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!
HI Galaxy Science with the SKA 
•science chapters, priorities 
!
SKA Capabilities for HI 
•rebaselined SKA1 
!

Key Science Observations 
•what kinds of HI surveys do 

we want to carry out?    
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Fuelling Galaxies over Cosmic Time
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HI surveys key to unlocking galaxy 
evolution 
!
• galaxy evolution studies dominated by 

optical/NIR (stars) 

• need to understand how galaxies 
fuelled (gas) 

• HI the fundamental baryonic building 
block 

!
Understanding of HI in galaxies remains  
limited 
!

• HIPASS, ALFALFA: single dish, z < 0.06 

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

• SKA and its pathfinders will revolutionise
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SKA1 HI Science Priorities

{

SKA1 science goals
• Resolved HI kinematics and 

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

!
• High spatial resolution studies of the 

ISM in the nearby Universe.  

!
• Multi-resolution mapping studies of 

the ISM in our Galaxy  

!
• HI absorption studies out to the 

highest redshifts.  

!
• 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

priority SKA1 science goals

• Resolved HI kinematics and 
morphology of ~1010 M⊙ mass 
galaxies out to z~0.8  

!
• High spatial resolution studies of the 

ISM in the nearby Universe.  

!
• Multi-resolution mapping studies of 

the ISM in our Galaxy  

!
• HI absorption studies out to the 

highest redshifts.  

!
• The gaseous interface and 

accretion physics between 
galaxies and the IGM
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update

PoS(AASKA)

SKA Science Case Update
!
New HI Chapters: 

• The Hydrogen Universe with the SKA 
(Staveley-Smith) - includes rebaselining 

• Neutral Hydrogen and Galaxy Evolution 
(Blyth) 

• The ISM in Galaxies (de Blok) 

• The Galaxy and Magellanic System 
(McClure-Griffiths) 

• The IGM (Popping) 

• Cool Outflows and HI absorbers (Morganti) 

• Galaxy Formation Models (Power) 

• Connecting the Baryons (Meyer) 

• SMBHs and galaxies (Marconi) 

• SKA as Doorway to Angular Momentum 
(Obreschkow) 

• Physics of Cold Neutral Medium (Oonk) 

!
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H I and Galaxy Evolution S. -L. Blyth

on the models compared to, e.g., the stellar mass function because the correlation between halo
mass and cold gas mass is very different from that between halo mass and stellar mass (the most
gas-rich galaxies often have low halo mass). Furthermore, Kim et al. (2012) show how different
star formation laws affect the shape of the H I mass function.

The H I mass function has been well measured for the Local Universe (Zwaan et al. (2005);
Martin et al. (2010); however, controversy still surrounds the magnitude and sign of the environ-
mental density dependence of the H I mass function, possibly due to depth and cosmic variance
issues with existing shallow surveys (Zwaan et al. (2005); Springob et al. (2005)). Upcoming pre-
cusor surveys such as WALLABY, will detect galaxies over a ⇠100 times larger volume and will
therefore be much less sensitive to cosmic variance, enabling detailed study of the variation of the
H I mass function with environmental density. The deeper HI pathfinder surveys such as DINGO
and LADUMA will enable measurement of the H I mass function to intermediate redshifts, z < 0.6.

With the SKA, it will be possible to push measurements of the H I mass function to even higher
redshifts (z ⇠ 1), which will in turn place even more stringent constraints on galaxy evolution
models (see Fig. 2). It will also allow us to probe the evolution of the cosmic neutral gas density,
Wgas, from H I emission into the redshift range where it is currently estimated using damped Ly-a
and magnesium absorber measurements (Prochaska et al. (2005); Rao et al. (2006); Noterdaeme et
al. (2009, 2012); Zafar et al. (2013)).

Many questions demanding measurements of the H I masses of galaxies can also be investi-
gated with these observations. As functions of both environment (i.e., field vs group or cluster)(e.g.,
Hess & Wilcots (2013); Jaffé et al. (2013)) and cosmic time, we will be able to study, for lower
H I masses than ever before, the relationships between H I mass and stellar mass, star formation
rate, galaxy morphology, etc., as a means to uncover how galaxies evolve over time in different
environments.
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Figure 2: Models from Lagos et al. (2012) showing evolution of the H I mass function with redshift and
halo mass. Halo mass bins correspond to field (left panel), group (middle panel), and cluster (right panel)
environments.
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• Mass properties: ΩHI & HI mass function; 
baryon cycle; DM dependencies 

• Environment: gas inflow and removal 

• Angular momentum/kinematics: 
scaling relations, Tully-Fisher relation
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➡ Work by Hyein Yoon

‣ HI-to-opt extent

‣ HI morphology + kinematics

‣ HI gas surface density

‣ Multi-wavelength data

❖ Opt, UV, Halpha, IR, etc.

VIVA Galaxies & Key Process at Work 

SKA will enable  
unprecedented 

resolved 
image analyses

1752 CHUNG ET AL. Vol. 138

Figure 7. Composite image of the total H i images of the individual galaxies (in blue) overlaid on the ROSAT X-ray image (orange) by Böhringer et al. (1994). The
galaxies are located at the proper position in the cluster but each H i image is magnified by a factor 10 to show the details of the H i distribution. The picture clearly
shows how non-uniform the mass distribution in Virgo is, with enhanced X-ray emission from the three subclusters centered at the ellipticals, M87, M86, and M49.

size to their stellar disks, e.g., NGC 4216, shown in Figure 8.
Some are quite H i deficient, despite the fact that the H i extent
is comparable to the optical extent. Their H i surface density
is down by up to a factor of 2. These systems might be under
the influence of a process that slowly affects the entire face
of the galaxy, such as turbulent viscous stripping or thermal
evaporation (Nulsen 1982; Cayatte et al. 1994).

Small H i disks near the cluster center. Near the cluster core
(dM87 < 0.5 Mpc), galaxies always have gas disks that are
truncated to within the optical disk. These galaxies often show
highly asymmetric H i distributions as they currently undergo
strong ram pressure stripping. An example is NGC 4402
(Figure 8), which has been studied in detail by Crowl et al.
(2005). Galaxies appear to lose most of their H i gas (>70%) in
these regions through a strong interaction with the ICM.

Severely stripped H i disks beyond the cluster core. Interestingly,
we also find a number of galaxies that are stripped to well within
the stellar disk at large projected distances from the cluster
center (!1 Mpc). Examples are NGC 4522, NGC 4405, and

NGC 4064 (Figure 8). Some of these may have been stripped
while crossing the cluster center. As the galaxies move out from
the high ICM density region, stripped and disturbed gas that is
still bound to the galaxy may resettle onto the disk and form a
small symmetric gas disk in the center (NGC 4405). However,
a detailed study of the mean stellar age at the truncation radius
by Crowl & Kenney (2008) shows that some of these galaxies
have been forming stars until recently (< 0.5Gyr). This does
not leave enough time for these galaxies to have been stripped
in the center and then to have traveled to their current location.
NGC 4064 is a good example of this. It must have lost its gas at
large distances from the cluster center.

A particularly interesting case is NGC 4522 (Kenney et al.
2004), which shows abundant evidence for current ongoing
strong ram pressure stripping despite its large projected distance
from M87 (≈1 Mpc). An estimate of the mean stellar age at
the stripping radius (Crowl & Kenney 2006) also suggests that
stripping is ongoing, yet an estimate of the ram pressure at
that location based on a smooth distribution of the ICM would
indicate that the pressure is too low by a factor 10. Kenney et al.

current 
ICM-ISM  

interaction

gravitational  
interaction

accretion

HI & Galaxy Evolution

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

• Environment: gas inflow and removal 

• Angular momentum/kinematics: 
scaling relations, Tully-Fisher relation
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Angular Momentum D. Obreschkow
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Figure 2: [Obreschkow & Glazebrook (2014)] In the model of an exponential disk inside a spherical halo,
galaxies lie on a plane in the space spanned by luminosity L, disk radius R, and rotation velocity V . This
plane can be explained as a mapping of the (M, j)-plane into (L,R,V )-space. Projections onto the planes
(L,R), (R,V ), and (V,L) give rise to classical scaling relations, whose dependence on morphology is then
explained by the M- j-morphology relation.

in Fig. 1a for spiral galaxies, where we have introduced the specific angular momentum j ⌘ J/M
(not to be confused with variations of the spin parameter l , also sometimes called ‘specific angu-
lar momentum’). Moreover, theoretical models reveal that the most important scaling relations of
spiral galaxies, the mass-size-velocity scalings, can be understood as mappings of the (M,j)-plane
into three dimensions (Fig. 2). Finally, angular momentum must play a fundamental role in star
formation, since it sets the disk pressure, regulating the conversion of atomic gas to molecular gas
and stars. The preliminary analysis in Figs. 1b and 1c confirms that in star-forming galaxies j/M is
significantly correlated with the cold gas fraction and gas depletion time. This correlation had to be
expected, to first order, because j/M = J/M2 is inversely proportional to the disk surface density
(details in Obreschkow & Glazebrook), which affects the conversion rate of H I to H2 and stars.

In a cosmological context, much progress is to be made by analysing the large-scale (>Mpc,
comoving) distribution of galaxies as a function of kinematic properties, in simulated and ob-
served datasets. In fact, the large-scale distribution of angular momentum, both in terms of norm
and orientation, contains information on the mechanisms of angular momentum growth by cosmic
tides (White 1984) and the redistribution of angular momentum by galaxy coalescence. Empiri-
cal investigations using the SDSS survey revealed that spiral and elliptical galaxies obey opposite
correlations with filaments (Jones et al. 2010), hinting at the importance of the orbital angular mo-
mentum involved in the merger-based formation of ellipticals. As for the norm of j, Fig. 3 shows a
state-of-the-art analysis of the galaxy-galaxy correlation function for two samples of low and high
j, relative to the mean M- j relation. Although the models (lines) appear consistent with the ob-
servations (points) within the observational uncertainties, the latter are currently too large to verify
the predicted enhanced clustering of the low- j, subsample.

3

Tully-Fisher Relation

Obreschkow et al, 2015, PoS, AASKA14, 138
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Angular Momentum D. Obreschkow

1. Introduction

1.1 Importance of angular momentum

Understanding how galaxies form and evolve is one of the central topics in explaining the
Universe we observe today. Pioneering studies (Fall & Efstathiou 1980; Mo et al. 1998; Quinn &
Zurek 1988) have long stressed that galaxy properties are primarily driven by two physical quan-
tities: mass and angular momentum (spin). Two recent advances have significantly increased our
ability to understand the role of angular momentum. First, increased computing power and en-
hanced modelling of stellar feedback finally allow the simulation of galaxies with realistic angular
momenta (Agertz et al. 2011; Brooks et al. 2011; Governato et al. 2010; Guedes et al. 2011). Sec-
ond, enormous progress in kinematic observations, via optical integral field spectroscopy (IFS, see
Glazebrook 2013) and radio/millimetre interferometry (e.g. using the VLA and ALMA), now yield
the first precision-measurements of spin in controlled galaxy samples.

The new fields of research now accessible via angular momentum studies range from sub-
galactic astrophysics (i.e., the study of angular momentum feedback, spin alignment of individual
components, warped disks) to global galaxy evolution studies and large-scale cosmology. The next
two paragraphs discuss two fruitful examples that are by no means meant to be exhaustive.

In the context of galaxy evolution studies, a major result of recent kinematic observations is
that the shape of galaxies is tightly linked to their angular momentum and that the historical clas-
sification of galaxies by stellar or baryon mass M and Hubble type can instead be substituted for
a more physically motivated classification by M and baryon/stellar angular momentum J (Cappel-
lari et al. 2011; Obreschkow & Glazebrook 2014; Romanowsky & Fall 2012). This is illustrated

(a) Morphology
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Figure 1: [from Obreschkow & Glazebrook (2014) and forthcoming work] Empirical evidence for the
fundamental importance of the specific baryon angular momentum j, measured 10-times more accurately
than so far, using kinematic maps of atomic hydrogen (Leroy et al. 2008). These high-precision data uncover
strong correlations between j, baryon mass M and tertiary galaxy properties: (a) shows the M- j-morphology
relation, where morphology is measured by the bulge mass fraction B/T ; (b) and (c) show the relations
between j/M and the cold gas fraction and depletion time (gas mass per star-formation rate), respectively.
Black dots denote measurements for barred (open dots) and unbarred (filled dots) spiral galaxies. The blue
plane in panel (a) and lines in panels (b) and (c) are regressions to the data, with the blue shades in panels (b)
and (c) representing the uncertainty of these fits. Red squares are theoretical predictions from high-resolution
hydrodynamic simulations [courtesy of C. Brook].
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HI & Galaxy Evolution

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

• Environment: gas inflow and removal 

• Angular momentum/kinematics: 
scaling relations, Tully-Fisher relation
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Neutral ISM in Galaxies W.J.G. de Blok

Figure 3: Three generations of neutral hydrogen observations of the edge-on spiral galaxy NGC 891,
obtained with the Westerbork Synthesis Radio Telescope in 1979 (Sancisi & Allen 1979) (left panel), 1997
(Swaters et al. 1997) (middle panel) and 2007 (Oosterloo et al. 2007) (right panel). The improvement in
sensitivity of only one order of magnitude between each observation led to the discovery of the H I halo
(middle panel) and next to the realization that this halo comprises almost 30% of the H I mass of the gas and
hosts gas filaments extending up to more than 20 kpc from the disk (right panel). SKA will go down two
more orders of magnitude in column density, we can only wonder what we will find.

of the Milky Way (Chiappini et al. 1997; Schönrich & Binney 2009). Indirect determinations of
the gas accretion rate show that it should closely follow the SFR in every galaxy (Hopkins et al.
2008; Fraternali & Tomassetti 2012). However, there is little evidence for the majority of the gas
accretion taking place in the form of gas clouds infalling into local galaxies. In the Milky Way, the
accretion rate from high velocity clouds is only 0.08 M� yr�1 (Putman et al. 2012), more than an
order of magnitude lower than the SFR (1� 3 M� yr�1, Chmoiuk & Povich 2011). H I studies of
nearby galaxies give similar discrepancies (Sancisi et al. 2008).

A possibility is that accretion takes place at very low column densities. At the moment the
deepest H I observations of nearby disk galaxies obtained with an interferometer reach column
densities slightly below 1019 cm�2 (Oosterloo et al. 2007; Walter et al. 2008; Westmeier et al.
2011; Heald et al. 2011). Fig. 3 shows three observations of the same galaxy, NGC 891, obtained in
the last thirty years with the Westerbork Synthesis Radio Telescope (WSRT). The improvement in
sensitivity from ⇠ 1 ·1021 cm�2 (left panel; Sancisi & Allen 1979) to ⇠ 1 ·1019 cm�2 (right panel;
Oosterloo et al. 2007) has revealed a completely different picture of the H I distribution in this
galaxy. The most recent data have shown the presence of an extended H I halo which everywhere
extends up to 8� 10 kpc above the disk of NGC 891, and with a long filament extending up to
20 kpc. Most of this gas is likely to be produced by stellar feedback from the disk (Fraternali &

12

nHI~1021 nHI~1020 nHI~1019

Deep studies in local Universe also 
needed to understand HI physics 

!
• Enable high spatial resolution 

(sub-kpc) and low column 
density sensitivity (sub 1020) 

!
• What is the connection between 

star formation on small scales 
and global scaling laws? 

!
• How do galaxies acquire 

sufficient gas to sustain their star 
formation rates? 

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

M31, Braun et 
al, 2009, 50pc 
resolution
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Neutral ISM in Galaxies W.J.G. de Blok2 SKA2: The future
No. 2, 2009 A WIDE-FIELD HIGH-RESOLUTION H i MOSAIC OF MESSIER 31. I. 941
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Figure 3. Peak brightness of H i emission determined at 60 arcsec and 6 km s−1

resolution of the central 50% of the survey region. Peak brightness is shown on
a square-root scale which saturates at 90 K. The beam FWHM is indicated in
the lower left corner.
(A color version of this figure is available in the online journal.)
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Figure 4. Peak brightness of H i emission determined at 30 arcsec and 6 km s−1

resolution of the central 50% of the survey region. Peak brightness is shown on
a square-root scale which saturates at 120 K. The beam FWHM is indicated in
the lower left corner.
(A color version of this figure is available in the online journal.)

comparable to its own spin temperature together with a single
cooler, opaque feature in the foreground. In this simple case
the HISA temperature decrement would give some information
about the spin temperature of the foreground component. More
complicated geometries are easily conceivable. Adding a third

sq
rt
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Figure 5. Peak brightness of H i emission determined at about 15 arcsec and 6
km s−1 resolution of the central 50% of the survey region. Peak brightness is
shown on a square-root scale which saturates at 120 K. The beam FWHM is
indicated in the lower left corner.
(A color version of this figure is available in the online journal.)

warm, semi-opaque foreground component to make a warm–
cool–warm “sandwich” would significantly fill in the detected
temperature decrement. Clearly, the interpretation of the HISA
temperature decrements in physical terms is poorly constrained.

The largest individual features seen in the Gibson et al.
(2005) Galactic HISA sample extend over about 5◦ at 2 kpc
distance, and so have lengths as large as 175 pc. A subset of the
Galactic HISA features, such as those kinematically associated
with the Perseus spiral arm, is organized over tens of degrees
making the complexes at least 1 kpc long. The departure from
the Galactic edge-on geometry to the ∼78◦ inclination of M31
(Braun 1991) means that the necessary alignment conditions for
witnessing HISA are essentially eliminated on large scales in
M31. Instead, the “sandwich” geometry that can yield large-
scale HISA features in the Galaxy would be projected into
spatially resolved, parallel “slices” of semi-opaque gas of
different spin temperature. We identify the filamentary local
minima in peak brightness seen in M31 with the colder opaque
features that are responsible for large-scale HISA in the Galaxy.
We use the term “self-opaque” to emphasis the importance of
internal optical depth effects in determining the profile shapes of
these features, as distinct from “self-absorption” which implies
a substantial temperature contrast of features that overlap both
along the line of sight and in radial velocity.

By comparison to the kpc extent of Galactic HISA complexes,
the self-opaque filamentary minima in M31 (for example the one
running from (α, δ) ∼ (00:45:25, +41:36) to (00:45:55,+41:50)
in Figure 6) are often in excess of 10 arcmin in length
corresponding to more than 2 kpc. One such linear feature is seen
to cross very near the line of sight to the background continuum
source J004218+412926 (=B0039+412), as seen in Figure 7.
H i absorption measurements for this source and several others
have been published previously in Braun & Walterbos (1992).
We will comment further on these sources below. More complex

Braun et al 2009

With 1” beam SKA2  
reaches 2.5 x 1020 cm-2 
in 10 hours. 
 
50 pc resolution out  
to 11 Mpc 
!
Can do THINGS out to 
100 Mpc 

Transformational…

Figure 2: Integrated H I map of M31 from high-resolution observations by Braun et al. (2009). The
resolution of these observations is ⇠ 50 pc. The beam is indicated by the arrow in the bottom-left corner.
SKA will enable highly detailed observations of this kind for hundreds of galaxies.

of the Kim et al. (2003) LMC observations. There are ⇠ 75 galaxies with independent distance
measurements within that distance in the part of the sky accessible to the SKA. This includes, for
example, the Sculptor group.

There are therefore a significant number of galaxies out to these distances, and this opens up
the exciting prospect of being able to characterize the properties and morphologies of individual
H I clouds in other galaxies over a wide range of environments. Combination with high-resolution
ALMA observations should provide a comprehensive picture of the condition for and first phases
of star formation.

2.2 Dynamics and Dark Matter

The high angular resolution that can be achieved with SKA will also be of importance to
studies of the internal dynamics of galaxies and the distribution of dark matter.

H I studies played a major role in the 1970s and 1980s to establish the presence of dark matter
in gas rich galaxies, necessary to keep up the extended, flat (or rising) rotation curves at large radii.
More recent work on late-type low surface brightness galaxies showed that pure LCDM models
are in disagreement with observations, the so-called core-cusp controversy (de Blok 2010). Recent
attempts to solve this problem concentrate on introducing feedback in the star formation recipes
used in the numerical simulations of galaxy formation (Oh et al. 2011), so that an initially cuspy
dark matter distribution can be modified sufficiently. Research on this problem can be expected to
continue to progress, until a better understanding of these feedback mechanisms has been reached.
At present, the predictions from these simulations seem to begin to work for small galaxies, but for
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Neutral ISM in Galaxies W.J.G. de Blok

Figure 3: Three generations of neutral hydrogen observations of the edge-on spiral galaxy NGC 891,
obtained with the Westerbork Synthesis Radio Telescope in 1979 (Sancisi & Allen 1979) (left panel), 1997
(Swaters et al. 1997) (middle panel) and 2007 (Oosterloo et al. 2007) (right panel). The improvement in
sensitivity of only one order of magnitude between each observation led to the discovery of the H I halo
(middle panel) and next to the realization that this halo comprises almost 30% of the H I mass of the gas and
hosts gas filaments extending up to more than 20 kpc from the disk (right panel). SKA will go down two
more orders of magnitude in column density, we can only wonder what we will find.

of the Milky Way (Chiappini et al. 1997; Schönrich & Binney 2009). Indirect determinations of
the gas accretion rate show that it should closely follow the SFR in every galaxy (Hopkins et al.
2008; Fraternali & Tomassetti 2012). However, there is little evidence for the majority of the gas
accretion taking place in the form of gas clouds infalling into local galaxies. In the Milky Way, the
accretion rate from high velocity clouds is only 0.08 M� yr�1 (Putman et al. 2012), more than an
order of magnitude lower than the SFR (1� 3 M� yr�1, Chmoiuk & Povich 2011). H I studies of
nearby galaxies give similar discrepancies (Sancisi et al. 2008).

A possibility is that accretion takes place at very low column densities. At the moment the
deepest H I observations of nearby disk galaxies obtained with an interferometer reach column
densities slightly below 1019 cm�2 (Oosterloo et al. 2007; Walter et al. 2008; Westmeier et al.
2011; Heald et al. 2011). Fig. 3 shows three observations of the same galaxy, NGC 891, obtained in
the last thirty years with the Westerbork Synthesis Radio Telescope (WSRT). The improvement in
sensitivity from ⇠ 1 ·1021 cm�2 (left panel; Sancisi & Allen 1979) to ⇠ 1 ·1019 cm�2 (right panel;
Oosterloo et al. 2007) has revealed a completely different picture of the H I distribution in this
galaxy. The most recent data have shown the presence of an extended H I halo which everywhere
extends up to 8� 10 kpc above the disk of NGC 891, and with a long filament extending up to
20 kpc. Most of this gas is likely to be produced by stellar feedback from the disk (Fraternali &

12



Milky Way & Magellanic Clouds

MW and Magellanic clouds 
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 at High-z: Absorption Studies

Morganti et al, 2015, PoS, AASKA14, 134

• 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. 

!
• Associated HI 21cm absorption ➝ 

content of individual galaxies, 
structure of the central regions 
and the feeding and feedback of 
AGN. 

!
• Intervening HI 21cm absorption ➝  

constrain the evolution of cold gas 
in normal galaxies over more than 
12 billion years of cosmic time.
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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. 



Galaxy-IGM Connection

• How are galaxies re-fuelled from the IGM? 

• What is the nature of diffuse intergalactic gas? 

• Requires observations at column densities nHI ≲ 1018 

Popping et al, 2015, PoS, AASKA14, 132
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The Intergalactic Medium A. Popping

Figure 1: Simulation of the cosmic web from Popping et al. (2009), left panel shows column densities of
the total Hydrogen gas component (HII + HI), the right panel shows the neutral gas component (HI) that can
potentially be detected by radio telescopes using the 21-cm line.

When looking at the density of neutral hydrogen 10 billion years ago above redshift z ⇠ 2
(e.g. Prochaska & Wolfe (2009)), the total amount of gas that is locked in galaxies is less than
the mass which is locked in stars today. Recent simulations support this picture of continuous
gas accretion. Due to the gravitational collapse of dark matter dense structures and filaments are
created. The primordial atomic gas falls into the gravitational potential wells of the dark matter.
There are two modes in which gas falls onto galaxies, dubbed hot-mode and cold-mode accretion
(Kereš et al. 2005). In the case of hot mode accretion the gas falling on the dark matter filaments
is shock heated to temperatures up to 107 Kelvin and forms a quasi hydrostatic equilibrium halo;
the warm-hot intergalactic medium (WHIM) (e.g. Davé et al. (2001)). At some evolutionary
stage this hot virialized gas cools rapidly while loosing its pressure support and settles into the
centrifugally supported disks or the spiral arms of a galaxy. In the case of cold mode accretion the
gas is never heated to these high temperatures, but smoothly accretes directly into the galaxies. The
empirical deviation between the two accretion modes is around 2⇥ 105 K. Recently simulations
have converged to a cosmological model where cold mode accretion dominates gas infall at all
cosmic times and hot mode accretion is mostly relevant for galaxies that reside in halos with masses
above 1012 solar masses (Kereš et al. 2009; Dekel et al. 2009).

2.3 The Circumgalactic Medium

Surrounding the direct environment of galaxies is the circumgalactic medium (CGM) which is
the interplay between galaxies and the IGM. The gaseous haloes of 44 galaxies between z = 0.15
and 0.35 has been investigated using background QSOs observed with the Cosmic Origins Spectro-
graph (Tumlinson et al. 2013). The galaxies span both early and late types and the sight-lines of the
QSO spectra pass within 150 kpc of the galaxies. The authors find that the circumgalactic medium
exhibits strong HI, with a 100% covering fraction for star-forming galaxies and 75% covering for
passive galaxies. The kinematics of this gas indicate that it is bound to the host galaxy and the bulk
of the detected HI arises in a bound, cool, low-density photoionized diffuse medium. This gas may
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SKA1 Surveys: Resolution @ 1020 cm-2

• Resolve galaxies over large redshift range

• Study role of mergers, feedback, local environment

• carry out detailed studies of galaxy kinematics & angular momentum

• high resolution studies of ISM in nearby galaxies (< 100 pc)
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Angular Physical

SKA1 Surveys: Resolution @ 1019 cm-2

10 hr

100 hr

1000 hr

10 hr

100 hr

1000 hr

1010 M⊙

109 M⊙

!
• HALOGAS type studies beyond local Universe

• understand how galaxies acquire their gas: role of 

environment/accretion
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!
• New studies of the disk-halo-IGM interface


SKA1 Surveys: Resolution @ 1018 cm-2



Possible SKA1 Surveys

Survey
Area Freq Resolution N <z> (z
(deg MHz

Medium wide 400 950-1420 10” 34,000 0.1 (0.3)

Medium deep 20 950-1420 5” 25,000 0.2 (0.5)

Deep 1 600-1050 2” 2,600 0.5 (1)

Targeted - 1400-1420 3”-1’ 50 0.002 (0.01)

Galaxy Emiss. 600 1418-1422 10”-1’ - 0 (0)

Galaxy Absorp. 400 1418-1422 5” 4,000 0 (0)

ExGal Absorp. 1000 350-1050 2” 5,000 1 (3)

1000 200-350 10” ? 4 (6)

1,000 hour projects

Staveley-Smith & Oosterloo, 2015, PoS, AASKA14, 167



Possible SKA1 Surveys

10,000 hour projects

Survey
Area Freq Resolution N <z> (z

(deg MHz

All-sky 20,000 950-1420 15” 550,000 0.06 (0.3)

Wide 5,000 950-1420 10” 340,000 0.1 (0.5)

Ultra deep 
1 450-1050 2” 23,000 0.7 (2)

Staveley-Smith & Oosterloo, 2015, PoS, AASKA14, 167



Multi-λ for the SKA
!
“Connecting the Baryons”  
Meyer, Robotham, et al, 2015, PoS, 
AASKA14, 131 
!
https://asgr.shinyapps.io/ganttshiny 

!
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Imaging Extra−Galactic Survey Facilities: FoM=Area.FoV FWHM2
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  excellent coverage: optical and NIR      
imaging (LSST and Euclid/W- FIRST), low 
S/N redshift emission spectra (4MOST) 	



  significant follow-up possible: IFU, gas-     
phase emission spectra, mm 	



  potential weaknesses: UV/FIR imaging,      
stellar-phase absorption spectra 	





SKA / WAVES / LSST / Euclid
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SKA Surveys



SKA1 1,000 hr surveys
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Full SKA Surveys




