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Figure 1. A false color image demonstrating the NGC 4631 group and its Hi gas. On top of the optical image, the blue
colored halo shows the di↵use Hi flux imaged by FAST (beam FWHM=3.240 or 7 kpc) in this study, while the light-blue finer
structures are the denser Hi previously detected in the WSRT HALOGAS (Heald et al. 2011) observation (beam FWHM=4000

or 1.46 kpc). The names of 6 relatively prominent member galaxies are denoted.

on for 1 s every 60 s. The data is recorded by the Spec256

(W+N) backend, with a sampling time of 1 s, and chan-257

nel width of 7.63 kHz, or 1.61 km/s for Hi 21 cm obser-258

vations.259

2.3. The FAST data reduction260

The data reduction is carried out with a pipeline devel-261

oped following the standard procedures of reducing radio262

single-dish image data, particularly those from Arecibo263

Legacy Fast ALFA Survey (ALFALFA, Haynes et al.264

2018) and HI Parkes All Sky Survey (HIPASS, Barnes265

et al. 2001). It has 4 major modules, including RFI266

flagging, calibration, imaging, and baseline flattening.267

Many of these steps go backward and iterate till conver-268

gency. We briefly introduce the steps below. An early269

version of the pipeline was also described in Zuo et al.270

(2022).271

1. RFI flagging. We flag the radio frequency in-272

terferences (RFIs) in two major steps. Firstly, we273

7

Figure 3. The Hi column density maps of NGC 4631 field. The maps are derived from the FAST cube (top), WSRT cube
(bottom-left), and the FAST+WSRT combined cube (bottom-right). In the top panel, the center of the FAST observational
field is marked with a grey cross. In the bottom-left panel, the FWHM of the WSRT PB is shown as the grey dashed circle.
The bottom-right image does not look like the sum of the other two because the combination is done in the Fourier space thus
the FAST flux is conserved, and because the PB attenuation e↵ect of the WSRT cube is applied (see section 4.1). Beam shapes
are denoted as green and open ellipses at the bottom left corner of each map.

dish image to fill this missing part, but also add un-427

certainties and complexities when directly we directly428

compare the FAST and WSRT images to characterize429

the spatial distribution of this large-scale Hi. Luckily,430

the typical absolute level of those “negative bowl” is431

around 1-� of the WSRT data cube, and as we will432

show in section 4.2 and Figure 8, the associated cumu-433

lative absolute flux is low compared to the excess Hi434

detected by FAST. These facts mitigate the problem,435

but future investigation of optimized strategy of com-436

bining the single-dish and interferometric data in the uv437

space may better solve this problem.438

2.6. Derived cubes439

For convenience of comparison, we produce a few de-440

rived cubes to control for the e↵ects of the PSF (i.e. the441

FAST beam and the WSRT synthesis beam) and the442

WSRT primary beam attenuation.443

We use the equation from Wang et al. (2015) to pro-444

duce a data cube of primary beam attenuation levels445

(the PB cube hereafter). The equation is a function of446

the distance from the image center, and was calibrated447

using continuum sources from NVSS and FIRST. We448

produce the PB-corrected WSRT cube by dividing the449

original WSRT cube by the PB cube.450

FEASTS: HI in/surrounding galaxies in the Local Volume 7

Figure 3. The Hi column density maps of NGC 4631 field. The maps are derived from the FAST cube (top), WSRT cube
(bottom-left), and the FAST+WSRT combined cube (bottom-right). In the top panel, the center of the FAST observational
field is marked with a grey cross. In the bottom-left panel, the FWHM of the WSRT PB is shown as the grey dashed circle.
The bottom-right image does not look like the sum of the other two because the combination is done in the Fourier space thus
the FAST flux is conserved, and because the PB attenuation e↵ect of the WSRT cube is applied (see section 4.1). Beam shapes
are denoted as green and open ellipses at the bottom left corner of each map.
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Wang et al (2022)

• FAST: 2.4 deg2 in 4.47 hours 
• Combine single dish & interferometric data 
• Low surf brightness gas >25% of total mass 
• Separate warm and cool HI; argue that the HI 

is cooling out of the intragroup medium

NGC 4631



JWST + Apertif HI contours

Stephan's Quintet

VLA 

Group 
observations: 
quantify the 
amount of 
intragroup 
HI; tidal 
debris; gas 
processing



Nature 
Xu et al (2022)

Stephan's Quintet

More FAST  
results see also: 
Zhu et al (2022) 
Wang et al (2022)

FAST

0.6 Mpc  
HI debris field 

NH I = 
7.4 × 1017 cm-2 
(at 5.5σ level)



Galaxy Clusters with MeerKAT: prevalence of ram pressure stripping & jellyfish galaxies

Hess et al  
(2022)

MeerKAT HI + DECam Halpha: 
• HI and star forming tails  
• NGC 3314a/b: 2 galaxies in 

projection 
• Drag: galaxies have past cluster 

pericenter



WIDE AREA SURVEYS: Apertif, WALLABY, CRAFTS



WIDE AREA SURVEYS: Apertif, WALLABY, CRAFTS



APERTIF: An unbiased view of HI across environments

Hess et al (in 

DR1: 
Adams et al (2022) 

van Cappellen 
et al (2022) 

Denes et al (2022) 

Kutkin et al (2022)



WALLABY: Census of gas rich galaxies in the local (southern) Universe

NGC 5044 
~120 deg2 

• Unbiased view of HI in galaxies with environment 
• Dwarf galaxies: dark matter halo mass/distribution 
• Galaxy kinematics: quantifying frequency of 

warps; how bars funnel gas in center of galaxies
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● All-sky ASKAP H Ⅰ survey

● PI: L. Staveley-Smith

● δ < +30°, z < 0.26

● 500,000 galaxies expected

● Shallow; median z ~ 0.04

WALLABY

WALLABY

ALFALFA HIPA
SS

Simulations: D. Obreschkow

SNR > 5

SNR > 10

DR1; Westmeier et al (2022)
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● Overarching scheme: inHuence of
environment on H Ⅰ content of galaxies

● H Ⅰ deAciency and environment

– Led by Bi-Qing For

– Preliminary results indicate lower
H Ⅰ mass fraction in Eridanus galaxies

– Study of Hydra dwarf population
under way

WALLABY pilot survey science

DES image

For et al. (in prep.)

25+ papers and counting on from 
Early Science + Phase 1 + Phase 2...

(2021)



Medium-deep HI surveys: Apertif MDS & MIGHTEE-HI

This is also consistent with the H I depletion time of massive
galaxies that we are able to derive in this work:
U � _ � _ �* * * *M M M M Mlog 10.75 SFR 1 1.2 Gyrdep,HI 10 H I( ˆ ( ) ) ( ˆ ) ( ˆ ) .
The nature of the H I growth into galaxies is still debated, with
coplanar accretion from cosmic flows being favored by observa-
tions of Mg II absorbers in quasars down to z∼ 0.2 and statistical
arguments (e.g., Bouché et al. 2013; Peng & Renzini 2020, and
references therein). Theoretical predictions indicate that at z< 0.5,
the main cold gas accretion mode onto galaxies is not cosmological
accretion (as suggested for accretion at high z by results based on
observations; e.g., Conselice et al. 2013) or the galactic fountain
mechanisms (e.g., Fraternali 2017), but mergers (e.g., Sánchez
Almeida et al. 2014; Padmanabhan & Loeb 2020). Furthermore,
simulations tell that most of the H I in the universe is already
contained in galaxy disks at the probed redshifts (e.g., ∼97% at
z= 0 in Villaescusa-Navarro et al. 2018), thus making mergers a
potential efficient H I transfer mechanism. We speculate that minor
mergers between low-M* H I-rich galaxies and massive galaxies
could be the mechanism that mainly refills the latter of H I.
Intriguingly, Jackson et al. (2022) recently found evidence in
observations that minor mergers play a major role in the formation
of H I-rich massive disk galaxies at z∼ 0, supporting our proposed
scenario. On the other hand, Di Teodoro & Fraternali (2014) argue
that cold gas transfer through minor mergers at z∼ 0 is not able to
sustain star formation, even under stringent assumptions. This is
however not in direct contrast with our findings, as low-M*
galaxies are found to contain much less H I at z∼ 0 than at
z∼ 0.37. In any case, our conclusions do not exclude the scenario

in which smooth accretion from the intergalactic medium is the
dominant cold gas accretion onto galaxies.
The decrease in MH I observed in highly star-forming

galaxies with : ��Mlog SFR yr 0.510
1( ( )) from z∼ 0.37 to

z∼ 0 suggests that H I features a stronger correlation with star
formation at the latter redshift. Interesting insights are offered
by the fH I–sSFR relation. In fact, making bins in sSFR
corresponds to binning the SFR−M* plane (central panel,
Figure 1) with bin limits being diagonal lines in the

*log SFR log M10 10( )– ( ) plane. In particular, the three bins
roughly correspond to galaxies in the lower (and below),
central, and upper (and above) parts of the main sequence, from
lower to higher sSFR, respectively. This suggests that
the galaxies at fixed sSFR lying above the main sequence are
the ones experiencing a larger increase of their fH I over the
last ∼5 Gyr.
To develop a more complete picture on the SFR evolution,

we would need to include also the H2 scaling relations in our
framework, which goes, however, beyond the scope of the
paper. We leave such a study for future work.
However, we notice that H I replenishment in massive

galaxies is not able to supply enough gas to fully sustain star
formation and, hence, prevent the observed reduction in the
SFR. We speculate that the main reason for this could be that
fresh H I accretes onto the outer part of the disk and takes a
significant amount of time to migrate toward the region within
the optical radius—where the bulk of star formation takes place
—due to galaxy angular momentum (Peng & Renzini 2020).

Figure 4. Star-forming galaxy H I scaling relations: *M Mlog log10 H 10I( )– ( ) (top left), *f Mlog log10 H 10I( )– ( ) (top right), Mlog log SFR10 H 10I( )– ( ) (bottom left), and
flog log sSFR10 H 10I( )– ( ). Our H I-stacking results at median redshift z ∼ 0.37 are displayed as red squares. Uncertainties on red squares along the x-axis, not shown for

the sake of clarity of visualization, correspond to the width of the bins. The red dashed line represents the fit to our data. Our reference results at z ∼ 0 (G21, Guo
et al. 2021) are plotted as a blue solid line. Green dotted and yellow dashed–dotted lines show the predictions of the SIMBA cosmological hydrodynamic simulation at
z = 0 and z = 0.4, respectively, for comparison. Shaded regions indicate 1σ uncertainties.
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The Astrophysical Journal Letters, 935:L13 (9pp), 2022 August 10 Sinigaglia et al.

Sinigaglia et al (2022)

Maddox et al (2021)

• Tens to hundreds of deg2 
• Fills the niche between wide and deep surveys 
• Good depth; good area; good resolution; great ancillary data

See also: 
Ranchod et al (2021) 
Ponomareva et al (2021, in prep) 
Rajohnson et al (2022)

Interferometric measurements 

•  Resolved maps of HI in galaxies 
–  HI extends up to 5x the extent of optical radius 
–  Disturbed HI morphology reveals interactions w environment 

•  Column density sensitivity 
–  1x1020 – galactic thin disks 
–  5x1019 – thick disks & highest column density IGM 
–  2x1019 – very outer disks of galaxies & diffuse HI in IGM 

20 July 2015 SDSS-IV Collaboration Meeting, Madrid 

enormous volume of ~2.4x105 Mpc3 which implies that after 8x12hr each Apertif pointing will yield 
roughly 25 direct HI detections at the highest redshifts.

The extended HI disks of galaxies are highly  susceptible to gravitational and hydrodynamical 
disturbances that may  affect the evolution of galaxies through accretion and depletion of gas, such 
as merger events, and tidal and ram-pressure stripping. To reveal these important astrophysical 
processes in the outer regions of the HI gas disks requires a column density  sensitivity  of at least 
5x1019 cm-2 (Fig. 3). This should be achieved at the highest angular resolution to maximize the 
surveyed volume in which these processes can be identified. Assuming a line width of 25 km/s with 
optimal velocity  smoothing, a synthesized beam of 15”x20”, and a 3-sigma detection at low 
redshifts where galaxies are properly  resolved spatially, requires a brightness temperature 
sensitivity  of 0.36 K or an rms noise level of 0.18 mJy/beam. With a system temperature of 70 K 
this can be achieved with an integration time of 10x12hr. Smoothing the data to lower angular 
resolutions will improve the column density  sensitivity further but this will result in a significantly 
reduced cosmic volume and thus cosmic environments within which these processes can be 
properly imaged.

The above mentioned science requirements on minimum detectable HI mass, column density 
sensitivity  and direct detections at cosmologically  significant redshifts, call for an integration time of 
8x12hr per Apertif pointing. If one-third of the available survey  time would be dedicated to such a 
medium-deep survey, a total of 350 deg2 could be surveyed, yielding roughly  4x104 detections at a 
conservative 8-sigma level. In such a survey, an MHI*-galaxy  would be detected at z=0.15 while 
most galaxies would be detected around z=0.08 (Figure 2). Such a limited-area survey  should 
focus on regions of the sky  where a large amount of ancillary  data are available to maximize the 
scientific return of this investment.

Another strategy, however, could be to survey  the largest possible area of the northern sky with 
only  1x12hr per pointing. It would take 1300 pointings to survey the entire sky  north of dec=+30°. 
Such a (relatively) shallow survey  would yield the largest number of detections (up to 2x105) and, 
hence, would have great legacy  value. It would detect mostly low-mass galaxies in the nearby 
universe with a 3-sigma column density  sensitivity  at full angular resolution for a 25 km/s linewidth 
of ~2x1020 cm-2. An MHI*-galaxy  would be detected at z=0.08 while the most gas-rich galaxies may 
be detected around z=0.15. Most detections would occur around z=0.04 (Figure 2). Stacking 
techniques using optical redshifts, however, would allow  investigating the HI statistics of galaxy 
populations out to larger redshifts.

8

! Figure 3. Examples of extended, low column-density HI features. Blue, orange and red contours 
correspond to column densities of 10, 5 and 2x1019 cm-2 respectively. Left: Extra-planar gas in the halo of 
NGC 891 (Fraternali et al). Middle: A 100 kpc long tidal filament in the NGC 4111 group of galaxies 
(Verheijen et al). Right: A 100 kpc long HI tail as a result of ram-pressure stripping in the Virgo cluster 
(Oosterloo et al). These features are only revealed at a level of 5x1019 cm-2.
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GMRT DEEP2 stacking: HI detection at z=1 !

Chowdhury et al (2022, 2020)

that the blue star-forming galaxies at z≈ 1, i.e., at the end of
the epoch of peak cosmic SFR density, have HI reservoirs that
are larger by a factor of (3.5± 0.5) than those of blue galaxies
with an identical stellar-mass distribution in the local universe.

8.2. The HI Depletion Timescale

The availability of neutral gas, the fuel for star formation,
determines the time for which a galaxy can sustain its current
SFR. The gas depletion timescale, defined as the ratio of the gas
mass (HI or H2) to the SFR, is an important metric to understand
how long a galaxy can sustain its current SFR. We define the
characteristic HI and H2 depletion timescales of the galaxies of a

given sample as, respectively, 〈tdep,HI〉≡ 〈MHI〉/〈SFR〉 and
t M SFRdep,H H2 2� § w � § � §. In the local universe, blue galaxies
with the same stellar-mass distribution as the 11,419 galaxies in
our sample have 〈tdep,H I〉= (4.5± 0.2) Gyr (Catinella et al.
2018) and t 0.45 0.04dep,H2 � o⟨ ⟩ ( ) Gyr (Saintonge et al.
2017).6 The HI depletion timescale of galaxies with
M*≈ 1010 Me in the local universe is thus much longer than

Figure 9. The average HI 21 cm emission signal from blue star-forming galaxies at z ≈ 1. (A) The average HI 21 cm emission image of the 11,419 blue star-forming
galaxies at z = 0.74−1.45, obtained by integrating the emission over the central velocity channels. The circle on the bottom left of the panel shows the 90 kpc spatial
resolution of the image. The contour levels are at −3.0σ (dashed), +3.0σ, +4.0σ, +5.0σ, +6.0σ, and +7.0σ statistical significance. The average HI 21 cm emission
signal is clearly detected in the central region of the image. The effect of the synthesized beam on the noise properties of this stacked image is discussed in
Section 10.1 and Figure 13. (B) The average HI 21 cm emission spectrum of the 11,419 blue star-forming galaxies at z = 0.74−1.45, obtained by taking a spectral cut
through the location of the peak luminosity density of the left panel. The channel width of the spectrum is 90 km s−1. The dashed horizontal curves show the ±1σ
error on the spectrum. A clear detection of the average HI 21 cm emission signal can be seen in the central velocity channels of the spectrum.

Figure 10. The median-stacked rest-frame 1.4 GHz continuum emission from (A) the DEEP2 galaxies, and (B) positions offset from the DEEP2 galaxies by 100″. A
clear (≈67σ significance) detection is visible at the location of the stacked DEEP2 galaxies in the left panel, while the stack at offset positions in the right panel shows
no evidence for either continuum emission or any systematic patterns. The contour levels are at 5σ, 10σ, 20σ, and 40σ statistical significance. The circle in the bottom
left corner represents the 40 kpc beam to which all continuum images were convolved before the stacking.

6 We have divided the molecular gas masses of Saintonge et al. (2017) by a
factor of 1.36 to obtain the H2 masses of their galaxies. Further, we note that
the characteristic gas depletion timescales in this paper are all calculated
consistently by taking the ratio of the weighted-average gas mass to the
weighted-average SFR of the sample, with weights such that the stellar-mass
distribution of the sample is identical to that of Figure 5(B).
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that the blue star-forming galaxies at z≈ 1, i.e., at the end of
the epoch of peak cosmic SFR density, have HI reservoirs that
are larger by a factor of (3.5± 0.5) than those of blue galaxies
with an identical stellar-mass distribution in the local universe.

8.2. The HI Depletion Timescale

The availability of neutral gas, the fuel for star formation,
determines the time for which a galaxy can sustain its current
SFR. The gas depletion timescale, defined as the ratio of the gas
mass (HI or H2) to the SFR, is an important metric to understand
how long a galaxy can sustain its current SFR. We define the
characteristic HI and H2 depletion timescales of the galaxies of a

given sample as, respectively, 〈tdep,HI〉≡ 〈MHI〉/〈SFR〉 and
t M SFRdep,H H2 2� § w � § � §. In the local universe, blue galaxies
with the same stellar-mass distribution as the 11,419 galaxies in
our sample have 〈tdep,H I〉= (4.5± 0.2) Gyr (Catinella et al.
2018) and t 0.45 0.04dep,H2 � o⟨ ⟩ ( ) Gyr (Saintonge et al.
2017).6 The HI depletion timescale of galaxies with
M*≈ 1010 Me in the local universe is thus much longer than

Figure 9. The average HI 21 cm emission signal from blue star-forming galaxies at z ≈ 1. (A) The average HI 21 cm emission image of the 11,419 blue star-forming
galaxies at z = 0.74−1.45, obtained by integrating the emission over the central velocity channels. The circle on the bottom left of the panel shows the 90 kpc spatial
resolution of the image. The contour levels are at −3.0σ (dashed), +3.0σ, +4.0σ, +5.0σ, +6.0σ, and +7.0σ statistical significance. The average HI 21 cm emission
signal is clearly detected in the central region of the image. The effect of the synthesized beam on the noise properties of this stacked image is discussed in
Section 10.1 and Figure 13. (B) The average HI 21 cm emission spectrum of the 11,419 blue star-forming galaxies at z = 0.74−1.45, obtained by taking a spectral cut
through the location of the peak luminosity density of the left panel. The channel width of the spectrum is 90 km s−1. The dashed horizontal curves show the ±1σ
error on the spectrum. A clear detection of the average HI 21 cm emission signal can be seen in the central velocity channels of the spectrum.

Figure 10. The median-stacked rest-frame 1.4 GHz continuum emission from (A) the DEEP2 galaxies, and (B) positions offset from the DEEP2 galaxies by 100″. A
clear (≈67σ significance) detection is visible at the location of the stacked DEEP2 galaxies in the left panel, while the stack at offset positions in the right panel shows
no evidence for either continuum emission or any systematic patterns. The contour levels are at 5σ, 10σ, 20σ, and 40σ statistical significance. The circle in the bottom
left corner represents the 40 kpc beam to which all continuum images were convolved before the stacking.

6 We have divided the molecular gas masses of Saintonge et al. (2017) by a
factor of 1.36 to obtain the H2 masses of their galaxies. Further, we note that
the characteristic gas depletion timescales in this paper are all calculated
consistently by taking the ratio of the weighted-average gas mass to the
weighted-average SFR of the sample, with weights such that the stellar-mass
distribution of the sample is identical to that of Figure 5(B).
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luminosities of the galaxies in each stellar-mass subsample to
determine their average SFR, using the procedure described in
Section 5.2. The stacking was performed using weights such
that the redshift distributions of the stacked subimages in the
stellar-mass subsamples are identical. Finally, for each redshift
bin, we compared our measurements of the average stellar mass
and the average SFR with the star-forming main-sequence
relation of Whitaker et al. (2014). We note there were fewer
than 35 galaxies with M* > 1011 Me in both redshift intervals;
the average SFRs of these highest-stellar-mass subsamples may
thus be affected by small number statistics and are hence not
used for this comparison.

Figure 6 shows our measurements of the average SFR of
galaxies in the four stellar-mass subsamples, for the two
redshift bins, z= 0.74−1.00 and z= 1.00−1.45. For compar-
ison, we also plot the star-forming main-sequence relations
obtained for a stellar-mass-complete sample of star-forming
galaxies at similar redshifts (Whitaker et al. 2014). These
authors provide the star-forming main-sequence relation for the
redshift ranges z= 0.5−1.0 and z= 1.0−1.5; we have inter-
polated between these measurements to infer the main-
sequence relations at z= 0.74−1.00 and z= 1.00−1.45.
Figure 6 shows that our average SFR values in each of the
four stellar-mass bins are consistent with the star-forming
main-sequence relations in the two redshift intervals.

7. The Average HI Mass and the Optimum Spatial
Resolution

We used the procedure described in Section 5.1 to stack the
28,993 HI 21 cm subcubes of the 11,419 blue star-forming
galaxies of our sample, at the nine different spatial resolutions
(60, 70, 80, 90, 100, 110, 120, 150, and 200 kpc) at which we
obtained HI 21 cm subcubes of the DEEP2 galaxies. For each
resolution, the HI 21 cm stacking was carried out with identical
weights assigned to each HI 21 cm subcube. Figure 7 shows the
stacked HI 21 cm spectra of the 11,419 galaxies at the nine
different spatial resolutions. We clearly detect the average HI
21 cm emission signal at all spatial resolutions, with ≈4.2σ
−7.4σ significance.

We integrated the detected HI 21 cm emission signals of
Figure 7 over the velocity range [−150, +210 km s−1] to infer
the average HI mass of the DEEP2 galaxies, within the central
spatial beam; these measurements are listed in Table 3. Figure 7
shows the average HI mass of the galaxies as a function of
spatial resolution. The average HI mass is seen to increase
from (10.0± 1.5)× 109 Me at a resolution of 60 kpc to
(15.4± 3.7)×109 Me at 200 kpc. Further, the increase in the
average HI mass shows clear evidence of flattening at coarser
resolutions (see Figure 8). Increasing the size of the spatial
beam of the HI 21 cm subcubes comes at the cost of down-
weighting the longer GMRT baselines, and consequently

Figure 5. (A) The redshift distribution of our main sample of 11,419 galaxies. The histogram shows the number of independent HI 21 cm spectra as a function of
redshift. (B) The stellar-mass distribution of the sample. The histogram shows the number of independent HI 21 cm spectra in each logarithmic stellar-mass bin. The
dashed orange lines in panel (A) and panel (B) show, respectively, the average redshift and the average stellar mass of the sample.

Figure 6. The average stellar mass and average SFR of the DEEP2 galaxies of
our sample. The filled circles show the average SFRs of galaxies in four stellar-
mass subsamples at z = 0.74−1.00 (green) and z = 1.00−1.45 (red), obtained
via stacking their rest-frame 1.4 GHz continuum emission. The vertical error
bars show the 1σ error on each measurement, obtained by adding in quadrature
the 1σ statistical uncertainty and the 10% flux-scale uncertainty. The horizontal
error bars show the range of stellar masses in each subsample. The dashed blue
and orange curves (“W14”) show the star-forming main-sequence relation
obtained for a stellar-mass-complete sample of star-forming galaxies in each
redshift range (Whitaker et al. 2014). The average SFRs and average stellar
masses of our galaxies are seen to be consistent with the star-forming main-
sequence relation in both redshift intervals.
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• Stacking 11,419 galaxies with spectroscopic redshifts <M*> = 1010 M☉ 

• 510 hours between 7 pointings 
• <MHI> = 1.3x1010 M☉ at <z>=1; significantly more than <MHI> = 3.9x109 M☉ at <z>=0



• Single pointing surveys >1000 hours on JVLA, MeerKAT, ASKAP 
• Science goals 
• Cosmic evolution in ΩHI;                                                                   

HI mass function, HI scaling                                                 
relations, Tully-Fisher,                                                                                                   
HI with environment

DEEP HI SURVEYS: CHILES, LADUMA, DINGO

Wolz et al (2021)
Madau & Dickinson (2014)

ALFALFA



CHILES: Resolved galaxies in different environments

Hess et al (2019)

See also   
MIGHTEE-HI 
Tudorache et al 
(2022)

Blue Bird et al (2019)

• Low HI mass: aligned with 
filaments 109.5 M☉ 

• High HI mass: anti-aligned 
with filaments

z=0.12

z=0.17COSMOS group catalog & 
DISPERSE filament finder



LADUMA: Highest redshift untargeted detection of OH megamaser at z=0.526

• First untargeted OH maser detection beyond z=0.5 
• Host galaxy is ULIRG with LFIR ~ 1.6x1012 L☉ 

• OHMs are tracers of the cosmic merger rate

See also OHM 
discovered by 
Hess et al (2021) 
with ApertifGlowacki  

et al (2022)

IRAS 16399-0937

• 1667 MHz line redshifted into L-band (z>0.12)



Science highlights

• Combining high surface brightness sensitivity (single dish or 
interferometers with lots of short baselines) with high resolution imaging 
• Untargeted wide-area observations present an unbiased view of HI in a 

range of environments; what types of galaxies contain HI 
• Pushing well beyond the local Universe

4

Figure 1. A false color image demonstrating the NGC 4631 group and its Hi gas. On top of the optical image, the blue
colored halo shows the di↵use Hi flux imaged by FAST (beam FWHM=3.240 or 7 kpc) in this study, while the light-blue finer
structures are the denser Hi previously detected in the WSRT HALOGAS (Heald et al. 2011) observation (beam FWHM=4000

or 1.46 kpc). The names of 6 relatively prominent member galaxies are denoted.

on for 1 s every 60 s. The data is recorded by the Spec256

(W+N) backend, with a sampling time of 1 s, and chan-257

nel width of 7.63 kHz, or 1.61 km/s for Hi 21 cm obser-258

vations.259

2.3. The FAST data reduction260

The data reduction is carried out with a pipeline devel-261

oped following the standard procedures of reducing radio262

single-dish image data, particularly those from Arecibo263

Legacy Fast ALFA Survey (ALFALFA, Haynes et al.264

2018) and HI Parkes All Sky Survey (HIPASS, Barnes265

et al. 2001). It has 4 major modules, including RFI266

flagging, calibration, imaging, and baseline flattening.267

Many of these steps go backward and iterate till conver-268

gency. We briefly introduce the steps below. An early269

version of the pipeline was also described in Zuo et al.270

(2022).271

1. RFI flagging. We flag the radio frequency in-272

terferences (RFIs) in two major steps. Firstly, we273

that the blue star-forming galaxies at z≈ 1, i.e., at the end of
the epoch of peak cosmic SFR density, have HI reservoirs that
are larger by a factor of (3.5± 0.5) than those of blue galaxies
with an identical stellar-mass distribution in the local universe.

8.2. The HI Depletion Timescale

The availability of neutral gas, the fuel for star formation,
determines the time for which a galaxy can sustain its current
SFR. The gas depletion timescale, defined as the ratio of the gas
mass (HI or H2) to the SFR, is an important metric to understand
how long a galaxy can sustain its current SFR. We define the
characteristic HI and H2 depletion timescales of the galaxies of a

given sample as, respectively, 〈tdep,HI〉≡ 〈MHI〉/〈SFR〉 and
t M SFRdep,H H2 2� § w � § � §. In the local universe, blue galaxies
with the same stellar-mass distribution as the 11,419 galaxies in
our sample have 〈tdep,H I〉= (4.5± 0.2) Gyr (Catinella et al.
2018) and t 0.45 0.04dep,H2 � o⟨ ⟩ ( ) Gyr (Saintonge et al.
2017).6 The HI depletion timescale of galaxies with
M*≈ 1010 Me in the local universe is thus much longer than

Figure 9. The average HI 21 cm emission signal from blue star-forming galaxies at z ≈ 1. (A) The average HI 21 cm emission image of the 11,419 blue star-forming
galaxies at z = 0.74−1.45, obtained by integrating the emission over the central velocity channels. The circle on the bottom left of the panel shows the 90 kpc spatial
resolution of the image. The contour levels are at −3.0σ (dashed), +3.0σ, +4.0σ, +5.0σ, +6.0σ, and +7.0σ statistical significance. The average HI 21 cm emission
signal is clearly detected in the central region of the image. The effect of the synthesized beam on the noise properties of this stacked image is discussed in
Section 10.1 and Figure 13. (B) The average HI 21 cm emission spectrum of the 11,419 blue star-forming galaxies at z = 0.74−1.45, obtained by taking a spectral cut
through the location of the peak luminosity density of the left panel. The channel width of the spectrum is 90 km s−1. The dashed horizontal curves show the ±1σ
error on the spectrum. A clear detection of the average HI 21 cm emission signal can be seen in the central velocity channels of the spectrum.

Figure 10. The median-stacked rest-frame 1.4 GHz continuum emission from (A) the DEEP2 galaxies, and (B) positions offset from the DEEP2 galaxies by 100″. A
clear (≈67σ significance) detection is visible at the location of the stacked DEEP2 galaxies in the left panel, while the stack at offset positions in the right panel shows
no evidence for either continuum emission or any systematic patterns. The contour levels are at 5σ, 10σ, 20σ, and 40σ statistical significance. The circle in the bottom
left corner represents the 40 kpc beam to which all continuum images were convolved before the stacking.

6 We have divided the molecular gas masses of Saintonge et al. (2017) by a
factor of 1.36 to obtain the H2 masses of their galaxies. Further, we note that
the characteristic gas depletion timescales in this paper are all calculated
consistently by taking the ratio of the weighted-average gas mass to the
weighted-average SFR of the sample, with weights such that the stellar-mass
distribution of the sample is identical to that of Figure 5(B).
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HI TOOLS: Source finding, source characterization, and data visualization

Serra et al (2015); Westmeier et al (2021)

• SoFiA Image Pipeline: 
• Convert SoFiA output 

catalogs and FITS files to 
publication quality images

Hess et al (2022) 
https://github.com/kmhess/SoFiA-image-pipeline

• Source Finding Application (SoFiA) 

• Identify, catalog, parametrize 
sources in a noise dominated 
cube 

• Well vetted in SKA SDC2



HI TOOLS: Source finding, source characterization, and data visualization

Punzo et al 
(2015, 2017) iDAVIE: Jarrett et al (2021) 

https://idavie.readthedocs.io/en/latest/



HI TOOLS: Source finding, source characterization, and data visualization

Punzo et al 
(2015, 2017) iDAVIE: Jarrett et al (2021) 

https://idavie.readthedocs.io/en/latest/



Conclusions

• Surveys with precursors are combining high surface brightness sensitivity 
(single dish or interferometers with lots of short baselines) with high 
spatial resolution 
• Untargeted wide-area observations present an unbiased view of HI in a 

range of environments; what types of galaxies contain HI 
• Pushing well beyond the local Universe 

• Tools for HI surveys; maximizing science from large data volumes are 
being developed and tested now -- demonstrating success with current 
surveys


