Experimental Astronomy manuscript No.
(will be inserted by the editor)

SCIENCE WITH ASKAP
The Australian Square-Kilometre-Array Pathfinder

S. Johnston™ - R. Taylor - M. Bailes -

N. Bartel - C. Baugh - M. Bietenholz -

C. Blake - R. Braun - J. Brown - S.
Chatterjee - J. Darling - A. Deller -

R. Dodson - P. Edwards - R. Ekers -

S. Ellingsen - I. Feain - B. Gaensler -

M. Haverkorn - G. Hobbs - A. Hopkins -
C. Jackson - C. James - G. Joncas -

V. Kaspi + V. Kilborn - B. Koribalski -

R. Kothes - T. Landecker - A. Lenc -

J. Lovell - J.-P. Macquart - R. Manchester -
D. Matthews - N. McClure-Griffiths -

R. Norris - U.-L. Pen - C. Phillips -

C. Power - R. Protheroe - E. Sadler -

B. Schmidt - I. Stairs - L. Staveley-Smith -
J. Stil - S. Tingay - A. Tzioumis -

M. Walker - J. Wall' . M. Wolleben

Received: date / Accepted: date

*Email: Simon.Johnston@csiro.au

fOverall Editor

S. Johnston - R. Braun - P. Edwards - R. Ekers - I. Feain - G. Hobbs - C. Jackson - B. Korib-
alski - R. Manchester - N. McClure-Griffiths - R. Norris - C. Phillips - A. Tzioumis
Australia Telescope National Facility, CSIRO, PO Box 76, Epping, NSW 1710, Australia

R. Taylor - J. Brown - R. Kothes - J. Stil
Dept of Physics and Astronomy, University of Calgary, Calgary, AB T2N 1N4, Canada

M. Bailes - C. Blake - A. Deller - V. Kilborn - A. Lenc - C. Power
Centre for Astrophysics and Supercomputing, Swinburne University of Technology, PO Box
218, Hawthorn, Vic 3122, Australia

N. Bartel - M. Bietenholz
Dept of Physics and Astronomy, York University, Toronto, ON M3J 1P3, Canada

C. Baugh
Institute for Computational Cosmology, University of Durham, Durham, DH1 3LE, UK

M. Bietenholz
Hartebeesthoek Radio Observatory, PO Box 443, Krugersdorp 1740, South Africa

S. Chatterjee - B. Gaensler - A. Hopkins - E. Sadler
School of Physics, The University of Sydney, NSW 2006, Australia

J. Darling
Center for Astrophysics and Space Astronomy, University of Colorado, 389 UCB, Boulder, CO
80309-0389, USA



ii

R. Dodson
Observatorio Astronomico Nacional, Alcara de Henares, Spain

S. Ellingsen - J. Lovell
School of Mathematics and Physics, University of Tasmania, Private Bag 21, Hobart, Tas 7001,
Australia

M. Haverkorn
NRAO Jansky Fellow: Astronomy Dept, University of California-Berkeley, Berkeley, CA 94720,
USA

C. James - R. Protheroe
School of Chemistry & Physics, University of Adelaide, SA 5006, Australia

G. Joncas
Dept de Physique et Observatoire du Mont Megantic, Universite Laval, Quebec, QC G1K 7P4,
Canada

V. Kaspi
Dept of Physics, McGill Unversity, Montreal, QC H3A 2T8, Canada

T. Landecker - M. Wolleben
Dominion Radio Astrophysical Observatory, Herzberg Institute of Astrophysics, NRC, Pentic-
ton, BC, Canada

J.-P. Macquart
NRAO Jansky Fellow: Astronomy Dept, California Institute of Technology, Pasadena, CA
91125, USA

D. Matthews
Dept of Physics, La Trobe University, Vic 3086, Australia

U.-L. Pen
Canadian Insititute for Theoretical Astrophysics, University of Toronto, Toronto, ON M5S
3H8, Canada

B. Schmidt
Mount Stromlo and Siding Spring Observatory, Private Bag, Weston Creek, Canberra, ACT
2601, Australia

1. Stairs - J. Wall
Dept of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road, Van-
couver, BC V6T 1Z1, Canada

L. Staveley-Smith

School of Physics, University of Western Australia, Crawley, WA 6009, Australia

S. Tingay

Dept of Imaging and Applied Physics, Curtin University of Technology, Bentley, WA, Australia

M. Walker
Manly Astrophysics Workshop Pty Ltd, Manly, NSW 2095, Australia



iii

Abstract

The future of cm and m-wave astronomy lies with the Square Kilometre Array (SKA),
a telescope under development by a consortium of 17 countries. The SKA will be 50
times more sensitive than any existing radio facility. A majority of the key science for
the SKA will be addressed through large-area imaging of the Universe at frequencies
from 300 MHz to a few GHz.

The Australian SKA Pathfinder (ASKAP) is aimed squarely in this frequency range,
and achieves instantaneous wide-area imaging through the development and deploy-
ment of phase-array feed systems on parabolic reflectors. This large field-of-view makes
ASKAP an unprecedented synoptic telescope poised to achieve substantial advances
in SKA key science. The central core of ASKAP will be located at the Murchison Ra-
dio Observatory in inland Western Australia, one of the most radio-quiet locations on
the Earth and one of the sites selected by the international community as a potential
location for the SKA.

Following an introductory description of ASKAP, this document contains 7 chapters
describing specific science programmes for ASKAP. In summary, the goals of these
programmes are as follows:

— The detection of a million galaxies in atomic hydrogen emission across 75% of the
sky out to a redshift of 0.2 to understand galaxy formation and gas evolution in
the nearby Universe.

— The detection of synchrotron radiation from 60 million galaxies to determine the
evolution, formation and population of galaxies across cosmic time and enabling
key cosmological tests.

— The detection of polarized radiation from over 500,000 galaxies, allowing a grid of
rotation measures at 10’ to explore the evolution of magnetic fields in galaxies over
cosmic time.

— The understanding of the evolution of the interstellar medium of our own Galaxy
and the processes that drive its chemical and physical evolution.

— The high-resolution imaging of intense, energetic phenomena by enlarging the Aus-
tralian and global Very Long Baseline networks.

— The discovery and timing of a thousand new radio pulsars.

— The characterization of the radio transient sky through detection and monitoring
of transient sources such as gamma ray bursts, radio supernovae and intra-day
variables.

The combination of location, technological innovation and scientific program will ensure
that ASKAP will be a world-leading radio astronomy facility, closely aligned with the
scientific and technical direction of the SKA. A brief summary chapter emphasizes the
point, and considers discovery space.



1 Introduction
Section authors: S. Johnston, R. Taylor

The Australian SKA Pathfinder (ASKAP) is a next generation radio telescope on
the strategic pathway towards the staged development of the Square Kilometre Array
(SKA,; see Schilizzi et al. 2007 for preliminary SKA specifications). The ASKAP project
is international in scope and includes partners in Australia, Canada, the Netherlands
and South Africa. This document, which concentrates on the science made possible
with ASKAP was written as a joint collaboration between Australian and Canadian
research scientists.

ASKAP has three main goals:

— to carry out world-class, ground breaking observations directly relevant to the SKA
Key Science Projects,

— to demonstrate and prototype the technologies for the mid-frequency SKA, in-
cluding field-of-view enhancement by focal-plane phased arrays on new-technology
12-metre class parabolic reflectors,

— to establish a site for radio astronomy in Western Australia where observations can
be carried out free from the harmful effects of radio interference.

ASKAP is part of the Australian strategic pathway towards the SKA as outlined
in the Australian SKA Consortium Committee’s “SKA: A Road Map for Australia”
document. ASKAP is seen as ‘...a significant scientific facility, maintaining Australia’s
leading role within the SKA partnership and addressing key outstanding computa-
tional/calibration risk areas ... SKA programs were given the highest priority for
Australian radio astronomy in the 2006—2015 Decadal Plan for Astronomy.

In Canada the partnership in development and construction of ASKAP forms part
of the Canadian SKA program, funded as part of one of the top priorities for future
facilities in the Canadian Long Range Plan for Astronomy. In November 2006 the Pres-
ident of National Research Council of Canada and the Chief Executive Officer of the
CSIRO signed an agreement declaring their intention to collaborate in the realization
of ASKAP.

1.1 ASKAP and SKA Science

The SKA will impact a wide range of science from fundamental physics to cosmology
and astrobiology. The SKA Science Case “Science with the Square Kilometre Array”
(Carilli & Rawlings 2004) identifies compelling questions that will be addressed as key
science by the SKA:

— understanding the cradle of life by imaging the environments of the formation of
earth-like planets, the precursors to biological molecules, and carrying out an ultra-
sensitive search for evidence of extra-terrestrial intelligence,

— carrying out fundamental tests of the theory of gravity by using radio waves to
measure the strong space-time warp of pulsars and black holes and timing of ar-
rays of pulsars over large areas of the sky to detect long-wavelength gravity waves
propagating through the Galaxy,



— tracing the origin and evolution of cosmic magnetism by measuring the properties
of polarized radio waves from galaxies over cosmic history,

— charting the cosmic evolution of galaxies and large-scale structure, the cosmolog-
ical properties of the Universe and Dark Energy; the imaging of atomic hydrogen
emission from galaxies and the cosmic web from the present to time of the first
galaxies, and

— probing the dark ages and the epoch of reionization of the Universe when the first
compact sources of energy emerged.

The technological innovation of ASKAP and the unique radio-quiet location in
Western Australia will enable a powerful synoptic survey instrument that will make
substantial advance on three of the SKA key science projects: the origin and evolution
of cosmic magnetism, the evolution of galaxies and large scale structure, and strong
field tests of gravity. ASKAP will not only demonstrate a range of SKA technologies,
it will also pathfind the scientific journey to SKA key science. The headline science
goals for ASKAP are:

— The detection of a million galaxies in atomic hydrogen emission across 75% of the
sky out to a redshift of 0.2 to understand galaxy formation and gas evolution in
the nearby Universe.

— The detection of synchrotron radiation from 60 million galaxies to determine the
evolution, formation and population of galaxies across cosmic time and enabling
key cosmological tests.

— The detection of polarized radiation from over 500,000 galaxies, allowing a grid of
rotation measures at 10’ to explore the evolution of magnetic fields in galaxies over
cosmic time.

— The understanding of the evolution of the interstellar medium of our own Galaxy
and the processes that drive its chemical and physical evolution.

— The high-resolution imaging of intense, energetic phenomena by enlarging the Aus-
tralian and global Very Long Baseline networks.

— The discovery and timing of a thousand new radio pulsars.

— The characterization of the radio transient sky through detection and monitoring
of transient sources such as gamma ray bursts, radio supernovae and intra-day
variables.

1.2 System Parameters

Table 1 gives the ASKAP system parameters. The first column gives the parameter
with the second column listing the symbol used in the equations in this section. The
strawman (or base model) parameters for ASKAP are given in the third column of
Table 1 and these strawman assumptions have been used throughout this paper. Likely
upgrade or expansion paths include the addition of further dishes and/or the cooling
of the focal plane array elements to provide a lower system temperature. Parameters
for this expansion path are listed in the column 4 of Table 1.

ASKAP is designed to be a fast survey telescope. A key metric in this sense is the
survey speed expressed in the number of square degrees per hour to a given sensitivity.
Survey speeds and sensitivity for an interferometer like ASKAP have been derived
elsewhere (e.g. Johnston & Gray 2006) and the full derivation will not be shown here.



Table 1 System parameters for ASKAP

Parameter Symbol Strawman Expansion
Number of Dishes N 30 45
Dish Diameter (m) 12 12
Dish area (m?) A 113 113
Total collecting area (m?) 3393 5089
Aperture Efficiency €a 0.8 0.8
System Temperature (K) T 50 35
Number of beams 30 30
Field-of-view (deg?) F 30 30
Frequency range (MHz) 700 — 1800 700 — 1800
Instantaneous Bandwidth (MHz) B 300 300
Maximum number of channels 16000 16000
Maximum baseline (m) 2000 400,8000

To recap, the time t required to reach a given sensitivity limit for point sources o5
is

2 kT 2 1
t:( ) . (1)
A N €q € o5 B Np

where all parameters have their SI units. B is the bandwidth, np the number of polar-
izations, A is the collecting area of a single element, NV is the number of elements and
€q and €. represent dish and correlator efficiencies. The system temperature is 1" with
k being the Boltzmann constant. The number of square degrees per second that can
be surveyed to this sensitivity limit is

(2)
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where F' is the field of view in square degrees. The surface brightness temperature
survey speed is given by

2
SS; = F B n, (ECT‘”) 72 3)

where now o; denotes the sensitivity limit in K, and f relates to the filling factor of
the array via

Aeg N 2 €
fzi"/\2 g (4)

Here, €5 is a ‘synthesised aperture efficiency’ which is related to the weighting of the
visibilities and is always < 1.

There is interplay between these parameters when trying to maximise the survey
speed for a given expenditure. For the majority of the science that will be considered
here, the value of SSs and SS; are critical parameters, although the instantaneous
sensitivity is also important. Although these equations are useful, they are not the
entire story. For example, the effects of good uv coverage on the image quality do not
appear in the equations. Furthermore, one should also not neglect the total bandwidth
available for a spectral line survey. If the total bandwidth is insufficient to cover the
required bandwidth of a given survey, the survey speed suffers as a result of having to
repeat the same sky with a different frequency setting.



The success of ASKAP is predicated on the focal plane array technology living up
to expectations. In particular, technical challenges on achieving a low system temper-
ate over a wide bandwidth, the ability to perform high dynamic range imaging, and
polarization calibration of a wide field of view have yet to be met. It is not within
the scope of this paper to investigate these issues in any detail. Rather, we note that
much activity is taking place on all these challenges and the notable early success of
the Westerbork APERTIF focal plane array (Verheijen et al. 2008) is encouraging.

In Table 2 we list values of the sensitivity and survey speed for different ‘typical’
surveys for both the strawman and the expansion parameters. The first line gives a
continuum survey where the entire 300 MHz of bandwidth is exploited and a desired
sensitivity of 100 pJy is required. The second entry gives a spectral line survey, with
the third line listing a surface brightness survey needing to reach 1 K rms over a 5 kHz
channel under the assumption of a 1’ resolution. The expansion option for ASKAP
offers a factor of almost 5 improvement over the strawman design.

Table 2 Sensitivity and survey speeds for ASKAP

Parameter Strawman Expansion
Continuum survey speed (300 MHz, 100 pJy) 250 1150 deg?/hr
Line survey speed (100 kHz, 5 mJy) 209 960 deg?/hr
Surface brightness survey speed (5 kHz, 1 K, 1) 18 83 deg? /hr
Point source sensitivity (1 MHz, 1 mJy) 1290 280 sec

1.3 Comparison with Other Instruments

The large field-of-view makes ASKAP an unprecedented synoptic radio telescope,
achieving survey speeds not available with any other telescope. ASKAP will routinely
image very large areas of the sky to sensitivities currently only achievable with current
instruments in very small areas.

The survey speed of ASKAP exceeds that of the Parkes 20-cm multibeam receiver,
the Very Large Array (VLA) and the Giant Metre Wave Telescope (GMRT) by more
than an order of magnitude for spectral line surveys in the GHz band. In continuum,
ASKAP can survey the sky some 50 times faster than the NVSS survey carried out by
the VLA over a decade ago.

As an interferometer ASKAP provides low-frequency imaging not otherwise avail-
able at the other major Southern Hemisphere interferometric array, the Australia Tele-
scope Compact Array (ATCA). Even for single pointings, it exceeds the ATCA sen-
sitivity at 1400 MHz and with baselines extending beyond 6 km will have enhanced
resolution. In terms of survey speed however, it gains by large factors for both line,
continuum and surface brightness sensitivity and will be comparable to planned facili-
ties in the Northern hemisphere such as the Allen Telescope Array (ATA) in the USA
and APERTIF in the Netherlands.

The survey speeds of ASKAP (with the strawman parameters), the 350-dish ATA
and APERTIF are almost identical although achieved in different ways. The ATA
achieves its survey speed through a large number of small dishes each with a single-
pixel feed. APERTIF will have a focal plane array system on larger dishes. The presence



of telescopes with similar survey speed in the northern hemisphere makes for excellent
complementarity to ASKAP.

1.4 Configuration of ASKAP

A number of science projects (pulsar surveys, Galactic H1, low surface brightness map-
ping) require a highly compact array configuration in order to increase the surface
brightness survey speed (see equations 3 and 4). On the other hand science such as
continuum and transients require long baselines both to overcome the effects of con-
fusion and to obtain accurate positions for identifications at other wavelengths. In
the middle is the extragalactic HI survey which needs moderate resolution to avoid
over-resolving the sources. With a total of only 30 dishes it is difficult to achieve all
these requirements simultaneously, although with 45 dishes a hybrid array becomes a
possibility.

It is envisaged that three array configurations will be available. It is likely that
the initial configuration will be the medium-compact configuration with maximum
baseline length of ~2 km. Following a ~2 yr period, the configuration would then
change to either an extended configuration (maximum baselines of 8 km) followed by
a highly compact configuration (maximum baseline of 400 m) or vice-versa depending
on scientific priorities. The configuration studies inckude consideration of simultaneous
observations for different science, and the operational plan under development has this
aspect in mind.

1.5 Location of ASKAP

The central core of ASKAP will be located at the Murchison Radio Observatory in
inland Western Australia, one of the most radio-quiet locations on the Earth and one of
the sites selected by the international community as a potential location for the SKA.
The approximate geographical coordinates of the site are longitude 116.5° and latitude
—26.7°. The southern latitude of ASKAP implies that the Galactic Centre will transit
overhead and the Magellanic Clouds will be prominent objects of study. The choice of
site ensures that ASKAP will be largely free of the harmful effects of radio interference
currently plaguing the current generation of telescopes, especially at frequencies around
1 GHz and below. Being able to obtain a high continuous bandwidth at low frequencies
is critical to much of the science described in this document.

A significant component of ASKAP will be the construction of a multi-element
outstation located in New South Wales at a distance of ~3000 km from the core site.
The exact location of the outstation remains to be decided at the time of writing of
this document.

1.6 Document Outline

Following international science meetings held at the ATNF in April 2005 and March
2007, seven main science themes have been identified for ASKAP. These are extragalac-
tic H1science, continuum science, polarization science, Galactic and Magellanic science,
VLBI science, pulsar science and the radio transient sky. Each science theme has its



own chapter in this document, with the final chapter as a brief summary. Lead authors
from both Australian and Canadian institutions were allocated for each chapter; these
lead authors had the opportunity to get input from other contributing authors on the
various subsections of their chapter. The authorship of this document includes all lead
and contributing scientists.



2 Extragalactic H1 Science

Lead authors: L. Staveley-Smith, U.-L. Pen
Contributing authors: C. Baugh, C. Blake, R. Braun, J. Darling, V. Kil-
born, B. Koribalski, C. Power, E. Sadler

2.1 Summary

Understanding how galaxies form and evolve is one of the key astrophysical problems
for the 21st century. Since neutral hydrogen (H1) is a fundamental component in the
formation of galaxies, being able to observe and model this component is important in
achieving a deeper understanding of galaxy formation. Widefield H1 surveys using the
next generation radio telescopes such as ASKAP and ultimately the SKA will allow
unprecedented insights into the evolution of the abundance and distribution of neutral
hydrogen with cosmic time, and its consequences for the cosmic star formation, the
structure of galaxies and the Intergalactic Medium. ASKAP will provide powerful tests
of theoretical galaxy formation models and improve our understanding of the physical
processes that shaped the galaxy population over the last ~7 billion years.

2.2 ASKAP H1 Surveys

ASKAP excels as a survey telescope as it will be able to spend long periods of time
integrating on large areas of sky, resulting in the detection of large numbers of galaxies.
Two compelling H1 surveys are:

— A shallow hemispheric H1 survey lasting a year. This would result in the detection
of over 600,000 galaxies, or two orders of magnitude greater than HIPASS, the
H1 Parkes All-Sky Survey (Meyer et al. 2004). The typical survey depth would be
z ~ 0.05 with massive galaxies detected out to z ~ 0.15 (see Figure 1).

— A deep ‘pencil-beam’ survey covering a single pointing, also lasting a year. Although
this would only detect 100,000 galaxies in the example of a non-evolving H1 mass
function shown in Figure 2, the typical depth would be z ~ 0.2 with massive
galaxies detected out to z ~ 0.7.

H 1 surveys are best carried out with compact configurations. However, the ability to
resolve detections greatly increases understanding of the physical properties of galaxies
and galaxy populations. A configuration which results in a resolution of around 30" at
z = 0 with a Gaussian natural beam appears a reasonable compromise (Staveley-Smith
2006). However, some science such as imaging the Cosmic Web requires greater column
density sensitivity and short baselines, such as might be achieved using a reconfigurable
array.

2.3 Cosmic Neutral Gas Density

Neutral atomic hydrogen is the most abundant element in the Universe and it plays
a fundamental role in galaxy formation, principally as the raw material from which
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Fig. 1 Number of galaxies above 50 as a function of redshift bin for a shallow ASKAP
H1 survey lasting a year, covering the southern hemisphere, compared with HIPASS HICAT
(Meyer et al. 2004). The simulation assumes the Zwaan et al. (2005) HIPASS mass function,
and assumes a bivariate relation between H1 mass and velocity width similar to that deduced
from HIPASS. The number of predicted detections is over 1,800,000 for the expansion option
(red histogram) and ~ 600,000 (green histogram) for the strawman option. The simulations
plotted refer to a compact configuration — the number of detections sharply reduces for angular
resolutions below 1’.

stars are made. At any given time we expect that the amount of neutral hydrogen in
a galaxy will be determined by the competing rates at which H1 is depleted (by star
formation and various feedback processes) and replenished (by accretion of cold gas
from its surroundings and other feedback processes). Understanding how the abundance
and distribution of H1 in the Universe evolves with redshift therefore provides us with
important insights into the physical processes that drive the growth of galaxies and is
a powerful test of theoretical galaxy formation models (e.g. Baugh et al. 2004).

The cosmic H1 mass density {2y provides a convenient measure of the abundance
of neutral hydrogen at a given epoch. Estimates of (2g1 at high redshifts (z > 1.5)
can be deduced from QSO absorption-line systems in general and damped Lyman-«
(DLA) systems in particular. DLA systems contain the bulk of H1 at high redshifts
and imply that 2y ~ 1073 (e.g. Peroux et al. 2003, Prochaska et al. 2005, Rao et al.
2006). At low-to-intermediate redshifts, however, the only known way to measure {2y
accurately is by means of large-scale H1 21-cm surveys.

This has been possible at z < 0.04 using the H1 Parkes All-Sky Survey HIPASS
(Meyer et al. 2004), which mapped the distribution of HI in the nearby Universe
that is observable from Parkes. HIPASS data have allowed accurate measurement of
the local H1 mass function (HIMF) and the H1 density of galaxies, 21 (Zwaan et
al. 2003, 2005). However, few measurements of the HIMF and (21 using H1 21-cm
emission have been possible over the redshift range 0.04 < z < 1 because of insufficient
sensitivity of current-generation radio telescopes (though see Lah et al. 2007), and so
next generation telescopes such as ASKAP and ultimately the SKA will be required.
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Fig. 2 Number of galaxies above 50 as a function of redshift bin for a deep ASKAP H1
survey lasting a year, covering a single pointing. The simulation is similar to that for the all-
sky survey and assumes a non-evolving H1 mass function. The number of predicted detections
is ~ 226,000 for the expansion option (red histogram) and ~ 99,000 for the strawman option
(green histogram). There is less dependence on angular resolution than for the shallow all-sky
survey. Standard cosmology is assumed (flat Universe, H, = 75 km s~! Mpc~—!, £2,, = 0.3,
2, =0.7).

2.3.1 Semi-Analytic Galazy Formation Models

It is possible to use the semi-analytical galaxy formation code such as GALFORM
(Cole et al. 2000) to investigate the predicted evolution with redshift of the HIMF and
2y1. Semi-analytical models provide a powerful theoretical framework within which we
can explore the physical processes (e.g. star formation, the release of energy from SNe
and AGN, referred to as “feedback”) that drive the formation of galaxies and shape
their observable properties (see Baugh 2006 for a comprehensive overview of semi-
analytical modelling). Numerical simulators call these processes “sub-grid physics”.
Due the current lack of a detailed understanding of the relevant physics, these phe-
nomena are modelled with recipes or rules which contain parameters whose values can
only be set so that appropriate subset of observational data are reproduced in local
galaxy populations, e.g. the optical or infrared luminosity functions (see Cole et al.
2000).

For comparison, we consider two of the most successful models implemented in
GALFORM: the one proposed by Baugh et al. (2005), which reproduces the abun-
dances of Lyman-break and sub-millimetre galaxies at high redshifts; and the model
of Bower et al. (2006), which recovers the observed break in the luminosity function
at bright magnitudes particularly well and also matches the evolution of the stellar
mass function. Both of these are regarded as viable models. They share many common
ingredients but differ in some important aspects of the sub-grid physics relating to
the formation of massive galaxies. In the Bower et al. model, AGN heating suppresses
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cooling flows in massive haloes. In the Baugh et al. model, the quenching of massive
galaxy formation is achieved with a SNe driven wind which ejects cold gas from inter-
mediate mass haloes, thereby removing this material from the low-redshift stages of
the hierarchy. A further key difference between the models is that Baugh et al. assume
a top-heavy IMF for bursts of star formation triggered by galaxy mergers.

2.8.2 Fvolution of g1 with Redshift

In Figure 3, we compare the predictions of the Baugh et al. “top-heavy IMF” and
the Bower et al. “AGN-heating” models with current observational estimates of the
cosmic H1 mass density at different redshifts. Here we express {2y; as the mean H1
mass density ppp normalised by the critical density per(0) at z=0.

DATA: ®  Zwaan etal 2003
O Zwaan etal. 1997
A Rao & Briggs 1993

r [0 M Peroux etal. 2003 T

log,,(h py/pc,(0))

-35

\
Baugh et al. 2005 \

\
— — — - Bower et al. 2006 \

R \ \ \ \
0 2 4 6 8

N

Fig. 3 Redshift evolution of the mass density of H1 (expressed in units of the present day
critical density). Predictions based on the Baugh et al. (2005) “top-heavy IMF” and Bower et
al. (2006) “AGN-heating” models are shown by solid and dashed lines respectively. We show
also recent observational estimates of the HT density at the present day (Rao & Briggs 1993,
Zwaan et al. 1997, 2003) and at higher redshifts (Peroux et al. 2003).

At z=0, we find that the Baugh et al. model predicts a cosmic H1 mass density
which is in good agreement with the HIPASS estimate obtained by Zwaan et al. (2003).
In contrast, the Bower et al. model overpredicts the cosmic H1 mass density by a
factor of ~2. This difference arises because the Baugh et al. model was constrained
to match both the z=0 B-band luminosity function and the observed gas fraction
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versus luminosity relation for late-type galaxies. Bower et al. attached less weight to
reproducing the gas content of local spirals when setting the parameters of their model.
The gas fractions in this model are somewhat higher than observed and so as a result,
the Bower et al. model tends to overpredict local global density of cold gas.

At z > 0, we find that the Baugh et al. model predicts a cosmic HI mass density
that increases by a factor of ~ 3 between 0 < z < 2 before rolling over and assuming a
roughly constant value of ~1072 at z > 2. The bump at z ~ 6 reflects the treatment
of the effect of photoionisation. At z < 6, cooling is suppressed in haloes with virial
circular velocities V. < 60 kms~!. When compared to the observational data of Peroux
et al. (2003) (taken from their estimates of {2pr,5 divided by the mean molecular mass
1), we find that the Baugh et al. model predicts a cosmic H1 mass density that is
systematically higher by ~ 60% than is inferred from observations. In contrast, the
Bower et al. model predicts a cosmic H1 mass density that is in reasonable agreement
with the observational data; it is roughly constant between 0 < z < 2 before declining

rapidly1 at z > 2.

The ability of ASKAP to accurately probe redshifts out to ~0.8 will fill a significant
gap in our understanding of H1 evolution. Re-expressed as a function of cosmic time,
Figure 4 shows the significant gap in cosmic time (10 Gyr or so) between the z = 0
observations and the higher redshift DLA observations, previously shown in Figure 3.
ASKAP will be able to cover a significant fraction (70% or so) of this gap, will allow
for much better overlap with low-redshift DLAs, presently selected from surveys of
MglI absorbers, significantly improve on ‘stacked’ 21cm observations of the type being
pioneered by Lah et al. (2007), and will allow the development of more refined models
of galaxy evolution.

2.4 Environmental Influence on the H1 Content of Galaxies

Environment plays an important part in the evolution of galaxies. The observation of
Butcher & Oemler (1978) that high redshift clusters contain a much higher percentage
of spiral galaxies than present day clusters indicates the evolution and transformation
of spirals in the highest density regions of the Universe. Further evidence is seen in the
star formation rates of galaxies in clusters which are much lower than those galaxies
of similar morphology in the field (e.g. Lewis et al. 2002). One outstanding question
is whether spiral galaxies are somehow transformed into the present-day lenticular,
or S0, galaxies. The mechanism for such a transformation is still not clear: stripping,
interactions, and the cessation of star formation leading to the fading of a spiral disk
have all been proposed.

H1 observations of galaxies in different environments provide an insight into their
evolution. One of the main mechanisms affecting a galaxy’s evolution is stripping of
the cold H1 gas, and thus removing the fuel for future star formation. The effects of gas
stripping and tidal interactions are readily observed in the H1 content and distribution
of galaxies. The H1 distribution in late-type galaxies typically extends further than the
detectable optical emission, and thus is subject to gravitational forces of any nearby

1 Note that the Bower et al. (2006) predictions are based on Millennium Simulation merger
trees (Springel et al. 2005), and the mass resolution of the simulation is such that the cold gas
mass fraction is underestimated at high redshifts.
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Fig. 4 Evolution of the mass density of HI (in units of the present day critical density)
expressed as a function of cosmic time. Predictions based on the Baugh et al. (2005) “top-
heavy IMF” and Bower et al. (2006) “AGN-heating” models are shown by solid and dashed
lines respectively. We show also recent observational estimates of the H1 density at the present
day (Rao & Briggs 1993, Zwaan et al. 1997, 2003) and at higher redshifts (Peroux et al. 2003).

galaxies and group or cluster potentials, before we notice the effects in optical imaging.
In addition, stripping processes that are prominent in massive clusters and groups with
a hot intra-group medium, affect mainly the gas in galaxies.

Detailed observations of interacting galaxies can show large tidal tails, easily visible
in the H1 gas, sometimes before the optical observations show any sign of distortion
(e.g. Yun et al. 1994). Galaxies in clusters typically contain less H1, or are ‘H1 deficient’
when compared to optically similar galaxies in a low-density environment, suggesting
that galaxies are somehow stripped of H1 as they enter a dense environment (e.g.
Solanes et al. 2001). Because of its wide field of view and ability to simultaneously
image huge numbers of objects in a range of physical environments, ASKAP will be
excellent for investigating the effect of environment on the evolution of galaxies.

There are a number of mechanisms that can strip H1 gas from galaxies. In dense
clusters where there is a hot intra-cluster medium and high velocity dispersions, galaxies
can be stripped of their HI via ram pressure stripping (e.g. Gunn & Gott 1972).
Observational evidence of ram pressure stripping is seen in H1 observations of spiral
galaxies in the Virgo cluster (e.g. Kenney et al. 2004). ‘Harassment’ and ‘starvation’
are two other methods for galaxies to lose their gas. Harassment involves a high-speed
encounter between two galaxies or a galaxy and the cluster potential, resulting in a loss
of gas (Moore et al. 1996). Starvation involves the gas being slowly removed, perhaps
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due to a hot inter-cluster medium (ICM) — the effect is to stop star formation, as the
supply of cold gas is thwarted (e.g. Treu et al. 2003). These three mechanisms are most
effective in clusters, where there is a massive potential, and extended hot inter-galaxy
gas. The other mechanism for galaxy transformation and gas removal is galaxy-galaxy
interactions and mergers, a process which is most effective in the group environment.

The group environment is becoming increasingly recognised as one of the most
important environments for processing, or changing the evolutionary path, of galaxies.
For example, the star formation rate of galaxies begins to drop at the typical group
densities (Gomez et al. 2003; Lewis et al. 2002). Over 70% of galaxies live in the group
environment (Tully 1987), compared with less than 5% of galaxies that live in clusters
(Dressler 1984). Groups have lower velocity dispersions than clusters, providing an ideal
environment for interactions and mergers to take place (Mulchaey & Zabludoff 1998).
Preliminary results suggest that some galaxies that are members of loose groups may
also be H1 deficient (e.g. Kilborn et al. 2005; Omar & Dwarakanath 2005; Chamaraux
& Masnou 2004); however the group environment is understudied compared to the
cluster environment, so that the extent of this effect is yet unknown.

As the Hr1 content of galaxies changes with environment, so does the H1 mass
function. The H1 mass function is an essential ingredient in galaxy formation and
evolution models, and determinations of the H1 mass function provide a test for semi-
analytical models. The H1 mass function of galaxies at low redshift is known to good
precision, thanks to HIPASS (Zwaan et al. 2003). However, how the H1 mass function
changes with environment is less certain — Springob et al. (2005) found that the low-
mass slope becomes shallower in denser environments, whereas Zwaan et al. (2005)
found that it steepens in denser environments.

ASKAP will allow the first in-depth and homogeneous investigation of the H1
content of galaxies with environment. While the cluster environment has been surveyed
extensively in H1, the group environment, where most galaxies reside, remains largely
unexplored. The sensitivity of previous H1 surveys has been limited to H1 masses
of about 10® — 10° Mg, and for limited numbers of groups, so that effects such as
ram pressure stripping in groups and H1 deficiency have not been quantified. The
increased sensitivity of ASKAP over previous studies will allow the determination of
the H1 mass function down to much lower masses, and for greater number statistics
when investigating the change in the HI mass function with environment. With a
spatial resolution of 30", ASKAP will enable the closest galaxies to be mapped without
recourse to follow-up observations — thus we will determine the H1 morphology, and
thus how the environment is affecting the galaxy, for a large, homogeneous number of
nearby galaxies. Combining these data with optical, IR and continuum observations
will for the first time allow a full picture of galaxy evolution in the local Universe.

2.5 Imaging the Low Redshift Cosmic Web

Extragalactic astronomy has traditionally focussed on the regions of extreme cosmic
overdensity that we know as galaxies. Only in recent years has the realization emerged
that galaxies do not dominate the universal baryon budget but are merely the brightest
pearls of an underlying Cosmic Web. Filamentary components extending between the
massive galaxies are a conspicuous prediction of high resolution numerical models of
structure formation (e.g. Davé et al. 1999, 2001). Such calculations suggest that in the
current epoch, cosmic baryons are almost equally distributed by mass amongst three
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components: (1) galactic concentrations, (2) a warm-hot intergalactic medium (WHIM)
and (3) a diffuse intergalactic medium. These three components are each coupled to
a decreasing range of baryonic density, namely py /oy > 103, 10 — 10>, and < 10,
and are correspondingly probed by QSO absorption lines with specific ranges of neutral
column density: Ngr > 1018, 104 — 1018, and < 10 cmfz, as shown in Figure 5.
The neutral fraction is thought to decrease with decreasing column density from about
1% at Ngg ~ 10'7 ¢cm™2, to less than 0.1% at Np ~ 10'3 cm™2. Although a very
wide range of physical conditions can be found within galaxies, the WHIM is thought
to be a condensed shock-heated phase of galaxy interaction debris with temperature
in the range 10° — 107 K, while the diffuse IGM is predominantly photo-ionized with
temperature near 10* K. A complicating factor to this simple picture is the growing
suspicion that the gas accretion process, traced by the log(Ng;) = 14 — 18 systems,
may well occur in two rather different regimes (e.g. Binney 2004, Keres et al. 2005).
Low to moderate mass galaxies (My ;. < 102 M) may experience primarily “cold-
mode” accretion (T ~ 1045 K) along filaments, while only more massive systems may
be dominated by the more isotropic “hot-mode” accretion (T ~ 10%° K), which until
recently was thought to be universal (e.g. Rees & Ostriker 1977, Davé et al. 2001).
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