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HI is a prime tracer for the assembly of mass, 
structure, and angular momentum
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SKA1 HI Science Priorities

{

SKA1 science goals
•13: Resolved HI kinematics and 

morphology of ~1010 M⊙ mass 
galaxies out to z~0.8  

•14: High spatial resolution studies of 
the ISM in the nearby Universe.  

•15: Multi-resolution mapping studies 
of the ISM in our Galaxy  

•16: HI absorption studies out to the 
highest redshifts.  

•17: The gaseous interface and 
accretion physics between 
galaxies and the IGM

Science 
Goal SWG Objective 

SWG 
Rank 

1 CD/EoR Physics of the early universe IGM - I. Imaging 1/3 
2 CD/EoR Physics of the early universe IGM - II. Power spectrum 2/3 
3 CD/EoR Physics of the early universe IGM - III. HI absorption line spectra (21cm forest)   3/3 
4 Pulsars  Reveal pulsar population and MSPs for gravity tests and Gravitational Wave detection  1/3 
5 Pulsars  High precision timing for testing gravity and GW detection 1/3 
6 Pulsars  Characterising the pulsar population 2/3 
7 Pulsars  Finding and using (Millisecond) Pulsars in Globular Clusters and External Galaxies 2/3 
8 Pulsars  Finding pulsars in the Galactic Centre 2/3 
9 Pulsars  Astrometric measurements of pulsars to enable improved tests of GR 2/3 

10 Pulsars  Mapping the pulsar beam 3/3 
11 Pulsars  Understanding pulsars and their environments through their interactions 3/3 
12 Pulsars  Mapping the Galactic Structure 3/3 
13 HI Resolved HI kinematics and morphology of ~10^10 M_sol mass galaxies out to z~0.8 1/5 
14 HI High spatial resolution studies of the ISM in the nearby Universe.  2/5 
15 HI Multi-resolution mapping studies of the ISM in our Galaxy 3/5 
16 HI HI absorption studies out to the highest redshifts.  4/5 
17 HI The gaseous interface and accretion physics between galaxies and the IGM 5/5 
18 Transients Solve missing baryon problem at z~2 and determine the Dark Energy Equation of State =1/4 
19 Transients Accessing New Physics using Ultra-Luminous Cosmic Explosions =1/4 
20 Transients Galaxy growth through measurements of Black Hole accretion, growth and feedback 3/4 
21 Transients Detect the Electromagnetic Counterparts to Gravitational Wave Events 4/4 
22 Cradle of Life Map dust grain growth in the terrestrial planet forming zones at a distance of 100 pc 1/5 
23 Cradle of Life Characterise exo-planet magnetic fields and rotational periods 2/5 
24 Cradle of Life Survey all nearby (~100 pc) stars for radio emission from technological civilizations. 3/5 
25 Cradle of Life The detection of pre-biotic molecules in pre-stellar cores at distance of 100 pc. 4/5 
26 Cradle of Life Mapping of the sub-structure and dynamics of nearby clusters using maser emission. 5/5 
27 Magnetism The resolved all-Sky characterisation of the interstellar and intergalactic magnetic fields 1/5 
28 Magnetism Determine origin, maintenance and amplification of magnetic fields at high redshifts - I. 2/5 
29 Magnetism Detection of polarised emission in Cosmic Web filaments 3/5 
30 Magnetism Determine origin, maintenance and amplification of magnetic fields at high redshifts - II. 4/5 
31 Magnetism Intrinsic properties of polarised sources 5/5 
32 Cosmology Constraints on primordial non-Gaussianity and tests of gravity on super-horizon scales.  1/5 
33 Cosmology Angular correlation functions to probe non-Gaussianity and the matter dipole  2/5 
34 Cosmology Map the dark Universe with a completely new kind of weak lensing survey - in the radio.   3/5 
35 Cosmology Dark energy & GR via power spectrum, BAO, redshift-space distortions and topology. 4/5 
36 Cosmology Test dark energy & general relativity with fore-runner of the ‘billion galaxy’ survey. 5/5 
37 Continuum Measure the Star formation history of the Universe (SFHU) - I. Non-thermal processes 1/8 
38 Continuum Measure the Star formation history of the Universe (SFHU) - II. Thermal processes 2/8 
39 Continuum Probe the role of black holes in galaxy evolution - I.   3/8 
40 Continuum Probe the role of black holes in galaxy evolution - II.  4/8 
41 Continuum Probe cosmic rays and magnetic fields in ICM and cosmic filaments.  5/8 
42 Continuum Study the detailed astrophysics of star-formation and accretion processes - I.  6/8 
43 Continuum Probing dark matter and the high redshift Universe with strong gravitational lensing.  7/8 
44 Continuum Legacy/Serendipity/Rare.  8/8 

Table 1. Collated list of science goals. Within each science area, the entries are ordered in the rank 
provided by the SWG Chairs. The eight different groups of SWG contributions are listed in the Table 
in an arbitrary sequence. 
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SKA1 HI Science Priorities

High Priority Science Objectives
•13: Resolved HI kinematics and 

morphology of ~1010 M⊙ mass 
galaxies out to z~0.8  

•14: High spatial resolution studies of 
the ISM in the nearby Universe.  

•15: Multi-resolution mapping studies 
of the ISM in our Galaxy  

•16: HI absorption studies out to the 
highest redshifts.  

•17: The gaseous interface and 
accretion physics between 
galaxies and the IGM

{



• Only few hundred galaxies detected 
in HI beyond the local Universe 

• SKA1 and its pathfinders will 
revolutionise  

• Unique opportunity for SKA1 to 
resolve MHI~1010M⊙ gals to z<0.8 

• Mass Assembly: ΩHI & HI mass 
function; baryon cycle; DM 
dependencies 

• Impact of Environment: gas inflow 
and removal 

• Angular momentum/kinematics: 
scaling relations, Tully-Fisher relation

Blyth et al, 2015, PoS, AASKA14, 128

HI and Galaxy Evolution

HPSO-13



Recent Progress: JVLA CHILES

setting. We did a pilot study during commissioning that
covered the interval 0 < z < 0.193 (Fernández et al. 2013). We
reached the theoretical noise over the entire frequency range,
demonstrating the feasibility of an H I deep field. We are now
conducting the COSMOS H I Large Extragalactic Survey
(CHILES) with the VLA, a 1002 hr survey where we expect
to directly image the H I distribution and kinematics of at
least 300 galaxies in the COSMOS field from z = 0 to z ∼ 0.5,
with at least 200 of these at z > 0.2. These estimates are
done by comparing our 5σ sensitivity curve (assuming a
150 km s−1 width) with the H I masses predicted for spectro-
scopically confirmed galaxies in the observed volume using the
scaling relation from Catinella et al. (2012).

Here, we report the H I detection of the Luminous Infrared
Galaxy (LIRG) COSMOS J100054.83+023126.2 (henceforth
J100054) at z = 0.376 with the first 178 hr of CHILES data. In
addition, we include CO observations from the Large
Millimeter Telescope Alfonso Serrano (LMT) and follow-up
optical spectroscopic data that confirm the redshift of the
detection. This study not only represents the highest redshift H I

detection in emission, but it is the first time we can study the
cold gas content (both molecular and atomic hydrogen) of a
galaxy at z > 0.2.

This letter adopts Ho = 70 km s−1 Mpc−1, ΩM = 0.3, and
ΩΛ = 0.7, and a Kroupa (2001) initial mass function.

2. OBSERVATIONS AND RESULTS

2.1. Cold Gas Properties

2.1.1. CHILES: H I Detection at z = 0.376

We are observing one pointing in the COSMOS field with
the B configuration of the VLA, which corresponds to a spatial
resolution of ∼25 kpc at z = 0.376. The first 178 hr (Phase I)
were observed in 2013 (E. Momjian et al 2016, in preparation).
For this preliminary study we imaged the interval 0.36 <

z < 0.39 (1025–1045MHz), which includes a wall with over
250 galaxies with spectroscopically known redshifts, and 60 of
these have predicted MH I > 1010Me. The cube was made with
a robustness parameter of 0.8 in CASA, it has a spatial scale of
2048 × 2048 of 2″ pixels, and a total of 320 channels of
62.5 kHz (18 km s−1 at z = 0.376). We first Hanning smoothed
the data to increase the signal-to-noise ratio (S/N) and then
iteratively subtracted the continuum in the image plane, leading
to a typical noise per channel of 75 μJy beam−1. We searched
for H I by eye around a subset of the 60 predicted gas-rich
galaxies. We are still in the process of searching for H I around
other galaxies directly and via stacking.
We detect H I in the galaxy J100054, which has a predicted

MH I = 2.8 × 1010Me. The H I channel maps (Figure 1(a))
show that the emission is mostly at the 2–3σ level (with a 4σ
peak at the position of the galaxy). Although the emission is

Figure 1. H I detection of J100054. (a) Channel maps showing H I contours drawn in levels of ±2σ, ±3σ, +4σ (negative contours are dashed). The last panel shows
the continuum emission for this galaxy. (b) Total H I distribution map. The ellipse shows the size of the synthesized beam (8 2 × 6 3), and the contours correspond
to (0.4, 0.9, 1.3, 1.7, 2.1) × 1020 atoms cm−2. The background optical data is an HST I-band image from COSMOS (Koekemoer et al. 2007; Massey et al. 2010). (c)
H I spectra integrated over the optical disk of the galaxy (gray) and over most of the H I emission (blue). The blanked region corresponds to frequencies affected by
RFI and the arrow shows the frequency corresponding to the optical redshift. (d) PV diagram made through the optical center at P.A. = 172° with contours drawn in
levels of ±2σ and ±3σ. The vertical line corresponds to the optical position of the galaxy and the horizontal line corresponds to a frequency of 1032.1 MHz.
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weak, we trust the detection because the signal is at the location
and velocity of the galaxy and it appears in several consecutive
independent channels. The emission is seen in seven panels,
making it 875 kHz wide, which translates to a velocity width of
246 ± 36 km s−1 after correcting for the channel width. We
calculate zH I = 0.3764 ± 0.0002, assuming that the center of
the emission is that shown in Figure 1(a), panel 5. We have
high confidence in the emission seen in panels 2–5, as it is at
the 3σ level with a smooth velocity gradient and there are no
negative contours of high significance. The emission in panels
6–8 is weaker and its velocity does not follow a clear pattern.
We generate the total H I distribution map (Figure 1(b)) by
adding the emission seen in the seven channels after smoothing
and applying a 1.25σ cutoff. We also make a moment map
excluding the emission seen in panels 6–8, and the morphology
is almost identical. We calculate MH I for both maps, MH I =
(2.9 ± 1.0) × 1010Me for the one presented here and MH I =
2 × 1010Me from the map only including panels 2–5, showing
that the H I in panels 6–8 does not contribute much. As seen in
Figure 1(b), the H I is asymmetric and very extended,
encompassing some potentially nearby companions. Because
the low-level emission in the southern extension is rather
sensitive to the noise, the morphology is uncertain. We also
include two integrated H I spectra in Figure 1(c), one that
integrates over the optical disk of the galaxy and another one
that is centered on the H I emission. We calculate a S/N = 7
from the H I spectrum by adding up the signal in the range
1031.5–1032.5MHz, and dividing by the rms calculated in the
range 1033–1038MHz (taking into account the number of
channels). Last, Figure 1(d) shows a position–velocity diagram
that further shows the significance of the detection.

The last panel of Figure 1(a) (bottom right) shows the
continuum emission from the line-free channels. In addition,
we have continuum data from the commensal survey CHILES
Continuum Polarization (CHILES Con Pol).22 The source has a
total flux density of 240 ± 10 μJy at 1.45 GHz, which is
consistent with our measurement and the COSMOS-VLA data
(Schinnerer et al. 2007). We measure a spectral index of −0.8
± 0.15, which is the typical value for star-forming galaxies
(e.g., Magnelli et al. 2015).

2.1.2. CO Observations with the LMT

As a follow-up to our H I detection, we observed J100054
using the Redshift Search Receiver (RSR) at the LMT
(Erickson et al. 2007) on 2015 April 8 and May 21 for 1 hr
each under excellent weather conditions (Tsys ≡ 100 K). The
spectrum covering a frequency range 73–111 GHz is obtained
with a spectral resolution of 31.25 MHz (∼110 km s−1 at
z = 0.376) to search for possible CO(1–0) emission. The
effective beam size is 25″ at 84 GHz and telescope pointing is
checked on the nearby QSO J0909+013 before each observing
session. When averaged together with the 1/σ2 weight, the
final spectrum has an rms noise of σ = 1.2 mJy.

A single bright line is detected with a S/N = 9.7 centered at
83.7816 GHz (Figure 2) and is interpreted as that of the
CO(1–0) transition at z = 0.3759 ± 0.0002. This line is fully
resolved, as shown by the zoom-in spectrum shown in the inset,
and the derived full width at half maximum (FWHM) is 413 ±
62 km s−1 after correcting for the instrumental resolution. The
narrow CO line peak (FWHM is 317 ± 56 km s−1), centered on

the optical redshift z = 0.376, sits atop a broad base, which
accounts for the observed broadline width. The measured CO
line integral of 3.12 ± 0.32 Jy km s−1 translates to LCO = (2.3
± 0.2) × 1010 K km s−1 pc2. The H2 mass depends on the
adopted conversion factor, which ranges from α = 0.8Me/
(K km s−1 pc2) for interacting galaxies (Downes & Solo-
mon 1998) to the Galactic conversion factor of α = 4.3Me/
(K km s−1 pc2) (Bolatto et al. 2013). This results in a range of
possible values of MH2 = (1.8–9.9) × 1010Me.

2.2. Additional Data

2.2.1. COSMOS Multiwavelength Data

As J100054 is located within the COSMOS field, extensive
multiwavelength data are available, and it is detected in
ultraviolet, optical, IR, and by the VLA-COSMOS continuum
survey. A deep HST I-band image of J100054 (Figure 3(a))
shows that it is a massive regular barred spiral with clear spiral
arms and a prominent bulge. In addition it shows a number of
fainter galaxies, suggesting that this may be a small group. The
information for the possible companions is scarce, as the four are
very faint with r > 23 and only have measured photometric
redshifts. Only one of the companions has a photometric redshift
similar to J100054, but spectroscopic data are necessary to
confirm this and determine whether the other ones are indeed
background objects.

2.2.2. Optical Spectroscopic Confirmation

We obtained an additional long-slit spectrum with the
SOAR 4.1 m telescope and the Goodman High Throughput
Spectrograph on 2015 April 17 to confirm the redshift of
J100054. A slit of 1 68 width was oriented north–south on the
galaxy and the 400 l mm−1 grating yielded spectral coverage
3500–7500Å at a resolution of R = 495. The 1 hr exposure
confirms a galaxy at z = 0.3758 ± 0.0001 with strong [O II]
3727Å emission and Balmer absorption, indicating a post-
starburst stellar population. The spectrum shows no signs of
AGN activity, as seen in Figure 3(b).

Figure 2. CO spectrum for J100054 obtained using the RSR on the LMT. The
larger panel shows the full frequency range and the inset shows a zoom-in on
the CO(1–0) detection at 83.7727 GHz (z = 0.376).

22 http://www.chilesconpol.com
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setting. We did a pilot study during commissioning that
covered the interval 0 < z < 0.193 (Fernández et al. 2013). We
reached the theoretical noise over the entire frequency range,
demonstrating the feasibility of an H I deep field. We are now
conducting the COSMOS H I Large Extragalactic Survey
(CHILES) with the VLA, a 1002 hr survey where we expect
to directly image the H I distribution and kinematics of at
least 300 galaxies in the COSMOS field from z = 0 to z ∼ 0.5,
with at least 200 of these at z > 0.2. These estimates are
done by comparing our 5σ sensitivity curve (assuming a
150 km s−1 width) with the H I masses predicted for spectro-
scopically confirmed galaxies in the observed volume using the
scaling relation from Catinella et al. (2012).

Here, we report the H I detection of the Luminous Infrared
Galaxy (LIRG) COSMOS J100054.83+023126.2 (henceforth
J100054) at z = 0.376 with the first 178 hr of CHILES data. In
addition, we include CO observations from the Large
Millimeter Telescope Alfonso Serrano (LMT) and follow-up
optical spectroscopic data that confirm the redshift of the
detection. This study not only represents the highest redshift H I

detection in emission, but it is the first time we can study the
cold gas content (both molecular and atomic hydrogen) of a
galaxy at z > 0.2.

This letter adopts Ho = 70 km s−1 Mpc−1, ΩM = 0.3, and
ΩΛ = 0.7, and a Kroupa (2001) initial mass function.

2. OBSERVATIONS AND RESULTS

2.1. Cold Gas Properties

2.1.1. CHILES: H I Detection at z = 0.376

We are observing one pointing in the COSMOS field with
the B configuration of the VLA, which corresponds to a spatial
resolution of ∼25 kpc at z = 0.376. The first 178 hr (Phase I)
were observed in 2013 (E. Momjian et al 2016, in preparation).
For this preliminary study we imaged the interval 0.36 <

z < 0.39 (1025–1045MHz), which includes a wall with over
250 galaxies with spectroscopically known redshifts, and 60 of
these have predicted MH I > 1010Me. The cube was made with
a robustness parameter of 0.8 in CASA, it has a spatial scale of
2048 × 2048 of 2″ pixels, and a total of 320 channels of
62.5 kHz (18 km s−1 at z = 0.376). We first Hanning smoothed
the data to increase the signal-to-noise ratio (S/N) and then
iteratively subtracted the continuum in the image plane, leading
to a typical noise per channel of 75 μJy beam−1. We searched
for H I by eye around a subset of the 60 predicted gas-rich
galaxies. We are still in the process of searching for H I around
other galaxies directly and via stacking.
We detect H I in the galaxy J100054, which has a predicted

MH I = 2.8 × 1010Me. The H I channel maps (Figure 1(a))
show that the emission is mostly at the 2–3σ level (with a 4σ
peak at the position of the galaxy). Although the emission is

Figure 1. H I detection of J100054. (a) Channel maps showing H I contours drawn in levels of ±2σ, ±3σ, +4σ (negative contours are dashed). The last panel shows
the continuum emission for this galaxy. (b) Total H I distribution map. The ellipse shows the size of the synthesized beam (8 2 × 6 3), and the contours correspond
to (0.4, 0.9, 1.3, 1.7, 2.1) × 1020 atoms cm−2. The background optical data is an HST I-band image from COSMOS (Koekemoer et al. 2007; Massey et al. 2010). (c)
H I spectra integrated over the optical disk of the galaxy (gray) and over most of the H I emission (blue). The blanked region corresponds to frequencies affected by
RFI and the arrow shows the frequency corresponding to the optical redshift. (d) PV diagram made through the optical center at P.A. = 172° with contours drawn in
levels of ±2σ and ±3σ. The vertical line corresponds to the optical position of the galaxy and the horizontal line corresponds to a frequency of 1032.1 MHz.
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Fernandez+16

• The COSMOS HI Large Extragalactic Survey, PI. van Gorkom 
• 1000hr, ~300 galaxies at 0 < z < 0.5 
• Most distant detection of 21-cm line emission at z = 0.376 
• Large starbursting galaxy rich in HI & H2 gas (MHI = 3 x 1010 M⊙)



Recent Progress: Apertif

PHISCC Meeting,  Pune,  Feb 6-11 2017Danielle Lucero

Leo T: Full mosaic

• Easily detected Leo T

Tom Oosterloo + Apertif team

old WSRT

Leo T, Ryan-Weber et al.  
MNRAS 384, 535, 2008 

December 2016

• MHI = 2.8x105 M⊙
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ISM and Gas Fuelling in the Nearby Universe

Deep HI studies in the local Universe 
will give new understandings of gas 
fuelling and the ISM 

• SKA will enable high spatial 
resolution (~100pc) and low 
column density sensitivity (sub 1020) 

• Understand the connection 
between star formation on small 
scales and global scaling laws 

• Understand how galaxies acquire 
sufficient gas to sustain their star 
formation rates?

de Blok et al, 2015, PoS, AASKA14, 129

HPSO-14 and PSO-17

Popping et al, 2015, PoS, AASKA14, 132

Survey comparison

Figure 3: MHONGOOSE sensitivity versus other surveys. Light-
and dark-orange filled circles show the sensitivities for individual
galaxies in the THINGS survey, using robust=0.5 and natu-
ral weighting, respectively (Walter et al., 2008). Open light- and
dark-orange circles show the same for the LITTLE THINGS sur-
vey (Hunter et al., 2012). Dark-orange squares show the natural-
weighted THINGS observations spatially smoothed to 3000. Open
and filled brown trianges show the individual HALOGAS (Heald et
al., 2011) sensitivities at full resolution using robust=0, and ta-
pered with a 3000 taper, respectively. Dark-green stars indicate the
GBT observations of THINGS and HALOGAS galaxies by Pisano
(in prep.). Average sensitivities of the HIPASS, ALFALFA and
LVHIS surveys are also indicated. The MHONGOOSE sensitivity
is indicated by the thick blue line. The dotted green lines show the
expected sensitivities for SKA1-MID for certain observing times.

At the high-resolution end the MHON-
GOOSE observations will enable THINGS-like
analyses, but an order of magnitude deeper in
column density. At resolutions of ⇠ 10 they
reach the depth of the deepest GBT observa-
tions of nearby galaxies, but with an order of
magnitude better angular resolution. It is of
course the antenna configuration of MeerKAT
with no preferred scale built in that allows prob-
ing this large range in resolution by applying
different tapers.

Using the known distances to the galaxies
in MHONGOOSE and in previous surveys we
can compare the column density sensitivities
as a function of physical scale. For each galaxy
in the MHONGOOSE sample we can calculate
the column density as a function of physical
resolution, converting the angular beam size
to kpc. As we vary the beam size from 800 to
9000, each galaxy creates a track in the column
density-physical resolution plane.

In Fig. 4 we show the tracks of the galax-
ies for each of the HI mass bins used for the
sample selection. In each of the panels we
also show the galaxies from the other HI sur-
veys with HI masses that fall within that bin.
We see that the highest and lowest masses are
very much unexplored. The sample galaxies of
HALOGAS mostly lie within the 9 < log(MHI) < 10 mass bin, but even here the MHONGOOSE
observations will probe an order of magnitude deeper for a given linear size and thus lead to new
insights on the characteristics of the low column density HI.

4.2 A deeper MHONGOOSE

The increased sensitivity of MeerKAT offers some unprecedented opportunities to already work
on SKA Key Science Project science, even in the current pre-SKA1 era. Here we propose to
observe a limited number of the MHONGOOSE galaxies with on-source integration times of 900
hours each. These observations will make full use of the increased sensitivity, and aim to push
the column density sensitivities down to ⇠ 1 · 1017 cm�2. They will additionally allow probing
column densities down to the original MHONGOOSE depth, but at a spatial resolution that is three
times better, and will allow a unique characterization of the internal structure and dynamics of
low-column density structures.

The scientific reasons for this are illustrated in Fig. 5 (taken from Popping et al. 2009). The
left panel shows the HI column density distribution function, or the likelihood that a line of sight
encounters a certain column density. Note that around NHI ⇠ 1019 cm�2 this function shows a dip,
before increasing almost monotonously again down to lower column densities with slope of ⇠ �2.
This implies that as one goes to lower column densities, the area of a galaxy’s HI distribution
increases, except around NHI ⇠ 1019 cm�2, leading to the observed “edge” of the HI disk, where
the area hardly increases as one goes deeper.
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Survey comparison

Figure 3: MHONGOOSE sensitivity versus other surveys. Light-
and dark-orange filled circles show the sensitivities for individual
galaxies in the THINGS survey, using robust=0.5 and natu-
ral weighting, respectively (Walter et al., 2008). Open light- and
dark-orange circles show the same for the LITTLE THINGS sur-
vey (Hunter et al., 2012). Dark-orange squares show the natural-
weighted THINGS observations spatially smoothed to 3000. Open
and filled brown trianges show the individual HALOGAS (Heald et
al., 2011) sensitivities at full resolution using robust=0, and ta-
pered with a 3000 taper, respectively. Dark-green stars indicate the
GBT observations of THINGS and HALOGAS galaxies by Pisano
(in prep.). Average sensitivities of the HIPASS, ALFALFA and
LVHIS surveys are also indicated. The MHONGOOSE sensitivity
is indicated by the thick blue line. The dotted green lines show the
expected sensitivities for SKA1-MID for certain observing times.

At the high-resolution end the MHON-
GOOSE observations will enable THINGS-like
analyses, but an order of magnitude deeper in
column density. At resolutions of ⇠ 10 they
reach the depth of the deepest GBT observa-
tions of nearby galaxies, but with an order of
magnitude better angular resolution. It is of
course the antenna configuration of MeerKAT
with no preferred scale built in that allows prob-
ing this large range in resolution by applying
different tapers.

Using the known distances to the galaxies
in MHONGOOSE and in previous surveys we
can compare the column density sensitivities
as a function of physical scale. For each galaxy
in the MHONGOOSE sample we can calculate
the column density as a function of physical
resolution, converting the angular beam size
to kpc. As we vary the beam size from 800 to
9000, each galaxy creates a track in the column
density-physical resolution plane.

In Fig. 4 we show the tracks of the galax-
ies for each of the HI mass bins used for the
sample selection. In each of the panels we
also show the galaxies from the other HI sur-
veys with HI masses that fall within that bin.
We see that the highest and lowest masses are
very much unexplored. The sample galaxies of
HALOGAS mostly lie within the 9 < log(MHI) < 10 mass bin, but even here the MHONGOOSE
observations will probe an order of magnitude deeper for a given linear size and thus lead to new
insights on the characteristics of the low column density HI.

4.2 A deeper MHONGOOSE

The increased sensitivity of MeerKAT offers some unprecedented opportunities to already work
on SKA Key Science Project science, even in the current pre-SKA1 era. Here we propose to
observe a limited number of the MHONGOOSE galaxies with on-source integration times of 900
hours each. These observations will make full use of the increased sensitivity, and aim to push
the column density sensitivities down to ⇠ 1 · 1017 cm�2. They will additionally allow probing
column densities down to the original MHONGOOSE depth, but at a spatial resolution that is three
times better, and will allow a unique characterization of the internal structure and dynamics of
low-column density structures.

The scientific reasons for this are illustrated in Fig. 5 (taken from Popping et al. 2009). The
left panel shows the HI column density distribution function, or the likelihood that a line of sight
encounters a certain column density. Note that around NHI ⇠ 1019 cm�2 this function shows a dip,
before increasing almost monotonously again down to lower column densities with slope of ⇠ �2.
This implies that as one goes to lower column densities, the area of a galaxy’s HI distribution
increases, except around NHI ⇠ 1019 cm�2, leading to the observed “edge” of the HI disk, where
the area hardly increases as one goes deeper.
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Recent Progress: MeerKAT

NHIRevealing the edge of M83 & interaction with IGM (Heald+ 2016)

www.ska.ac.za(

M83(galaxy(
MeerKAT(in(the(Northern(Cape(provides(a(
magnificent(view(of(the(hydrogen(gas(in(M83,(a(
famous(galaxy(discovered(in(Cape(Town(in(1752.(

Blue'and'green'colours'show'star'light.''

Red'represents'radio'waves'from'hydrogen'atoms'

detected'by'MeerKAT'in'April'2017.''

Pink'indicates'the'presence'of'both'star'light'and'

hydrogen'atoms.''

Image'done'with'MeerKAT'configura.on'shown'

below'using'seven'50Wminute'exposures'�'
achieving'this'detail'and'sensi.vity'much'faster'

than'any'previous'observa.ons.''

! !!

! !!

! !Credit:!op+cal!data!from!Palomar!Observatory!
! !Sky!Survey!(POSS;I);!radio!data!from!SKA!South!
! !Africa’s!MeerKAT!

'

KAT-7 MeerKAT, April 2017



Recent Progress: IMAGINE

Imaging Galaxies Intergalactic and Nearby Environment 

From Field to Clusters, Swinburne, March 2017 www.imagine-survey.org

NGC2997

• PI: Attila Popping 
• 28 spiral Galaxies and their direct 

environment 
• 8 most compact ATCA configs 

• Total time 2688 hours 
• NHI~2.5x1017 cm-2 over 20 km s-1 
• resolution 1’ to 2.5’ 
• SKA PSO-17 precursor experiment 

NGC2997



Milky Way & Magellanic System

MW and MS allow studies of 
gas content in greater detail 
than anywhere else 

•How is gas exchanged with 
surrounding IGM? 

•How is warm surrounding 
diffuse gas cooled into 
molecular clouds, stars? 

•SKA will have surface 
brightness sensitivity, point 
source sensitivity and 
angular resolution to 
understand Milky Way gas 
all the way from the halo 
down to the formation of 
individual molecular clouds.

McClure-Griffiths et al, 2015, PoS, AASKA14, 130

– 11 –

is not expected in the GASKAP survey area. The allowed velocity range due to Galactic

rotation in the inner Galaxy, excepting the Galactic Centre, covers about −150 to +150
km s−1 maximum, depending on longitude. In the MCs and MS the velocity ranges from
about +450 km s−1 in the leading arm (Kilborn et al. 2000) to −400 km s−1 (LSR) near

the northern tip of the MS.

1.3. Survey Parameters

GASKAP will use three different survey speeds, with integration times of 12.5, 50, and
200 hours, that correspond to S = 2.4, 0.6, and 0.15 deg2 h−1. These translate to brightness

temperature sensitivities at different angular resolutions as given in Table 3; smoothing to
larger beam area gives much lower values of the noise in brightness tempearture, σT . The
flux density sensitivity, given in the last column in Table 3, is only a weak function of angular

resolution. The lowest flux density noise level, σF , is achieved with resolution 20′′; at this
resolution all baselines have roughly equal weights (ϵs = 1). Just three ASKAP fields are

enough to cover most of the area of the MCs which will have 200 hour integration time per

Fig. 2.— The GASKAP survey areas in Galactic coordinates, with H I column densities

from the LAB survey in the background. The region north of δ = +40◦ must be filled in
from the Northern Hemisphere. The GAMES survey described in section 5 will cover the

region north of δ=+40◦.
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Galactic and Magellanic Evolution Naomi M. McClure-Griffiths

Figure 4: Source density of H I absorption measurements expected with SKA1 of the WNM (left) and the
CNM (right). Each dot is an anticipated absorption measurement. The color image in the background is H I

emission, where color represents velocity from the Parkes Galactic All-Sky Survey (McClure-Griffiths et al.
2009).

by emission fluctuations around a continuum source. It is therefore essential to have sufficient
surface brightness sensitivity on angular scales < 30” to measure the fluctuations in emission.
Extrapolating spatial power spectra currently measured in the Galactic plane and MCs (Elmegreen
et al. 2001; Dickey et al. 2001) suggests that we will require sT < 1.7 K at 30” to fully take
advantage of the sensitivity of the absorption measurements.

The average linewidth, even for cold H I, will be 2.5 km s�1, so some gains can be achieved
by averaging channels. Averaging to ⇠ 1 km s�1 channels will give st < 0.05 towards more than
10 sources deg�2. If t = NHI/(1.8⇥1018 cm�2 Ts ⇤Dv), we can detect NHI = 5.6⇥1018 cm�2 in
a 2.5 km s�1 line, assuming Ts = 100 K. This will be an outstanding progression beyond the well
known Millennium survey (Heiles & Troland 2003, 2005), which has been the gold-standard for
our knowledge of the distribution of temperatures in the MW neutral ISM with its measurement of
202 cold neutral components toward 79 high Galactic latitude sources.

Furthermore, the all-sky SKA1 H I absorption survey will measure absorption in the WNM.
While the 21-SPONGE survey (Murray et al. 2014) will undoubtedly directly measure several
WNM temperatures, the numbers of measurements before the SKA1 are likely to be of the order
of tens. The SKA1-SUR all-sky absorption survey will be able to directly detect this WNM com-
ponent towards hundreds of sources, as shown in Figures 3 and 4. Measurements of H I absorption
will extend to HVCs, where there are currently only two (Wakker et al. 1991; Matthews et al. 2009).
Given the sky density of background sources and the column density distribution of known HVCs
(Moss et al. 2013), a blind all-sky survey covering all HVCs should detect cold H I components
in absorption towards most known HVCs (d < +30�) with narrow line components and measure
their spin temperatures.

For maximal efficiency of SKA1-SUR time this project should be conducted commensally
with an all-sky continuum or extra-galactic H I survey, provided the correlator can be configured
to provide 1.5 kHz spectral channels over ⇠ 5 MHz around 1420 MHz. This could be achieved
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HI absorption and AGN at z < 6

Farnes+16
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Morganti et al, 2015, PoS, AASKA14, 134

PSO-16

HI 21-cm absorption spectroscopy 
provides a unique probe of cold 
neutral gas in normal and active 
galaxies from redshift z ~ 6 to the 
present day. 

• Intervening HI 21cm absorption ➝  
constrain the evolution of cold gas in 
normal galaxies over more than 12 
billion years of cosmic time. 

•Associated HI 21cm absorption ➝ 
content of individual galaxies, 
structure of the central regions and 
the feeding and feedback of AGN.
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HI absorption R. Morganti 
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temperature and filling factor of the neutral gas. Conversely, if some reasonable assumptions 
about the spin temperature and filling factor can be made (e.g. Braun 2012), then an HI column 
density can be estimated even without optical Ly α measurements. As can be seen from 
equation (1), at fixed HI column density the observed optical depth rises as the mean spin 
temperature decreases, so HI 21cm absorption measurements are most sensitive to the cold 
neutral gas within galaxies (Rao & Briggs 1993) – in contrast to HI 21cm emission-line studies, 
which are sensitive to both warm and cold gas.  

One disadvantage of HI 21cm absorption studies is that their view of the HI distribution is 
limited to the regions where the background continuum is present. To partly compensate for 
this, it is important to take advantage of other gas diagnostics (i.e. multiwaveband data) and 
information about other gas phases (ionized and molecular) where possible.  

2. Associated absorption 

2.1 Motivation and previous work  
 
HI 21cm absorption in radio AGN has been detected and studied for many years, starting with 
the detection against the core of the radio source Centaurus A (Roberts 1970) and the nearby 
spiral galaxy NGC 4945 (Whiteoak & Gardner 1976). This associated HI absorption has been 

used to trace the gas in central regions of radio 
AGN, as well as to probe the extreme physical 
conditions due to the interplay between the 
energy released by the active black hole (BH) 
and the ISM.  

The detection of HI 21cm absorption in 
active galaxies has been often considered a 
tracer of circumnuclear disks. Several such 
cases have been studied, e.g. Beswick et al. 
2004, Struve & Conway 2010, 2012, Peck & 
Taylor 2001, Morganti et al. 2008. However, 
even more intriguing has been the discovery 
that HI can also be associated with 
kinematically extreme phenomena. Fast (≥ 
1000 km s-1) and massive (up to 50 M⊙ yr-1) 
outflows have been found traced by HI 
(Morganti et al. 2005, Teng et al. 2013, 
Morganti et al. 2013 and ref. therein). Gas 
outflows driven by AGN and supernovae 
(SNe) are a key ingredient in current models 
of galaxy evolution (e.g. Croton et al. 2006; 
Hopkins & Elvis 2010; Schaye et al. 2015), 
since they can efficiently heat up or even 
expel gas from a galaxy. This feedback 

 

Figure 1 – HI absorption in 3C293, as detected by the 
WSRT. A broad, shallow HI absorption is detected as 
well as a deep, narrower component. The latter is 
associated with the circumnuclear disk/dust-lane 
while the former represent gas associated to a fast 
outflow (~1400 km s-1, Morganti et al. 2003). Because 
of its location (~0.5kpc from the nucleus) the outflow 
appears to be driven by the radio jet/lobe. This 
profile shows the need for a stable instrumental 
bandpass as discussed in Sec.2. 
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Recent Progress: ASKAP HI 

Discoveries of HI absorption at cosmological redshifts 
New detections with ASKAP 

7	Oct	2015	 E. Sadler, Revolution in Radio Astronomy 24	

New ASKAP HI detections

0.440 0.445 0.450 0.455 0.460

J161749-771716

0.410 0.415 0.420 0.425 0.430

J170109-295442
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PKS B1740-517
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J040848-750720

0.520 0.525 0.530 0.535 0.540 0.545 0.550 0.555
Redshift

PKS1829-718

Absorbed X-ray source, no optical z 

Intervening line towards background QSO  

Intervening line?, FR-2 radio galaxy 

Candidate red QSO, no optical z 

Associated absorption line, radio galaxy 
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Recent Activities: HI Analysis Tools

hifi.icrar.org; Meyer et. al., arXiv:1705.04210

Source Finding: 

•       . 

Kinematic Analysis: 

• 2DBAT, 

Visualisation: 

•SlicerAstro 

Analysis: 

•HI stacking, IM 
•HiFi Calculator

 PHISCC @ SAAO Cape Town / 2 Feb 2016 Se-Heon Oh 17/21

Error of velocity 
profiles

Geometrical weight

Peak flux of 
velocity profiles

rms of velocity profiles
Scale factor

Weighted error

x / =

2D Bayesian Automated Tilted-ring 5tter2D Bayesian Automated Tilted-ring 5tter

( l: the perimeter of a ring) 

Davide Punzo 2016: SlicerAstro



Proposed SKA1 HI surveys

Ngal

~30,000	  
~25,000	  
~3000	  

30	  
30

1	  
(~4,000)	  

~5,000	  
Unknown	  



Commensality



Rank 1: No significant impact 

• Cuts to MID baselines > 120 km 

• PSS changes 

• CBF-MID changes 

• Band 5 (no direct HI science) 

HI ranking scheme 

Cost%Control%Option
LOW%/%
MID%/%

COMMON

SKAO%
Science%
Impact

SKAO%
Rank

HI%SWG%
Science%
Impact

HI%SWG%
Rank

HI%SWG%
transfor?
mational%
Science%
Impact

Reduce%Bmax%MID%from%150%to%120%km:%Case%B,%remove%infra,%add%dishes%to%core MID 2 14 1 1 N

INFRA_SA%Renewable%energy%to%outer%dishes MID 1 1 1 2 N

Maximise%use%of%code%produced%during%Pre?Construction COMM 1 2 1 3 N

Simplify%DDBH%LOW LOW 1 3 1 4 N

Simplify%DDBH%MID MID 1 4 1 5 N

Reduce%PSS?MID:%A,%750%nodes%to%500%nodes MID 1 5 1 6 N

Reduce%PSS?LOW:%A,%250%nodes%to%167%nodes LOW 1 6 1 7 N

Reduce%CBF?MID:%Freq.%Slice%variant%of%CSP%design%vs.%MeerKAT?based%design MID 1 7 1 8 N

MID%Frequency%and%Timing%Standard:%SaDT%solution%vs.%MeerKAT?based%solution MID 1 8 1 9 N

MID%SPF%Digitisers:%DSH%solution%vs.%MeerKAT?based%solution MID 1 9 1 10 N

LOW%RPF:%Early%Digital%Beam%Formation%vs.%Analogue%Beam%Formation.% LOW 1 10 1 11 N

LOW%Antenna:%Log%Periodic%Design%vs.%Dipole%Design LOW 3 11 1 12 N

Reduce%Bandwidth%output%of%band%5%to%2.5GHz MID 2 16 1 13 N

Reduce%MID%Band%5%feeds:%A,%from%130%to%67 MID 2 17 1 14 N

Reduce%PSS?LOW:%B,%167%nodes%to%125%nodes LOW 2 18 1 15 N

Reduce%PSS?MID:%B,%500%nodes%to%375%nodes MID 2 19 1 16 N

Reduce%MID%CBF%and%DSH%BW:%5%to%1.4%GHz MID 2 20 1 17 N

Reduce%PSS?LOW:%C,%125%nodes%to%83%nodes LOW 3 25 1 18 N

Reduce%PSS?MID:%B,%375%nodes%to%250%nodes MID 3 26 1 19 N

Reduce%MID%Band%5%feeds:%B,%from%67%to%0 MID 4 36 1 20 N

Reduce%Bmax%MID%from%150%to%120%km:%Case%A,%remove%3%dishes,%keep%infra%to%150km% MID 2 13 1 21 N

Reduce%Bmax%MID%from%150%to%120%km:%Case%C,%remove%infra,%remove%dishes MID 2 15 1 22 N

1 No#significant#impact
2 Increased##time#
2 Impacts#HI#absorption#science#only#(SWG#rankings)
3 High#risk#
4 Lost#capability

SKAO impact HI SWG impact

Cost control: impact on HI science



Cost control: impact on HI science

Rank 2: Time increase & Impact HI Absorption Science Only 

•Mild cuts to SDP 

•All cuts to LOW 

•Loss of baselines > 10’s of km for MID

WS#/#Origin Cost#Control#Option
LOW#/#
MID#/#

COMMON

SKAO#
Science#
Impact

SKAO#
Rank

HI#SWG#
Science#
Impact

HI#SWG#
Rank

HI#SWG#
transfor@
mational#
Science#
Impact

8 SDP@#HPC:##Deploy#200#Pflops#(rather#than#260#Pflops) COMM 2 12 2 23 N

5.31 Reduce#CBF@LOW#BW:#A,#300#to#200#MHz LOW 2 21 2 24 N

5.30.00 Reduce#Bmax#LOW#to#50km:#A,#remove#infra,#add#18#stations#to#core LOW 3 23 2 25 N
5.30.00 Reduce#Bmax#LOW#to#50km:#B,#remove#18#stations LOW 3 24 2 26 N

5.30a Reduce#Bmax#LOW#to#40km:#C,#remove#next#18#stations LOW 3 27 2 27 N
5.30(/(
Deeper(

Remove#54#LOW#stations#from#core LOW 4 31 2 28 N
5.30(/(
Deeper(

Remove#additional#54#LOW#stations#from#core LOW 4 33 2 29 N
5.24.2 Reduce#Bmax#MID#from#120#to#100#km:#D,#remove#infra,#remove#next#3#dishes MID 4 34 2 30 N

HI SWG impact



Rank 3: High Risk & Rank 4: Severe 

•Major cuts to SDP: potential to cause inability to deliver HI cubes of 
sufficient resolution for HPSO science (NB many factors require 
consideration for full assessment: flops, i/o, efficiency, commensality) 

•Cuts to MID core: loss of sensitivity impacts all HI HPSOs 

•Loss of MID band 1: catastrophic loss of HI science on MID z>0.5

WS#/#Origin Cost#Control#Option
LOW#/#
MID#/#

COMMON

SKAO#
Science#
Impact

SKAO#
Rank

HI#SWG#
Science#
Impact

HI#SWG#
Rank

HI#SWG#
transfor@
mational#
Science#
Impact

8 SDP@#HPC:##Deploy#150#Pflops#(from#200#Pflops) COMM 3 22 3 31 M

8 SDP@#HPC:##Deploy#100#Pflops#(from#150#Pflops) COMM 4 28 4 32 Y

8 SDP@#HPC:##Deploy#50#Pflops#(from#100#Pflops) COMM 4 29 4 33 Y
5.24&/&
Deeper&

Remove#11#MID#Dishes#from#core MID 4 30 4 34 Y
5.24&/&
Deeper&

Remove#additional#11#MID#Dishes#from#core MID 4 32 4 35 Y
5.5.1 Remove#MID#Band#1#feeds:#105#to#0 MID 4 35 4 36 Y

Cost control: impact on HI science



WS#/#Origin Cost#Control#Option

LOW#/#

MID#/#

COMMON

SKAO#

Science#

Impact

SKAO#

Rank

HI#SWG#

Science#

Impact

HI#SWG#

Rank

HI#SWG#

transfor@

mational#

Science#

Impact

8 SDP@#HPC:##Deploy#150#Pflops#(from#200#Pflops) COMM 3 22 3 31 M

5.30.00 Reduce#Bmax#LOW#to#50km:#A,#remove#infra,#add#18#stations#to#core LOW 3 23 2 25 N
5.30.00 Reduce#Bmax#LOW#to#50km:#B,#remove#18#stations LOW 3 24 2 26 N
5.25.2'/'
Deeper'

Reduce#PSS@LOW:#C,#125#nodes#to#83#nodes LOW 3 25 1 18 N
5.25.2'/'
Deeper'

Reduce#PSS@MID:#B,#375#nodes#to#250#nodes MID 3 26 1 19 N

5.30a Reduce#Bmax#LOW#to#40km:#C,#remove#next#18#stations LOW 3 27 2 27 N

8 SDP@#HPC:##Deploy#100#Pflops#(from#150#Pflops) COMM 4 28 4 32 Y

8 SDP@#HPC:##Deploy#50#Pflops#(from#100#Pflops) COMM 4 29 4 33 Y
5.24'/'
Deeper'

Remove#11#MID#Dishes#from#core MID 4 30 4 34 Y
5.30'/'
Deeper'

Remove#54#LOW#stations#from#core LOW 4 31 2 28 N
5.24'/'
Deeper'

Remove#additional#11#MID#Dishes#from#core MID 4 32 4 35 Y
5.30'/'
Deeper'

Remove#additional#54#LOW#stations#from#core LOW 4 33 2 29 N
5.24.2 Reduce#Bmax#MID#from#120#to#100#km:#D,#remove#infra,#remove#next#3#dishes MID 4 34 2 30 N
5.5.1 Remove#MID#Band#1#feeds:#105#to#0 MID 4 35 4 36 Y
5.5.2 Reduce#MID#Band#5#feeds:#B,#from#67#to#0 MID 4 36 1 20 N

cf. “The Black Line” SKAO impact HI SWG impact

Cost control: impact on HI science



“Above the black line” 

• Reduction in SDP has most potential impact on HI high priority 
science objectives, must retain sufficient resolution capability  

• Changes to LOW and reduction in angular resolution (MID & 
LOW) will impact HI absorption surveys 

“Below the black line” - Loss of Transformational Science 

• Stronger SDP cuts may render transformational science 
impossible due to resolution limitations 

• Reduction in shorter MID baselines impacts ability to deliver all 
HI science priority objectives 

• Loss of MID band 1 would mean catastrophic loss of HI science 
z > 0.5

Cost control: impact on HI science



Summary 

• Ground-breaking HI galaxy science is possible with SKA1 

• Resolved kinematics of MHI = 1010 M⊙ galaxies out to z = 0.8  

• The ISM at 50pc-scale resolution in nearby galaxies 

• Multi-resolution, multi-temperature study of the Galactic ISM 

• Cosmological evolution of cold HI (absorption) out to z = 6 

• The gaseous interface between galaxies and the cosmic web 

• Pathfinder telescopes are already demonstrating feasibility of 
achieving these goals 

• Transformational science is still overall possible with “above the 
black line” cost control measures (caveat SDP uncertainties), 
and as such is globally supported by the HI SWG




