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CIRA GOVERNANCE

Institutes at Curtin University conventionally have Boards to advise the University and Directors on policy
and directions. CIRA and its programs are very closely aligned with the International Centre for Radio
Astronomy Research (ICRAR), an equal Joint Venture between Curtin University and The University of
Western Australia. ICRAR has a fully-constituted Board, including representation from Curtin University.
To minimise duplication in reporting, CIRA’s programs are formally monitored and assessed via the
ICRAR Executive and Board.
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2018 was a year of transition and growth for the
Curtin Institute of Radio Astronomy. At the start
of the year, we welcomed two new Directors, Prof.
David Davidson as Director of Engineering and
Prof. Melanie Johnston-Hollitt as Director of the
CIRA-hosted Murchison Widefield Array (MWA)
project. In addition, Mr Tom Booler had earlier been
appointed as Director of Operations and Assoc. Prof.
James Miller-Jones as Director of Science. The new
Executive team settled into its work very well over
the course of 2018, guiding several big changes, such
as to the management of the MWA and in preparation
for the renewal of ICRAR funding beyond mid-2019.
I would like to personally thank the CIRA Executive
Team for our constructive and effective discussions
and coordination, placing what is a large-scale and
complex set of activities under the CIRA banner in a
very good position at the close of 2018.

Our bid for renewed ICRAR funding, with our colleagues
at The University of Western Australia, was enthusiastically
received by the State Government of Western Australia
and the two university partners and has resulted in
approximately $28M being available at CIRA for ICRAR
activities in the period mid-2019 to mid-2024. We greatly
appreciate the support of Curtin University, through the
Research Office at Curtin (ROC) and the Faculty of Science
and Engineering, in making these substantial investments
in CIRA. This new investment underpins all of our activities
and allows us to successfully leverage resources from other
sources to grow CIRA during the period that will see the
commencement of construction for the Square Kilometre
Array (SKA) in Western Australia. We look forward to
working with our valued and long-term collaborators at
UWA, and the State Government, in continuing ICRAR over
the next five years.

Our footprint in the SKA project has grown substantially
in the last 12 months. Our group is now at the centre
of the final stages of design and prototyping for the low
frequency SKA, with continued substantial funding from
the Commonwealth. 2018 has been an intense year for the
SKA for us and 2019 is shaping up to be at least as intense
again. We are in an excellent position to participate in
SKA construction and are held in high regard around the
SKA project. This is a testament to our integrated team
of engineers, scientists, and managers and our industry-
facing attitude. We also greatly value the strategic

partnership we have established with Italian colleagues in
the SKA project, which is bearing fruit in these final stages
of the SKA design process.

Beyondthe SKA, CIRAhas attracted verysignificantexternal
funding in 2018 from the ARC, other Commonwealth
government schemes, and international research funding
schemes. This success in attracting the inputs for research
(funding) is matched by our conversion of the inputs into
outputs, high quality and high impact publications. In the
pages of this annual report you will find a selection of this
research described, across astrophysics and engineering,
and, importantly, spanning both disciplines in a manner
that is unique to CIRA within an Australian university
setting and rare at an international level. The sum total
of CIRA's outputs have allowed us to retain the maximum
ranking of 5, "well above international standard", in the
last ERA round and to make a substantial contribution to
Curtin's improving ARWU ranking (and other institutional
metrics).

I'm also very proud that all of this success is within
the context of a group that pays close attention to the
professional and personal welfare of its employees. At
CIRA, we strive to align ourselves strongly with the strategic
direction of Curtin University, to make sure staff and
students have all the opportunities they require to prosper
within a supportive environment, and that we uphold the
highest measures of performance against international
benchmarks within our fields of research. We have done
thisasanintegrated teamin 2018, as has been our strength
for the last decade. This is the collective achievement
of CIRA and the conditions appear favourable for this to
continue into 2019 and beyond.

Several new large-scale initiatives are in the pipeline
for CIRA over the coming 12 months and | hope to be
able to report on their successful establishment in this
introduction next year.
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Following the transitional period of 2017, the CIRA
science team settled into a new organisational
structure over the past year, with a focus on closing
out the ICRAR Il science program by the middle of
2019. Strengthened by a significant cohort of staff
arriving to join the Epoch of Reionisation (EoR) team
as part of the ASTRO-3D ARC Centre of Excellence,
CIRA maintained its impressive scientific output,
with just under 100 papers published in 2018. Of
particular note are the publication of the first high-
profile results from the ASKAP CRAFT survey for Fast
Radio Bursts, the development of the interplanetary
scintillation technique for identifying compact radio
sources, and the modelling of the radio emission and
reflection from the Moon as part of the global EoR
signal search.

One of the year’s highest-profile astrophysical results
came from the IceCube neutrino detector in Antarctica,
which was able to associate a high-energy neutrino with
an astrophysical source for the first time. The radio follow-
up of this event led to one of several high-impact results
involving CIRA staff that were published in the prestigious
journals Nature and Science over the past year. These
and a number of other publications generated significant
media attention, demonstrating the public appeal of the
work being done across the entirety of the CIRA science
program.

As discussed elsewhere in this report, our staff and
students engage with the public at a variety of levels, from
school visits to work experience weeks and public lectures.
The advent of the new ARC Engagement and Impact
report for Universities underlines the importance of such
programs, and it was therefore extremely heartening to
see a number of CIRA staff recognised for their excellence
in both research and scientific communication, from ARC
Fellowships to prestigious state-based or national awards.
It was also extremely pleasing to see the efforts of several
of our staff being recognised internally, via success in the
University’s annual promotions process.

In closing, | would like to thank my fellow Directors for all
their high-level strategic advice, the science group leads for
the smooth running of their teams, and all of our science
staff for their continued commitment to excellence and
professionalism over the past year. | look forward to a
successful close-out of our ICRAR I commitments in 2019,
and a smooth transition into the third phase of the ICRAR
program.
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In January 2018, | arrived from South Africa,
where | had held the SKA Research Chair at
Stellenbosch University, to take up my position as
the new Engineering Director and Professor of Radio
Astronomy Engineering. Within a short period, | was
heavily involved in our continuing work on SKA-
LOW, planning for ICRAR-Ill, and managing new
appointments in the engineering group.

The CIRA engineering group continued its tradition of
high-impact work that | rapidly grew to appreciate as
one of our hallmarks. The articles that follow showcase
some of the highlights of the year, many of which span the
Engineering, Operations and Science programs.

On the engineering front, the research program continued
to produce quality publications rooted in CIRAs
instrumentation programs and the field in general. | was
delighted to be able to contribute to this via publication
of a book on phased arrays, which | co-authored with
colleagues in the USA and Europe. (The image shows
the cover artwork). A considerable amount of our
work was devoted to further commissioning of the SKA
demonstration and test system Aperture Array Verification
System 1 (AAVS1), deployed on the Murchison Radio-
astronomy Observatory (MRO) during 2016 and 2017.
| took the lead in writing the LFAA Demonstrator Test
Report (SKA-TEL-LFAA-0800001), prepared for the SKA
Low-Frequency Critical Design Review (which took place
in December 2018); this represented a major collaborative
effort by our group. This was a key document presented at
the CDR, and led directly into our present work on the SKA-
LOW Station Calibration bridging project, which started in
November - before the CDR meeting had even taken place.

Operational responsibility for the Murchison Widefield
Array (MWA) now resides with the new MWA Director, who
also took up her role during 2018. However, work within
the engineering group continued on a new software
correlator for the MWA.

Several new appointments were made in the Engineering
group. Dr lan Morrison joined us mid-year from combined
roles with Swinburne and Cisco; he is one of the main
architects of the new MWA correlator. Dr Nipanjana Patra
joined us later in the year from UC Berkeley; she is an
expertin all-sky observations for 21cm cosmology. Finally,
Dr Gregory Hellbourg joined us in November, also from
UC Berkeley. He is an expert in the mitigation of radio

frequency interference, in particular using spatial filtering.

On a personal note: | would like to acknowledge the
contributions of my predecessor, Professor Peter Hall (a
founding director of CIRA); he built up the very impressive
engineering team which | have inherited. Special thanks
to Tom Booler, who acted as Engineering and Operations
Director in the period between Peter’s retirement and my
arrival, and kept me in the loop through some lengthy
delays while visa issues were resolved. It has been a great
pleasure working with Tom this year in his new position as
CIRA Operations Director. Many thanks also to Prof Steven
Tingay for his inspirational and visionary leadership as
Executive Director of CIRA, and A/Prof James Miller-Jones,
Science Director, with whom it has also been a great
pleasure to work closely. Thanks also to A/Prof Randall
Wayth and Dr Adrian Sutinjo for bringing me up to speed
very quickly with the many complex activities underway at
CIRA, and to the whole engineering team - and indeed the
entireinstitute - formaking me feel very rapidly an integral
part of CIRA.

Finally, a note of heartfelt thanks to my wife and two
teenage sons, who endured being uprooted from our
home and extended family in the Western Cape and
transplanted six times zones away to Western Australia.

EuMA HIGH FREQUENCY TECHNOLOGIES SERIES

Phased Arrays

Karl F. Warnick, Rob Maaskant, Marianna V. lvashina,
David B. Davidson, and Brian D. Jeffs

CAMBRIDGE
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CY2018 was all about the SKA Critical Design Review
(CDR).

Early in the year CIRA and its industry collaborators
contributed to a CDR readiness review as part of our
participation in the SKA-preconstruction consortium
charged with the design of the Low Frequency
Aperture Array (LFAA) for SKA-Low. CIRA’s complete
and high quality submissions to this activity - on
the LFAA Power and Signal Distribution sub-system,
and LFAA deployment - stood apart in a Consortium
return that was deemed insufficient overall by the
external panel that undertook the review.

Following the negative outcome of the CDR readiness
review, the SKA Office intervened directly in the
management of the LFAA Consortium. The objective of
the merged - SKA Office and LFAA Consortium - entity
that emerged was to constrain the delay to LFAA CDR to
6-months, in order to limit the impact on the system-CDR
timeline. CIRA personnel worked intensively with SKA and
key LFAA consortium personnel to rationalise, and then
compile the LFAA CDR submission. This effort culminated
in late 2018 and was rewarded with a CDR pass, which
allowed LFAA to transition to the next phase of activity.
The efficiency with which the re-structured, collaborative,
entity was able close the considerable gap in readiness is
testament to both the shared positive intent of the merged
team, and the inefficiencies inherent in the way the SKA
pre-construction had been managed prior.

The CIRA Ops Team - including Admin and MWA/MRO/SKA
personnel - play a critical role in CIRA’s ongoing success
and impact in SKA. The extraordinary effort and patience
required to constantly respond to evolving circumstances
cannot be overstated. The capability we have developed
and the experiences that we have collectively gleaned
stand us in extremely good stead as we look toward a
phase of SKA where they will be to the fore.

11
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2018 was a big year for the MWA with a number of
significant milestones. Firstly, there were a number of
management changes for the Project, with me stepping
down as Chair of the Executive Board after 4 years and
assuming the role of Director from A/Prof. Randall Wayth.
I'd like to thank Randall for his tenure as Director and for
allowing a very smooth transition. Randall has not strayed
far from the MWA and retains his position as Principal
Engineer. My move from MWA governance to operations
has been an interesting exercise in which I have learnt and
unlearnt many things, that it also coincided with my return
to Australia after nearly a decade leading the SKA efforts
in New Zealand, made it a very busy year. Beyond the
change of Director we continue with an unchanged MWA
Management Team with Tom Booler continuing as MWA
Program Manager and Dr Adam Beardsley (Arizona State
University) as Principal Scientist. The MWA Operations
Team also saw some personnel changes with the
departure of Luke Horsely and Kim Steele, and the arrival
of our new Fieldwork Coordinator, Andrew McPhail. Andy
arrived in August and joined Dave Emrich, Greg Sleap,
Mia Walker, and Dr Andrew Williams to form the newly
defined MWA Operations Team, which was separated as
an independent unit within CIRA under the control of the
MWA Director in September.

For the telescope itself April saw the official launch
of Phase Il with a celebration at the Curtin Hub for
Immersive Visualisation and eResearch (HIVE). Phase
Il of the telescope is both an increase in the scientific
capability of the instrument, and an expansion of the MWA
collaboration to include 21 partner organisations across
6 countries. In a piece of precision timing, the official ‘g0’
button was pressed simultaneously by Federal Minister
for Jobs and Innovation, the Honourable Michaelia Cash,
Parliamentary Secretary Chris Tallentire, Curtin Vice-
chancellor Professor Deborah Terry and myself. However,
for me the highlight of the event was the live stream to site
with MWA Engineers Mia, Kim, and Luke ‘hacking’ a tile to
connect to the HIVE during the ceremony (pictured). The
process worked flawlessly and was the perfect example of
the way that MWA staff are able to pragmatically and easily
do spectacular technical things.

One of the great technical successes for the MWA was the
completion of the trial of the MWA node of the Australian
All Sky Virtual Observatory (ASVO) in December. The ASVO
replaced the previous command line MWA data access

protocol with a streamlined web-based interface, which
has greatly improved accessibility of MWA data both within
and outside of the MWA Collaboration. Additionally, the
MWA became one of the few radio observatories to serve
calibrated visibilities which we expect will greatly increase
the return of papers utilising MWA data.

The output of the MWA collaboration is continuing to grow,
and analysis of the metrics shows that alarge proportion of
the publication output for the telescope is driven by early
career researchers (ECRs) many of whom are women and
mostly Australian. In fact in 2018 76% of papers produced
using MWA data were led by ECRs and 56% of the total
publications were led by staff and students at CIRA. This
highlightsthe importantrole CIRA playsin both supporting
the telescope and that the MWA plays in the scientific
output of the institute. Of course while MWA operations
reside in CIRA and Curtin is the lead organisation playing
a central role in both the operations and scientific
exploration of the telescope, it is also important to note
the international nature of the project. As of 2018 the MWA
Collaboration boasted 270 individual members, up from
120 at the commencement of Phase | and 2018 saw a
number of new MWA collaboration members from China
and Japan visit CIRA and then publish papers with MWA
data. This is great to see and with the signing of the recent
MoU between Curtin and SHAO | look forward to seeing
these collaborations expand and thrive.

In conclusion, 2018 has been a good year for the MWA
and has set the stage for even bigger and better things
in 2019, and | look forward to working with our staff,
students, partners and supporters to take the MWA to

even greater heights!
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The CIRA Development
Committee

Mia Walker

"The CIRA Development Committee (DevCom) provides advice to the CIRA Directors, and aims to foster an.environment

where all staff can flourish irrespective of role, age, gender, sexual orientation, disability, race, religion, etc. It recognises

that a way to promote diversity and representation, at all levels, is through development and support of existing, and

future, staff and students. It draws on University and other resources to provide initiatives to develop CIRA’s talent and to

improye the overall Worklng environment. The committee is also a portal to provide advice for academic and nonacademic

. staffon career development progressmn and recognition."

2018 was a very busy year for the CIRA Development
Committee (DevCom), with a large number of events
to support and increase diversity, inclusion and
equity.

DevCom ran a new climate survey in 2018, to evaluate
CIRA’s improvement in the areas of gender equity,
communication, family friendliness and cultural
inclusiveness,inthe periodsince CIRA’s2016 climatesurvey
and Curtin’s 2017 “Your Voice” survey. CIRA reported a lot
of satisfaction across the board to the encouragement of

DevCom, inspiring even more ideas and initiatives.

DevCom organisedforVisitingWomen’s Fellow Anna Frebel
to run a career development workshop for Early Career
Researchers, and also for Jo Ward and Nicoleta Maynard
(Curtin Athena SWAN leads) to give a colloquium on
gender statistics at Curtin and the Athena SWAN initiative.
DevCom also started maintaining a library of diversity
and equity articles on the CIRA wiki, and ran a Women
in STEM movie night on Curtin campus to encourage
undergraduates (especially women) to consider careers in

14
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STEM fields, by showcasing powerful stories with female
leads.

Cultural diversity was tackled in 2018 with a Cultural
Intelligence workshop run by PRISMA, designed to help
everyone acknowledge cultural differences and present
tools for how to work most effectively and enjoyably with
each other. Another very successful international lunch
was also organised by DevCom, with staff and students
bringing food to share that represents their cultural
background.

DevCom and other CIRA staff and students were also
the first to participate in an Inclusive Practice program
developed by Curtin's Ethics Equity and Social Justice
(EESJ) centre, which discussed important concepts such
as implicit (sub/unconscious) bias and privilege.

In 2017 DevCom collaborated with CIRA Executive to
create “cheat-sheets” of Curtin policies, to ensure an
unbiased approach towards employee selection during
the hiring process, and in 2018 added a new document
related to gendered reference letter writing and preparing
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job application materials. DevCom also prepared a work
expectations document for current staff, and updated
the wiki with information and resources for new staff and
students.

DevCom has also improved their communication of
objectives and activities to CIRA through regular updates
at all-staff meetings, the circulation of DevCom meeting
agendas and minutes, and the installation of a pin-up
board. DevCom also led a CIRA-wide discussion of the
importance of the annual performance and planning
review process for maintaining workload “wellness” and
work-life balance.

To endorse family friendliness at CIRA, DevCom promoted
Curtin’s policies regarding flexible working arrangements,
and encouraged meetings to be scheduled during the
family friendly core hours of 10am-3pm. Furthermore,
DevCom organised for a room at CIRA to be upgraded
with a privacy lock, table, and power point to assist
breastfeeding parents.

In 2018, DevCom student representatives proposed

that CIRA students would benefit from a direct channel
of communication with the Director. As a result, a new
student representative was established, who would be
appointed by the CIRA student body and responsible for
communicating student-identified issues directly to the
CIRA Executive via regular meetings.

The actions of DevCom from 2016-2018 were presented
in an application for a silver Pleiades award by the
Astronomical Society of Australia (ASA), which would
recognise CIRA as an organisation that takes active steps
to advance the careers of women.

DevCom will continue to work with the CIRA Executive
and Science in Australia Gender Equity (SAGE) to foster an
equitable and inclusive culture within CIRA.

The 2018 CIRA Development Committee consisted of Rich
Plotkin (Chair), Paul Hancock (Deputy Chair), Mia Walker
(Scribe), Gemma Anderson (SAGE Liaison), Rajan Chhetri,
Greg Sleap, Alex Williamson (student rep), and Pikky Atri
(student rep).

15
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An artist’s impression showing fast radio bursts in the sky above CSIRO’s ASKAP radio telescope. Fast
radio bursts come from all over the sky and last for just milliseconds. Researchers from CIRA were
able to detect 23 of these elusive signals in 2017-2018 using ASKAP. ASKAP is located at the Murchison
Radio-astronomy Observatory, the future site in Australia for the Square Kilometre Array (SKA).
Credit: OzGrav, Swinburne University of Technology.
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Artistic view of a cosmic ray shower. The origin of cosmic rays is unknown, but when one
impacts the upper atmosphere, it produces an extensive air shower of secondary particles
that emit bursts of radio waves. CIRA researchers deployed a prototype particle detector at the

Murchison Radio-astronomy Observatory to trigger radio observations with the MWA telescope.
Credit: ASPERA/Novapix/L.Bret.




« Discovery of
a new pulsar
switching
between .
accretion and
pulsation

Arash Bahramian and James Miller—Joi

Image above: Star cluster Terzan 5 as seen by the Hubble spac
telescope. This cluster contains millions of stars and is host to dozens
of accreting neutron stars. Credit: Hubble Space Telescope.




Pulsating neutron stars (pulsars) are the rotating hot remnant
core of massive stars after death. Their magnetic poles are
hotter and brighter than the rest of the surface, causing them
to show radio pulsations as they rotate. Pulsars are expected
to slowly lose energy over millions/billions of years, and slow
down. However, there are numerous very old pulsars that have
faster spin rates than typical new born pulsars. This indicates
that these millisecond pulsars have been “spun up” by some
source of energy. For years it has been speculated that the
source of this energy is accretion from a companion star,
where the pulsar is in a very tight binary system with a normal
star and the strong gravity of the pulsar pulls matter from this
companion star in the form of an accretion disk. Over millions
of years, this process would deplete the companion star, and
spin up the neutron star. Discovery of accreting neutron stars
which show X-ray pulsations (pulsations caused by the accreted
material falling onto the neutron star surface, as opposed to the
rotation-powered pulsations in radio), supported this theory,
and suggested that these accreting neutron stars might be
progenitors of millisecond pulsars. However, the absence of
radio rotation-power pulsations indicated there is a missing
evolutionary step between accreting X-ray pulsars and radio

millisecond pulsars.

The mystery of this missing link was solved by discovery of
“transitional millisecond pulsars” (tMSPs) in 2013. These are
pulsars in binary systems, which frequently switch between an
accretion state in which they show accretion-powered X-ray
pulsations and a pulsar state where they show rotation-powered

radio pulsations.

Studying common observational behaviors/patterns in these
systems paves the path to better understanding them, their
physics and the complete evolution from an accreting neutron
star to a millisecond pulsar, but these studies are currently
hampered by the fact that there are only a handful of these
systems discovered so far. Expanding the sample size by
searching for these systems would provide the ground work to
better understand this evolution and what happens to neutron

stars as they devour a companion star over billions of years.

For the last few years we have been surveying old Galactic star
clusters (in radio and X-rays) to look for elusive yet energetic
accreting systems like accreting neutron stars and black holes.
Old star clusters contain some of the oldest stars in the Galaxy
and thus host a high number of black holes and neutron stars.
Our survey has led to discovery of unusual systems like a black

hole-white dwarf binary system in star cluster 47 Tucanae.

In 2017 and 2018, as we continued our survey, we discovered
a new candidate tMSP in one of the most massive star clusters
in the Milky way. This old star cluster, known as Terzan 5, hosts
dozens of old millisecond pulsars among many other unusual
energetic systems. We took deep X-ray and radio observations
of this cluster and also looked at older archival data of this
fascinating cluster to study energetic systems like the pulsars it
harbours. Our study revealed one of the brightest X-ray sources
in this cluster has X-ray spectrum of an accreting neutron
star, and shows bright radio emission consistent with pulsars.
Both radio and X-rays vary over time in the same manner that
transitional millisecond pulsars do. This system is the furthest
discovered tMSP so far (19000 light years away) and the second

one discovered in a dense star cluster.

Binary stars in tight orbits in star clusters are mostly formed as
a result of one star getting trapped in another star’s gravity field.
This is different from the rest of the Galaxy where stars are too
far apartto affected by each other’s gravity field, and binary stars
are simply born together. Thus, discovery of this tMSP in one of
the densest star clusters in our Galaxy indicates a complicated
evolutionary history, where the neutron star was formed billions
of years ago as a young pulsar, and as it moved around in the
cluster, it formed a binary with its current companion. Through
accretion from this companion, it started to spin up and became
the system we see today. It is also likely that other stars in the

cluster passed close to the binary and impacted the binary orbit.

We are continuing our survey, with more results on the horizon.
We hope that this survey helps us better understand how

neutron stars and black holes evolve.

The two states in a transitional millisecond pulsar; a tMSP swings
between a rotation-powered pulsating state (top) and an accretion-
powered pulsating state (bottom). Credit: NASA's Goddard Space Flight
Center.
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« The first detection
of low-frequency
radio emission
from.,a mostly-off
pulsar

Bradley Meyers, Steven Tremblay and Ramesh Bhat

MWA ( 154 MHZ) The integrated profile
N of PSR J1107-5907
2000 - Pulse 3415 constructed from the

mean of all single
pulses above our
detection threshold.
The profile is split into
] three regions: main
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precursor. It is clear
that emission occurs
over a very large
range of rotation
phase, and that there
are some differences
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Pulsars exhibit a wide variety of emission phenomena,
which makes understanding the physical processes
responsible for producing said emission difficult. This
is especially true for a relatively new class of pulsars,
known as “intermittent” or “state switching” pulsars,
which spend most of their time in the “off” state, during
which no emission is detected. Ergo, these pulsars
require extraordinary observing strategies to detect and
characterise. Nevertheless, the effort is justified, as these
pulsars may hold a vital clue to the underlying pulsar
emission mechanism, and to why some pulsars are more
“intermittent” than others.

Not surprisingly, only a handful of such objects are known; fewer
than 10, out of more than 2700 pulsars, have been catalogued
to date. However, there could be many more in our Galaxy
that remain unfound by virtue of the inherent difficulty in their
detection. Furthermore, no such pulsar has ever been detected
at frequencies below 300 MHz, raising questions such as: Are
they even detectable at low radio frequencies? How bright are
they at these frequencies? Are low frequencies better suited to
uncovering a larger population of such pulsars? Is their sporadic
behaviour frequency-dependent? To pursue these questions,
we made clever use of the Murchison Widefield Array (MWA,
154 MHz) and the refurbished Molonglo Synthesis Observatory
Telescope (UTMOST, 835 MHz) to hunt for emission from PSR
J1107-5907, a bright intermittent pulsar located in the southern
sky that has three distinct emission states: “bright”, “weak”, and
“off”. This pulsar is located ~390 light-years from Earth, and is
thus a relatively nearby object.

PSR J1107-5907 is inherently difficult to detect because it emits
detectable, bright radio emission for only a small fraction
of the time (<10%); and this bright state may only last from
~1 minute to ~45 minutes, with “off” gaps before and after
lasting up to several hours. Given the observing limitations of
the MWA's high time resolution data recording system (i.e. the
Voltage Capture System, or VCS), traditional approaches and
observing strategies are ineffective. We therefore undertook
a concerted campaign, in coordination with UTMOST, whose
real-time processing was leveraged to detect the pulsar and
then “trigger” the MWA to record voltages simultaneously. This
necessitated the development of a special VCS “voltage buffer”
mode, whereby ~3 minutes of voltage data from the past are
stored in memory, awaiting a trigger signal to dump them to
disk. Even then, considering other limitations (e.g. the UTMOST’s
operation as a transit telescope), this approach demanded
a high degree of perseverance, involving more than a dozen
attempts spanning several months, before the pulsar was finally
detected, albeit it in its weak state. This work demonstrated the
voltage buffer mode’s first scientific application, and highlighted

other potential science opportunities such an observing mode
provides, e.g. Fast Radio Burst (FRB), Gamma Ray Burst and
Gravitational Wave triggers.

On 3 September 2017, we organised a standard 1.5-hour VCS
observation to coincide with when PSR J1107-5907 would be
within UTMOST’s field of view and, serendipitously, detected
the pulsar enter into its bright state for ~15 minutes before
dropping to its weak or off state. This was the first detection
of an intermittent pulsar below 300 MHz. The integrated pulse
profile of PSR J1107-5907 (in its bright state) is complex, with
three prominent features that contribute emission across the
entire pulse profile, suggesting that the pulsar’s rotation and
magnetic axes are nearly aligned. We were able to make a
more precise measurement of the pulsar’s dispersion measure
(DM), an indicator of its distance; and the rotation measure, an
indicator of the Galactic magnetic field strength in the direction
of the pulsar. Looking at the brightness of individual pulses, we
measured the spectral index distribution to be a little steeper
than the normal pulsar population (i.e. this pulsar appears even
brighter at lower frequencies than would normally be expected).
One notable example of extraordinary emission from this pulsar
is the detection of a weak single pulse with UTMOST that had a
counterpart at the MWA with a peak flux density of 2.5 kdy, which
is more than 5 times brighter than its regular pulses, indicating
an extremely steep spectrum. Normally, bright pulses at one
frequency have a bright counterpart at the other.

The general emission characteristics of this pulsar seem to fit
within the variance observed in the normal pulsar population.
Under specific circumstances, PSR J1107-5907 could have
instead been detected as a Rotating Radio Transient (another
class of sporadically emitting pulsars that predominantly emit
single pulses on time scales of minutes to hours), were it ~4
times more distant from Earth. This suggests that the different
sporadically emitting pulsar sub-populations are linked, and
that we do not necessarily need separate physics to describe
them in the context of other pulsars. Furthermore, if the pulsar
was to be placed ~100 times further from Earth, isit possible that
the short duration (~3 ms) 2.5 kJy single pulse could have been
detected as a low DM (i.e. relatively nearby), ~1 Jy ms FRB-like
signal.

The next generation of radio telescopes, especially the Square
Kilometre Array, present exciting opportunities to search for and
study these rare pulsars. They offer the luxury of large fields of
view and hence good prospectsfor large on-skytime. Thisunique
combination, along with the steep spectral index, places these
low frequency, wide field telescopes in an opportune position
to uncover a larger population of pulsars like PSR J1107-5907.
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« Improving models
of Fornax A for
the Epoch of
Reionisation
Experiment

Jack Line, Christene Lynch and Ben McKinley
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(Above, left) An image of!—'ornax A at 185 MHz created by B. McKinley using a
joint deconvolution‘of MWA phase 1 and phase 2 (extended) data. (Above, right)
A fitted shapelet model of the image shown on the left created by J. Line. The
comparison shows how the shapelet model does an excellent job of reproducing
the filamentary structure of the radio lobes.
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(Above, left) An Image of Fornax A at 118 MHz created by C. Lynch using joint

deconvolution of 10 minutes of MWA phase 2 extended array data. C. Lynch used
this image to create a Gaussian model of Fornax A. (Above, right) An image of the
residuals after peeling the Gaussian Fornax A model; the residuals.are quite low,
but it took a significant amount of time to complete this process.
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The formation of the first luminous sources and their
subsequent reionisation of the intergalactic medium,
called the Epoch of Reionization (EoR), was a pivotal
period in the history of the Universe. During this time
astrophysicalsourcesbecamethe dominantinfluence
on the conditions of the intergalactic medium and
impacted all future generations of galaxy formation
and evolution. Despite its importance, the EoR is
one of the last uncharted eras in the history of the
Universe.

The most promising method to observe the EoR is via
tomography of the redshifted 21 c¢cm line of neutral
hydrogen. Due to the expansion of the Universe, 21 cm
emission from the EoR redshifts to radio frequencies
between 100 - 200 MHz. Detecting this cosmic signal is a
goal for current and next generation low-frequency radio
telescopes.

A significant challenge to radio EoR experiments is
identifying and removing foreground emission produced
by a variety of astronomical sources. The observing fields
for the Murchison Widefield Array (MWA) EoR experiment
were chosen based on their low sky temperature.
However, the large field of view of the MWA, 40 degrees in
the sidelobes, means that these fields still contain bright
extended radio galaxies. This is particularly true for MWA
EoR field 1 (centred at a right ascension of 4 hours and
declination of -27 degrees) which includes the bright
radio galaxy Fornax A; Fornax A is known to produce
significant foreground contamination to the MWA EoR
experiment. Over the last year, we have worked to improve
the modelling of Fornax A so that we can more accurately
remove its foreground emission from the MWA EoR data.

Improved MWA images of Fornax A were made possible in
2018 dueto both the availability of new data with the phase
2 - extended configuration and new developments in the
imaging software package WSClean. The extended array
configuration effectively doubled the image resolution,
resultingin the filamentary structures of the Fornax A lobes
being captured in far greater detail than with phase 1. This
increase in angular resolution, however, came at the cost
of reduced sensitivity to larger-scale diffuse emission.
This problem was rectified using an improved version of
WSClean, which allowed the team to jointly deconvolve
MWA phase 1 and phase 2 data simultaneously, taking
into account the changing shape of the antenna primary
beam.

WSClean improvements resulted from the work done by
André Offringa during a highly-productive Astro-3D visitor
scheme supported trip to Curtin in September. During
this time Dr Offringa incorporated the image domain
gridding (IDG) algorithm into WSClean. With IDG, the
data are gridded in a computationally efficient manner
that includes the primary beam shape each snapshot,
therefore allowing an accurate combination of different
MWA snapshot observations for joint deconvolution (as
opposed to the previous method of combining images
in image space post primary beam correction). IDG was
also used to create an MWA phase 2 only image and model
of Fornax A, at 118 MHz, to test the quality of the peeling
process when trying to remove Fornax A from our MWA
data.

Our main processing pipeline to measure the 21 cm
emission from the EoR is to calibrate and remove sources
using the Real Time System (RTS) and produce power
spectrum estimates using The Cosmological HI Power
Spectrum Estimator (CHIPS). Subtracting radio galaxies
like Fornax A from the data is extremely computationally
expensive, but required to feed data into CHIPS. To
combat this computational burden, the RTS uses a set
of basis functions known as ‘shapelets’ to model these
huge radio galaxies. Traditionally, modelling consists of
breaking the image down into pixels and fitting single
points and elliptical Gaussians to them, resulting in 1000s
of components for large galaxies. Shapelets are extended
across the sky, and so can build up an image of a galaxy
with less computational expense. In early testing of the
speed, we've found shapelets to be of order 20 times faster
in source subtraction with the RTS than more traditional
point source and Gaussian fitting techniques. Given it
typically takes longer to calibrate and process than it does
to produce the data with the MWA, and to get a detection
we need around 1000 hours of data, any speed up we can
create is welcome.
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« Cosmic ray
detection at the
MWA

Clancy James ;

Deployment of the cosmic ray detector at the
Murchison Radio-Astronomy Observatory.
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Cosmic rays are high-energy particles - mostly
protons and atomic nuclei - bombarding the Earth
from outside our solar system. The best candidate
for the origin - supernova remnants - can’t explain
the highest-energy cosmic rays, which can reach 10%°
eV, more than 10 million times the energy of particles
produced at the Large Hadron Collider.

In 1965, it was discovered that cosmic ray extensive air
showers (EAS - cascades of secondary particles produced
by cosmic rays hitting the upper atmosphere) emitted
radio-wave radiation. The radiation was known to peak in
strength near 50 MHz, and be dominated by interactions
between the secondary particles and the Earth’s magnetic
field.

It wasn’t until the modern era of digital radio astronomy in
the early 2000s however that the LOPES and CODALEMA
experiments in Germany and France measured in detail
the nanosecond-scale bursts of radio emission produced
by cosmic rays.

Advances in the theory of radio emission in 2011 allowed
accurate predictions of the complex ground pattern
of radio emission. Using particle detectors at ground
level to trigger buffered voltage data when a cosmic ray
interaction occurred, the Dutch radio telescope LOFAR was
able to detect this ground pattern. The dense clustering
of LOFAR antennas in the core meant this data provided
the most accurate method for measuring certain cosmic
ray properties, placing new constraints on the cosmic ray
spectrum, and thereby the cosmic ray origin.

Understanding cosmicrayradioemission howeverrequires
simultaneously modelling particle interactions at energies
that cannot be studied in a laboratory, and solving for the
spectrum of primary cosmic rays themselves. To untangle
these uncertainties requires a better resolution on the
structure of cosmic ray cascades, which necessarily means
moving to frequencies above the 50 MHz at which radio
emission is coherent over their entire length.

The Murchison Widefield Array offers the best chance of
such improved resolution. Ideas for cosmic ray detection
at the MWA began as early as 2010, as an offshoot of the
LUNASKA project that looked for even higher-energy
particles hitting the Moon. However, it was not until the
formation of the SKA’s High Energy Cosmic Particles Focus
Group in 2015 that momentum began to build for the
project.

A team of researchers led by Dr Clancy James (ICRAR/
Curtin) and Dr Justin Bray (U. Manchester, UK), have
collaborated with the MWA Operations Team to build, test,
and deploy a prototype radio-quiet particle detector in the
MWA core region in November 2018.

Affectionately known as the ‘pizza box, the detector uses
silicon photomultipliers to detect light from cosmic ray
secondary particles passing through a block of plastic
scintillator. The detector runs at low voltages, and
passed all requisite RFI checks at the Curtin anechoic
chamber. Simulations by an ICRAR summer student, Jesse
Schelfhout, have shown it is detecting cosmic ray muons
at the expected rate. A planned array of 8 such detectors
will allow the rapid identification of energetic cosmic ray
cascades to trigger the capture of MWA voltages.

Simultaneously, a PhD student, Mr Alex Williamson, has
been investigating how to use MWA data to study cosmic
ray signals. The Pulsar group have already developed a
pipeline to convert fine channel data (20kHz, resolution)
from the Voltage Capture System back to coarse channel
resolution (1.28 MHz). Supervised by Prof. Steven Tingay
and Dr. Clancy James, Alex has developed a fast code to
synthesise the MWA coarse filterbank and obtain data at
the full time resolution provided by the bandwidth. The
resolution can be up to 27 ns for the maximum 24 1.28
MHz coarse channels.

The goal is to use the higher resolution afforded by the
MWA core to determine the longitudinal structure of
cosmic ray cascades. In particular, interference between
the emission mechanisms (geomagnetic and Askaryan
mechanisms) is expected to encode new information via
the changing polarization structure of the radio ground
pattern. Studies of this structure will inform high-energy
particle physics models, and models of cosmic ray sources
both within and beyond the Milky Way.
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« CRAM:
The Central
Redundant
Array Megatile
for EoR Science

Cathryn Trott, Randall Wayth and Gurashish Singh Bhatia

Photograph of the CRAM, a new 8x8 dipole tile sitting within the centre of the
southern hexagonal subarray of the MWA.
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Diagram of the CRAM's layout. Credit: Bhatia
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The Epoch of Reionisation (EoR) science program
with the Murchison Widefield Array (MWA) aims to
detect temperature fluctuations in the brightness
of primordial hydrogen in the first billion years
of the Universe. The spatial distribution of these
fluctuations encodes information about the birth and
death of the first stars and galaxies in the Universe.
The signal is extremely weak, and is masked by the
brighter and closer radio galaxies and Active Galactic
Nuclei (AGN) observed with our radio telescopes from
the 12 billion years between the EoR and the present
day.

These radio galaxies can be isolated in our data due to
their different properties in frequency compared with
the hydrogen signal, but this isolation is limited by the
observing constraints of our telescopes --- finite bandwidth
and field-of-view on the sky --- where a larger field-of-view
can cause additional unwanted contamination of the
data. The field-of-view is set by the physical size of the
observing tile, and the observing frequency. Limiting the
field-of-view in post-processing is possible, but does not
remove all of the influence of emission from near to the
horizon, where the Galaxy and other galaxies can cause
the largest problems.

To address this problem, we conceived of the CRAM --- the
Central Redundant Array Megatile --- a large-sized MWA tile
that resides in the empty centre of one of the MWA Phase
Il hexagonal sub-arrays. The hexagonal sub-arrays are two
purpose-designed 36-tile sections of the MWA laid-outin a
hexagonal pattern, motivated by two primary EoR-related
goals: (1) providing copies of the same sampling of the sky
to gain EoR signal rapidly, and (2) providing redundant
measurements for improved calibration of the telescope.
Although they can strictly fit 37 tiles into the space, they
do not have a central tile due to the signal processing
chain being able to only efficiently handle 36 tiles. In the
southern of the two hexes, this leaves a space of 24m x
24m available for another tile. The CRAM, as an 8x8 dipole
tile, fits well within this space, with a footprint of 8m x 8m
(see image of the CRAM sitting within the southern hex).

The CRAM, with its larger footprint, and smaller field-of-
view, sees much reduced signal from near the horizon,
providing a signal path with lower contamination. When
combined with theexisting MWAtiles, these measurements
provide more information about the signal coming from
the field centre, versus the horizon. Combined with the

redundancy in the hexagonal sub-arrays, where the same
measurements can be copied, this provides a direct data
comparison where the CRAM measurements can be used
to excise contamination.

Design work for the CRAM signal chain was undertaken by
Gurashish Singh Bhatia as part of his Engineering Honours
work at the University of Western Australia, including a
cost-benefit analysis of various architectural and hardware
options.

The CRAM tile is unigue and as such has its own unique
signal chain. Signals from all 64 dipoles are combined in
a 2-stage beamforming hierarchy. The full 8x8 megatile is
divided into four 4x4 sub-tiles, each the size of a regular
MWA tile. Each sub-tile is beamformed with a custom-built
zenith-pointing beamformer, the output of which goes to
a nearby second-stage beamformer, which combines the
signals from all four sub-tiles.

Inside the second-stage beamformer, the signal is
amplified and converted to an optical “RF over fibre”
(RFoF) signal, which is sent to receiver hardware inside the
MWA equipment hut.

The RFoF signal from the CRAM travels via optical fibre
approximately 200 metres to the MWA equipment hut
whereitis converted backto an electrical signal, amplified,
filtered and digitized using the observatory clock.

The digitised signals are suitable for science data
processing, including using the CRAM in a standalone
mode, and also by incorporating the signals from the
CRAM into the MWA datastream for cross-correlation
with the full MWA array. This is achieved using a system
that is very similar to what was used for the Engineering
Development Array 1 (EDA1).

The CRAM was successfully deployed in April 2019 by
two of us (Bhatia and Wayth) with help from the CIRA
Engineering team and MWA Operations team. At the time
of writing, the dipoles, beamformers, optical hardware
and power supplies had been successfully commissioned,
with further commissioning work to be done on the
digital systems in the near future. The full CRAM system is
scheduled to be operational for the 2019 EoR observing
season on the MWA.
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« Jets from an
unlikely source:
radio emission
from,a high .
magnetic-field
neutron star

James Miller-Jones ‘
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Artist’s impression of the neutron star X-ray binary system Swift J0243.6+6124.
A neutron star is in a 27-day orbit with a more massive, rapidly rotating
companion, and accretes gas every time it passes through the disk of material
flung off by the rapidly-rotating donor star. Credit: ICRAR/University of
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Almost anywhere that we see gas falling onto a
massive central object in our Universe, we also
see outflows, either in the form of fast, narrowly-
focussed jets, or as slower, more uniform winds.
These outflows of mass and kinetic energy are an
important channel for dense stellar corpses such as
black holes and neutron stars to provide feedback to
the surrounding interstellar medium.

For a similar accretion rate (as determined from the
X-ray luminosity of the inflow), black hole jets tend to be
significantly radio-brighter than those from their neutron
star analogues. For this reason, it had been significantly
harder to study neutron star jets prior to the recent
sensitivity upgrades to both the Karl G. Jansky Very Large
Array (VLA) in New Mexico and the Australia Telescope
Compact Array (ATCA) in New South Wales. Nonetheless,
while previous studies had detected radio emission from
the jets of low-magnetic field neutron stars (field strengths
up to about a billion times that of the Sun), jets had been
thought to be absent in neutron stars with much stronger
magnetic fields. Theoretically, it was believed that the
magnetic pressure around a strong-field neutron star
would truncate the accretion disk some way from the
stellar surface, and hence prevent the formation of jets.

Using the enhanced sensitivity of the upgraded ATCA
radio telescope, our team (led by PhD student Jakob
van den Eijnden from the University of Amsterdam, who
visited CIRA for a month in June 2017) searched for radio
emission from high magnetic-field neutron stars, making
two detections, in the systems Hercules X-1 (van den
Eijnden et al. 2018, MNRAS, 473, L141) and GX1+4 (van den
Eijnden et al. 2018, MNRAS, 474, L91). In both cases, the
neutron star’s magnetic field strength was estimated to
be over a trillion times that of our Sun. What was unclear,
however, was whether the radio emission arose from jets,
or from a different mechanism.

An extremely luminous outburst of a previously-
undiscovered neutron star binary system in October 2017
presented the perfect opportunity to tackle this question
and identify the source of the radio emission. This system,
known as Swift J0243.6+6124, consists of a neutron star
accreting material from a disk of matter blown off the
surface of a rapidly-rotating Be-type companion star that
is a few times the mass of our Sun.

During its 2017 outburst this system reached the
theoretical maximum luminosity for an accreting object,
known as the Eddington luminosity. At this point, the
outward force of radiation overcomes gravity and prevents
further infall of gas. Our team tracked the radio and X-ray
emission during the outburst, and found that the radio
light curves and spectra evolved in much the same way as
those from known jet-producing neutron stars with lower
magnetic field strengths — only at radio luminosities about
a hundred times lower. This led us to conclude that jets
were indeed responsible for the detected radio emission
in this system.

This study, published in Nature (van den Eijnden et al.,
2018, Nature, 562, 233), showed us that while strong
magnetic fields may suppress jet emission to some extent,
they do not completely prevent jet formation, in contrast
to what had previously been believed. Recent theoretical
work suggests that under some circumstances, it may be
possible to power jets by extracting some of the neutron
star’s rotational energy. In this case, that process may
have been enabled by the very high rate at which matter
was falling onto the neutron star. Regardless, this work
has opened up a new window on jets, allowing us to study
jet launching in high magnetic field systems, and enabling
us to begin to quantify the effect of magnetic field strength
on jet formation.
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- Discovery of an

unusual radio

transient in the

nearby spiral

galaxy M81

Gemma Anderson

VLA radio
image of M81.
The radio
transient is
indicated by
the red arrow.
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Close-up radio images of the M81 transient. It was undetected during the
January 2014 observation (left) but then detected in early 2015 (right). The
position of the nearby X-ray sources are indicated by green circles, none of
which are coincident with the M81 transient.




Transients are astronomical objects in our Universe
that explode, outburst or flare. These could include
the small, red dwarf stars that produce flares 10,000
times more powerful than our Sun, the explosion
of massive stars known as supernovae, and black
holes that go into outburst. Studies of transients
using radio telescopes is extremely important as
such observations allow us to study the total energy
released during the event and the acceleration of
particles up to relativistic speeds. We can also use
radio light to probe magnetic fields and the impact
of these explosions on the surrounding galactic
environment.

We know from observing stellar mass black holes in the
Milky Way that as their gravity pulls material off their
companion star, this material begins to spiral in towards
the black hole in what we call an accretion disk, causing
it to periodically go into outburst. During outbursts,
these black holes launch powerful, relativistic jets, which
produce bright radio light that is detectable by radio
telescopes.

We recently conducted a radio survey using the Karl G.
Jansky Very Large Array (VLA) of the nearby, spiral galaxy
M81. The aim was to try and discover stellar mass black
holes that produce more powerful radio jets than those we
see in the Milky Way. This radio survey took place over 2
years, with the VLA observing the four quadrants of M81 a
total of 12 times (one of the final radio images of M81 can
be found in Figure 1).

On 2 Jan 2015, we detected a bright radio transient that
had not been detected a year earlier (see Figure 2), which
lasted for a least 2 months, and was located within one of
the spiral arms of M81 (see Figure 3). There were no other
reports of a transient at this position and we found no
steady optical or X-ray counterpartin archival observations
of M81. While extremely radio luminous and energetic, the
M81 transient did not behave like any known Galactic or
extragalactic black hole as the radio emission showed no
short timescale variability, which is typical of jetted ejecta.
However, this transient was also too faint and evolved too
slowly to be identified as most kinds of radio-detected
supernova.

The properties of this transient more closely resemble
another radio transient found in the nearby, starburst
galaxy M82, which has been suggested to be aradio nebula

associated with an accreting black hole. There are some
black holes that are so powerful that they accrete material
from their companion star at a rate that almost violates
the laws of physics. As a result, they have extremely
energetic outflows, either from relativistic jets or accretion
disk winds, which are too faint for our radio telescopes
to detect but are constantly injecting energy into the
surrounding interstellar and intergalactic media. Such
outflows can power a large radio nebula that cocoons the
black hole and therefore often referred to as a “bubble”.
But what if a black hole was only accreting at these rates
for a short time (months-years) rather than continuously?
Could such a black hole inflate a short-lived bubble that
could appear as a transient in our radio VLA observations?
We suggest that both the new M81 transient, and also the
M82 transient are the birth of a short-lived radio bubble
that are associated with a black hole that underwent a
short-lived, yet powerful outburst.
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Figure 3 caption: Optical image of M81 using data from the Sloan
Digital Sky Survey. The white circle shows the position of the radio
transient within one of the spiral arms of M81 and the green ellipse
indicates the extent of the galaxy to aid the eye.
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« Higher, Further,
Faster with MWA
Phase Il

Nick Seymour i

Comparison between GLEAM year 2 image (Franzen et al. in prep)
and a deep MIDAS of part of the GAMAZ23 field (Seymour et al., in
prep). Both images are at 200-230 MHz. The improved resolution
and ability to image more deeply with MWA phase 2 is clear. ;

The 0.07-20 GHz radio .

spectral ~ energy  (SED) !
distribution of giant radio
galaxy PKS 2250-351 which
lies in the GAMA 23 region
from Seymour et al. in
prep. PKS 2250-351 lies in . 4 Core
the cluster Abell 3936 at a

e Eastern Lobe

which each. show typical
slopes (negatively steep and
flat, respectively). Of most
significance is the fact that )
the western lobe remains )

distance of around 1000 [N i
megaparsecs  with  the E
easternlobe pointingroughly [S= i
towards the cluster centre. e
The SED is decomposed into [ i -
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e

around 30% less luminous

across the whole frequency
range. This is consistent with
the western lobe expanding
adiabatically into a less

dense region away from the
cluster centre.
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Phase 2 of the Murchison Widefield Array allows us
to probe far further into the distant Universe than
was possible before. The long baseline configuration
of phase 2, going out to 5.5 km, provides us with a
resolution twice as good as phase 1. This improved
resolution dramatically improves our ability to make
deep, sensitive images at these low radio frequencies
by greatly reducing the so-called " confusion’ noise.

This " confusion’ noise is created by the many faint sources
below the detection limit beginning to over-lap at fainter
flux densities. At some point these faint, undetected
sourcesfillin all the space between all the brighter sources
making it impossible to image more deeply. A simple
doubling of the maximum baseline length decreases the
confusion noise by more than an order of magnitude. This
makes it possible to conduct observations far more deeply
than was possible in phase 1. Indeed, the GLEAM survey
was about as deep as we could go.

There are now several efforts to conduct deeper surveys
with MWA phase 2. GLEAM-X is an effort to repeat the
successful GLEAM survey but with the greater sensitivity
and resolution. There are numerous small projects
targeting various sources of interest. Most ambitiously, the
MWA Interestingly Deep Astrophysical (MIDAS) survey is
targeting six of the prime extra-galactic survey fields in the
southern hemisphere. These include the five GAMA survey
fields and the South Pole Telescope deep field.

The aim of MIDAS is to observe each of these fields across
70-230 MHz (like GLEAM) and to reach a sensitivity around
an order of magnitude deeper than GLEAM. We shall be
able to detect significantly more radio sources per sky
area, probing both more distant and less luminous radio
sources. We will find many more radio galaxies (powered
by black holes) and far more star forming galaxies. The
improved resolution will help de-blend radio sources close
togetheraswell as allowing us to more easily cross-identify
the MIDAS sources with those at other wavelengths. This
last step is crucial so that that the distance to the radio
galaxy may be determined.

The GAMA 23 survey region is the field of choice in the
southern hemisphere. It is very close to zenith making
observations easier and is also fortuitously devoid
of bright, confusing radio sources. The GAMA survey
provides federated imaging and catalogues from the
ultra-violet to near-infrared over 60 deg” as well as over

48,000 spectroscopic redshifts. This data complements
the unparalleled broad-band radio data that has been put
together from MIDAS (70-230 MHz), uGMRT (250-700 MHz),
ASKAP (0.7-1.8 GHz) and the GLASS survey (4.5-10.5 GHz).
This radio data will allow us to accurately measure the
jet-power of vast number of radio galaxies across a wide
range of distance and environment for the first time. Such
a data set will ultimately provide us with great insights into
the evolution and origin of the powerful radio emission
from these galaxies, an out-standing mystery in modern
radio astronomy.

Early work on the MIDAS survey has proved fruitful. The
GLEAM survey has been very useful for calibration of phase
2 data despite the difference of resolution. Furthermore,
as we are in Solar minimum at present, the ionosphere is
very quiet and does not disrupt the observations. Indeed,
day time observations have been possible with the Sun
carefully positioned into a null of the primary beam. In the
top frequency band of MIDAS (200-230 MHz) we are able
to obtain a resolution of less than an arcminute and RMS
sensitivities of 5-6 mJy/beam.

Our current best MIDAS image at 200-230 MHz (see figure)
reaches an RMS sensitivity of ~0.8mJy/beam derived from
mosaicking 54 two minute snapshots together. At this
sensitivity we can detect ~60 radio sources per square
degree compared to ~15 per square degree from GLEAM
over the same part of the sky. As an example of the type of
science we can do we present the broad-band 0.07-20 GHz
radio spectral energy distribution of the giant radio galaxy
PKS 2250-351.
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Supernovae are enormously powerful explosions
caused when large stars run out of hydrogen fuel,
and rapidly collapse. These explosions are how all
heavy elements in the Universe were formed, making
possible planet formation, chemistry, and life. For a
few months, an individual supernova outshines its
host galaxy, and in this time can be detected across
cosmic distances. Once the initial explosion has
cooled, a shell of expanding material propagates
into space at thousands of kilometers per second,
sweeping up and accumulating into a supernova
remnant (SNR). Since these shells are highly ionised
and magnetised, they emit synchrotron radiation,
and are visible in gamma ray, X-ray, and radio
observations, for up to millions of years after the
initial supernova.

A longstanding puzzle in Galactic astrophysics is the
discrepancy between the predicted number of supernova
remnants and that which we observe. The brightest and
bluest stars, O- and B-type, end their lives in supernovae,
and white dwarfs accreting material from companion stars
can also generate supernovae. Given the large number of
these types of stars in the Galaxy, and the typical lifetimes
of the largest stars and SNRs themselves, we expect to see
around 3,000 SNRs when we examine our own Milky Way.
However, we see only around 300, an order of magnitude
of difference.

A widely held view in astronomy is that the discrepancy
is mainly down to selection effects from existing surveys;
while radio wavelengths are very useful for detecting
SNRs, single dish radio telescopes have poor resolution,
and tend to confuse SNRs with the surrounding Galactic
background. Conversely, traditional radio interferometers,
such as the Very Large Array, "resolve out" the diffuse
emission of larger SNRs, as they lack the short baselines to
detect large-scale emission. SNRs are also brightest at low
frequencies, at which ionospheric effects are strongest,
and sky noise the highest.

The Murchison Widefield Array is a low-frequency radio
telescope and its original configuration possessed
both short and long baselines, ideal for finding SNRs
on 5-arcminute to 5-degree scales. The Galactic and
Extragalactic All-sky MWA (GLEAM) survey observed the
entire sky across 72 to 231 MHz over 2013--2014, and |
performed high-quality imaging of the Galactic Plane in
2017. In 2018, | searched the images for the faint circular

shells which might indicate the presence of supernova
remnants. | was successful in finding 26 new SNRs,
increasing the number known by about 10%.

Thefigurestothe left highlight some of the mostinteresting
objects, using the wide bandwidth of GLEAM to display
RGB images, where R = 72-103MHz, G = 103-134 MHz, and
B=137-170MHz.

SNRG0.2-9.7 isthefaintest SNR ever detected, and appears
as a filled ellipse with a single bright edge. At its centre is
the rotating radio transient PSR J1825-33, a neutron star
with a powerful magnetic field and intermittent radio
emission, spinning just over once per second. As SNR
G0.2-9.7 lies 10 degrees from the Galactic plane, there are
very few other pulsars nearby, so we are confident that
thisis the remaining core of the supernova progenitor star.
Using the distance of the pulsar and the size of the SNR,
| calculated that this supernova occured less than 9,000
years ago, and would likely have been visible to everyone
in the Southern hemisphere at that time.

SNR G350.8+0.7 demonstrates why the wide bandwidth
of the MWA is particularly useful in detecting SNRs against
the confusing background of the Galactic Plane. Highly
ionised regions around very bright stars, also known as Hll
regions, have rising (thermal) spectra, so appear as bright
blue areas in this field, while the falling (non-thermal)
spectrum of G 350.8 + 0.7 gives it a pale peach colour.
Previous surveys have missed this object due to its large
size and the complicated foreground Hll regions.

SNR G232.2+2.1 is an unusual object as it is far from any
distinct regions of massive star formation, and is one of
two objects discovered in this area of the sky, previously
thought not to host supernova remnants. It is probably
around 200,000 years old, and has poorly-defined edges,
potentially indicating that it is beginning to merge with the
surrounding interstellar medium, a rare chance to spot a
fading SNR near the end of its life. This sample is more
sensitive to these older SNRs, and helps us understand the
life cycle of stars in our Galaxy.
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Revealing the
low- frequency
emission
signatures of
fast-spinning
radio pulsars

Ramesh Bhat

Figure 1: An illustration of a
millisecond pulsar in binary orbit
with a white-dwarf companion
star, whose mass is typically ~10-
50% of the Sun. Such systems

are well-suited for high-precision
timing applications such as
pulsar timing-array experiments.
Credit: Phys.org/Thomas Tauris

Figure 2: Integrated pulse
profiles of millisecond pulsars
J0437-4715 (left) and J2145-0750
(right), at radio frequencies from
~100 MHz to several GH® These
represent the strength of average
emission from pulsars against its
rotation phase. The complexity
in the temporal structure and
the remarkable changes with
frequency can be reconciled

in terms of a complex spectral
evolution that appears to be

a characteristic of millisecond
pulsars.
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Figure 3:
Millisecond pulsar:
detections with
the Engineering
Development
Array that was
constructed using
MWA technologies.
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Over the past five decades, pulsars have successfully
established themselves as Nature’s premier laboratories
for extreme physics. These compact, city-sized (~30 km),
super-dense objects continue to enable us to push the
boundaries of fundamental physics and astrophysics.
With applications from probing the state of ultra-dense
matter where densities reach over 100 billion kilograms
per cubic centimetre, to serving as Galactic-scale
gravitational-wave detectors in the pursuit of searching
for ultra-low frequency gravitational waves produced
by supermassive black-hole mergers, these fascinating
celestial objects enable us to probe physics from nuclear
scales to cosmological scales. They can be best described
as the Universe’s gift to mankind; and they allow us to
explore new vistas in physics, and probe extreme physical
environments that cannot be replicated on Earth, or found

elsewhere in the Universe.

The rotation periods of pulsars can range from tens of seconds
to one-thousandth of a second; those that spin very fast are
called millisecond pulsars, and they are amongst the highly
sought after ones. The fastest one spins at a rate of over 700
times per second, which is equivalent to more than 40,000
revolutions per minute, i.e. even faster than a kitchen blender!
Yet, their rotational stability is astonishingly high, and it takes
billions of years for these cosmic clocks to drift by even a
millisecond, making them the most accurate clocks in the
Universe. Finding more millisecond pulsars can thus enrich a
wide-ranging science, including understanding complex stellar
evolutionary scenarios and testing the theories of gravity, and
the prospective detection of an all-sky signature of gravitational-
wave background produced by millions of black-hole mergers as

galaxies formed and evolved in the early history of the Universe.

However, for more than two decades, their scientific exploration
was largely limited to relatively high radio frequencies, ~1
GHz and above, where interstellar distortion to their temporal
signature becomes affordably smaller, and the high sensitivities
oflargesingle-dish telescopes,such asthe Parkesradio telescope
in NSW, can be leveraged to compensate for their reduced
brightness at those frequencies. This has been particularly the
case for pulsars located in the southern sky, many of which have
been discovered and studied exclusively at high frequencies.
The advent of the Murchison Widefield Array (MWA) has changed
that. The MWA is also Australia’s official Precursor for the low-
frequency Square Kilometre Array, or SKA-Low, and has even led
to the construction of the Engineering Development Array (SKA)

for critically-important prototyping and verification purposes.

In combination with the voltage capture system that allows
data recording at very high time and frequency resolutions, the
advanced software instrumentation we have developed, and a
flexible selection of frequency bands built into the MWA's signal
path, it has become possible to make impressively high-quality
detections of these intriguing objects at uncommonly observed
frequencies, down to ~50 MHz, i.e. wavelengths up to several
metres. This has enabled a multitude of science relating to the
intervening interstellar medium, and taking a first look at their
emission signatures at very low frequencies. For instance, in
the direction of the pulsar PSR J0437-4715, the nearest and
brightest millisecond pulsar located at ~490 light years away,
observations with the MWA allowed us to pinpoint the location
of the plasma layer responsible for deflecting pulsar radiation to

an impressive precision of the order of a few light years.

Our analysis also revealed another intriguing property of these
objects. Unlike most garden-variety pulsars (with spin periods
of the order of a second), the fast-spinning ones tend to show a
much higher degree of complexity in their emission signatures,
typically characterised as the strength of average emission
against the pulsar’s rotation phase, i.e. the so-called integrated
pulse profile (Figures 2 and 3). This is something that is unique to
a pulsar, like its fingerprint. Our analysis confirms that observed
emission signatures across the ~100 to 3000 MHz range can
be meaningfully, and consistently, reconciled in terms of a
complex spectral evolution, thereby confirming Parkes results
from decade-long observations. Our analysis further reveals
remarkable changes in the emission signatures with radio
frequency - a complexity that can be possibly, and justifiably,
attributed to the fact that the magnetospheres of these fast
spinning pulsars are highly-compressed, only ~100 km in extent

compared to ~100,000 km of their longer-period counterparts.

Ouranalysis further suggests that the brightness of these objects
steadily increases at low radio frequencies. This is encouraging,
both for their detailed studies, as well as finding new ones,
using next-generation low-frequency telescopes such as the
MWA, and eventually the low-frequency SKA, which will be built
in Australia. SKA-Low is slated to be the most efficient pulsar
finding machine to be ever built, and the MWA, as a crucial
pathfinder telescope, presents the perfect platform to prepare
and move forward in the direction. The future thus looks bright
and promising for unconstrained exploration of these amazingly

tiny but scientifically precious objects.

37



38

SCIENCE

» Simulating
spark events
and carousel

structures
in pulsar
magnetospheres

Sam McSweeney
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A cartoon of

the localised
spark events
near the surface
of a.pulsar,
surrounding the
magnetic axis
(magenta line).
The green line
represents the
pulsar’s rotation
axis.

Asimulation of drift bands
generated by PSRGEOM
(left), showing very

similar features (spacing,
curvature) to the true drift
bands of PSR B0809+74
(right).
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We have developed new software for simulating realistic
signals from pulsars (rapidly-rotating neutron stars) that
includes both the wide-spread phenomenon of subpulse
drifting and the Special Relativistic effects of rotation.

Pulsars, or neutron stars, are the compact remnants of massive
stars that have exhausted their fuel and gone supernova. As the
debris settles after the explosion, the nascent pulsars are spun
up to impressive rotational speeds. Isolated pulsars typically
rotate about once every second, while those that are in binary
systems extract angular momentum from their companions by
accreting matter onto the surface, resulting in rotation speeds

up to once every few milliseconds!

Neutron stars were originally not expected to give off any
detectable radiation, but in 1967, a series of regular pulses
with a period of a little over 1 second was detected from an
astronomical source, and quickly identified as a rotating neutron
star. Since then, thousands of pulsars have been discovered,

each with their own unique characteristic signal.

Fifty years on, we know a lot about pulsars, but the mechanism
that produces the bright radio emission is still hotly debated. One
model ascribes the radio beam to dense bunches of electrons
and positrons travelling at relativistic speeds along magnetic
field lines like beads on a wire. All charged particles emit
radiation when accelerated, and in this model, the acceleration
comes from the curvature of the field lines. However, not all
magnetic field lines are “active” at the same time. At the place
where the field lines intersect the pulsar’s surface (the so-called
“footpoint”) regions starved of charged particles can grow and
consequently huge voltage differences can develop over very
short distances. When the voltage gap reaches the order of
10712V, charges are ripped from the surface in a catastrophic

avalanche called a “spark event”.

In this model, localised spark events do not necessarily occur
randomly. Instead, they arrange themselves in a circular pattern
around the magnetic axis and rotate around it by means of
electrical and magnetic forces. This “carousel” rotation is vital
for explaining the phenomenon of subpulse drifting, which is
where individual subpulses march regularly in time from pulse
to pulse. Each rotation of the pulsar presents a slightly different
carousel configuration to the observer, resulting in a beautiful

sequence of “drift bands”.

Modelling the drift bands for any one pulsar is not a trivial
exercise. One not only has to know the number of sparks in
the carousel and its rotation rate, but also the radial size of the

carousel, the angle between the pulsar’s rotation and magnetic

axes, and how those axes relate to the direction of the line of
sight. These parameters are usually poorly constrained, and it
is often simpler (both computationally and conceptually!) to
guess their values first and work out what kind of drifting pattern
would be seen by an Earth-bound observer. If the simulated drift
bands resemble the observed drift bands, our confidence in the

correctness of the assumed parameters increases.

Although such methods have been around for a long time, they
usually work out the shape of the emission beam as it would look
in a reference frame that is corotating with the pulsar. Switching
from a corotating frame to an inertial (non-rotating) frame
involves the computation of a Special Relativistic effect called
“aberration”, analogous to the apparent shift of stars’ positions
due to the motion of the Earth about the Sun. In the pulsar case,
the net effect of aberration is that emission is observed slightly
earlier than expected, shifted forward in time by an amount that
depends on the height of the emitting particle bunch above the
pulsar’s surface. This can result in distortions of the drift bands

that could belie the true nature of the underlying carousel!

To address this issue, we have developed a computer code,
named PSRGEOM, which simulates drift bands in the observer’s
reference frame, taking into account the effect of aberration
as well as other effects relating to Special Relativity and the
finite speed of light. The signals output by PSRGEOM can then
be directly compared with observation, and once the carousel
parameters have beenthus determined, a further transformation

can be used to reveal the original emission beam structure.

Itis anticipated that PSRGEOM will pave the way for the correct
identification of the carousel parameters for large numbers of
pulsars that exhibit the phenomenon of subpulse drifting. This
is vital for understanding why different pulsars’ carousels have
different numbers of sparks and rotate at different speeds, and
how the carousel changes its behaviour even for a single pulsar
(which it is known to do in many cases). The paper describing
the algorithms of PSRGEOM was published in ApJ, and the code

itself is available for download and use from GitHub.
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Galaxy clusters are the largest gravitationally bound
structures in the Universe, and they are thought
to form hierarchically through highly energetic
merger events. Clusters are found to host large-scale
magnetic fields on the order of 1-10 mirco-Gauss,
which can be detected through Faraday rotation
of radio emission from background radio sources.
Within clusters, large, mega-parsec scale, diffuse,
non-thermalsynchrotron emission has been detected
without clear optical hosts. The emission is thought
to be associated with the intra-cluster medium (ICM)
rather than any particular object.

This type of emission comes in a number of flavours,
namely the centrally located radio halos and peripheral
radio relics. The exact origin of these sources is not clear,
but there is evidence to suggest that the mergers of galaxy
clusters can trigger the emission when turbulence and
shocks pass through a population of electrons residing
within the ICM. This is often considered a re-acceleration
process as the synchrotron-emitting particles are
effectively shocked back to life by the cluster-wide shocks
and turbulence in the ICM.

At present, there are less than 100 of each type of source
published in the literature. Their steep synchrotron
spectra and low-surface brightness make detection
and characterisation difficult at multiple frequencies,
rendering them virtually undetectable by many radio
interferometers. Onesuch instrumentthat has the required
surface-brightness sensitivity is the Murchison Widefield
Array (MWA); with its many short baselines and low-
frequency coverage we have identified around 200 new
candidate halos, relics, and similar cluster-based emission.
However, these possible detections were made using the
Phase | of the MWA, and the resolution is one of the major
limiting factors of the instrument (with resolutions of ~5-
1.5 arc-minutes for 88-216 MHz). This leads to potentially
misidentifying, forexample, faint blended point sources as
extended structures.

With the upgrade to Phase Il and its long-baseline
configuration, we have observed a number of these
candidate diffuse sources in clusters at a sensitivity level
better than the upcoming Phase Il all-sky survey. With
these observations we have resolutions of ~2-0.75 arc-
minutes for 88-216 MHz. For a majority of 2018 work has
been done to process these data to a high, science-ready
quality. Data processing follows very similarly to the

processing of the Galactic and Extragalactic All-sky MWA
survey (GLEAM), though with specific improvements to
imaging, calibration, and the MWA primary beam model.
Namely, with the GLEAM extragalactic catalogue, we can
utilise infield calibration which is easier for processing
reasons, but also allows each 2-minute snapshot to use
calibration solutions at the time of observation rather
than some calibrator source observed up to a few hours
ago. Additionally, the imaging software we use (WSClean)
has a number of small improvements that improve speed,
which, with the new Phase Il data, isimportant as imaging
requiresimages with (atleast) 4 times as many pixelsforthe
same field of view of the telescope at any given frequency.
A new data-reduction pipeline has been developed for
this work, which starts with pre-processed visibility data
(i.e., flagged of RFI and converted from raw telescope
data) and returns flux- and astrometry-corrected snapshot
images for use in stacking. Images are stacked, and we are
(or will be) left with 10 fields of interest with around 30-
40 interesting clusters and cluster-based emission within
them.

Some of the more notable clusters included in these
fields are Abell 3667, a relatively nearby cluster hosting a
pair of relics, and Abell 3164, a system hosting a number
of relic-like sources with additional uncharacterised
steep-spectrum emission throughout the system. While
these are some of the more spectacular examples, the
comparison of the Phase | and Phase Il data does well
to illustrate the additional information provided by the
higher resolution Phase Il data. The higher resolution
Phase Il data are required in many cases to confirm the
nature of the candidate object; incorporating relics and
halos from this list of candidates into the known sample
will better our understanding of the origin of not only the
emission itself, but the electron population responsible.
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« Gearing up the
MWA for pulsar
polarimetry
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179.48 MHz

Pulse Phase

The first low frequency polarimetric profile of ;Z’SR J0742-2822, a bright pulsar in
the Southern sky. The lowegpanel shows the average pulsar emission against the
rotation phase of the pulsarand the upper panel shows the position angle curve.
The black, red, and blue lines indicate the total intensity, linear polarisation, and
circular polarisation, respectively.
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polarisation as a
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of linear polarisation
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frequency. This is
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by propagation of
pulsar radiation
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Supernova remnant
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direction of the
pulsar.
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With the development and verification completed
for performing full polarimetric studies with the
Murchison Widefield Array (MWA), a new window has
opened up for low-frequency pulsar astronomy in
the Southern hemisphere.

Pulsars are rapidly-rotating, highly-magnetised neutron
stars. Often referred to as cosmic lighthouses, they emit
beams of radiation from their magnetic axis, which is
offset from their rotation axis, so that we observe them
as pulses when their emission sweeps through our line
of sight. Their extremely strong magnetic field (several
hundred billions of times greater than the geomagnetic
field) results in the emitted electromagnetic radiation to
be highly polarised, where it often oscillates preferentially
along certain planes (linear polarisation), or certain
preferred orientation (circular polarisation).

The radio emission from pulsars is broadly thought to
originate within the open magnetic field lines near the
magnetic axis of the magnetosphere. Consequently, the
linear polarisation position angle will be determined by the
direction of the magnetic field line as it sweeps across our
line-of-sight. The trace of position angle against pulsar's
rotational phase, referred to as the PA curve, can be used
to infer the pulsar’'s geometry - the emission beam size
and theinclination angle of the magnetic axis with respect
to the rotation axis.

Polarimetric studies at multiple frequencies can also be
used to study magnetospheric emission mechanism.
Moreover, the intervening magneto-ionic interstellar
medium can rotate the PA of the pulsar signal as it
propagates through it - this is known as Faraday rotation.
The amount of rotation scales as the square of the
wavelength, and is quantified by the Faraday rotation
measure (RM), which is a measure of the electron column
density and the magnetic field strength along the line-of-
sight.

Historically, most pulsar polarimetric studies have been
performed using either large single dish telescopes (e.g.
the Parkes radio telescope in NSW), or interferometric
telescopes comprised of a modest number of parabolic
dishes. Next-generation low-frequency telescopes -
aperture arrays, such as the MWA, are promising in
pulsar polarimetric studies. However, for aperture
arrays, accurate polarimetric calibration is much more
complex since its polarimetric response is a strong

function of the observing frequency and direction. Thus,
developing a suitable calibration strategy and verifying
that it is satisfactorily robust and reliable is an essential
prerequisite for performing any polarimetric pulsar work
with these new generation radio arrays.

We carried out an empirical examination of the MWA’s
polarimetric response using a series of carefully designed
observations of two bright southern pulsars (PSRs JO742-
2822 and J1752-2806). Our analysis shows that the
polarimetric response of the MWA is reliable in the domain
where the analytical beam modelis a good approximation
toreality. Thisis currently the case at observing frequencies
less than 270 MHz and at zenith angles less than 45
degrees. As expected, observations closest to the zenith
provide the highest quality pulse detections.

The work not only provides a verification of the
polarimetric performance of the MWA but also interesting
science results. For the two pulsars, this produced first
full polarimetric profiles low radio frequencies. We
also studied the polarimetric pulse profile evolution
over a large frequency range (~100-230 MHz) using the
MWA'’s large (non-contiguous) fractional bandwidth and
compared our results with the published work from higher
frequency observations (up to ~8.4 GHz). For PSR J0742-
2822, the measured degree of linear polarisation shows
a rapid decrease at low frequencies, which is in contrast
with the generally expected trend for pulsar emission. One
of the possible explanations for this is stochastic Faraday
rotation when the pulsar signal propagates through
turbulent plasma components in the interstellar medium
that are irregularly magnetised. We are now investigating
this effect in more detail using a larger sample of pulsars.

This study opens a new window into the polarimetric
properties of Southern pulsars at low radio frequencies
and will stimulate further research in this area. Obtaining
polarimetric profiles for a large sample of Southern
pulsars using future MWA observations will allow us to
continue to use them as a tool to study the pulsar emission
mechanism, geometry and the interstellar medium.

43



« A record haul of
Fast Radio Bursts

Jean-Pierre Macquart

with Ryan Shannon, Clancy James, Ron Ekers, Mawson
Sammons, Marci‘Sokolowski and Ramesh Bhat

et AL Perdin,
A 'y {

|
I e il )

For each burst, the top panels show what the FRB signal looks like when
averaged over all frequencies. The bottom panels show how the brightness
of the burst changes with frequency. The bursts are vertical because they
have been corrected for dispersion. Credit: Ryan Shannon and the CRAFT
collaboration.
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Discovered in 2007, the origin of the millisecond-
timescale events known as Fast Radio Bursts remains
a mystery to this day. Using the Australian SKA
Pathfinder, the CRAFT collaboration has netted a
record haul of these elusive events, and discovered
that the most events occur at cosmological distances.
Thatis, many of these cosmic events occurred several
billion years ago, and some when the Universe was
only half its present age. This makes their extremely
bright emission even more energetic than previously
supposed, and deepens the riddle of what generates
them.

Fast radio bursts come from all over the sky, but
their fleeting existence - mere milliseconds - and the
randomness of their occurrence times makes them hard
to find.

You don’t know where one will occur or when. The only
sure way to find these bursts, in sufficient numbers to
measure the properties of the population as a whole, is
to use a telescope with a large instantaneous field of view
and keeping looking for as long as possible. The more sky
you look at and the longer you look at it, the more chance
you have of capturing a burst.

This was exactly the strategy used by our survey team in
2017 and much of 2018. Our CRAFT collaboration (CRAFT
is the team undertaking the Commensal Real-time ASKAP
Fast Transients survey) decided to employ an unusual
strategy to capture as many extremely bright fast radio
bursts as possible. Our goal was to detect as many bursts
with ASKAP in a year than had been detected by all the
world’s other radio telescopes in the previous decade.
We would use a small collection of 6-10 antennas in the
Australian SKA Pathfinder, ASKAP, while undergoing
engineering commissioning to its full 36-antenna size, to
undertake an extremely wide-field survey. Each telescope,
each with a 30 square degree field of view, would be
pointed in a different direction, allowing us to search for
fast radio bursts over an enormous 180-300 square degree
field of view at once. With only a single antenna detecting
each event, thissurvey would only detect the very brightest
of bursts but it would, for the first time, capture enough
events to make a number of definitive statements about
the fast radio burst population.

Central to the success of the survey was the phased-array
feed technology that gives these ASKAP antennas their

large field of view. To cover such a wide area, each phased
array comprises 36 independent “beams”, each covering
about one square degree, and each pointing in a slightly
different direction. Phased array feeds pack a hefty punch
inthe fastradio burst game, and not just because theirfield
of view is sixty times that of the Parkes radio telescope, the
instrument which made the first detection of a fast radio
burst.

Unlike the 13-beam multibeam receiver on the venerable
Parkes telescope, the beams on a phased array are spaced
closely together, so that the signal from any detected burst
is recorded simultaneously in many independent beams.
By measuring the strength of the signal in each beam, it
is possible to determine where the burst occurred to a
region much smaller than the square-degree footprint of
an individual beam.

Thisis a huge advantage. Once you know where the burst
occurred relative to the pointing direction of phased array
beam, you canobtainamuch more accurate measurement
of its true brightness, and its spectrum. If you can do this,
you obtain a much better estimate of the true event rate of
fast radio bursts, a quantity which had proven remarkably
tricky to pin down. Thus, the phased array feed technology
on ASKAP automatically overcame a number of limitations
that had bedevilled measurements of fundamental fast
radio burst properties on previous-generation telescopes.

This meant that every burst detection with ASKAP
contained better and more reliable information about the
burst than had previously been possible to measure with
other telescopes. The figure opposite displays a gallery
of 20 of the bursts detected by the CRAFT survey team
on ASKAP. For each burst, we obtained a burst position
to within about 6 x 6 arcminutes, a reliable spectrum and
an estimate of the burst fluence to 10% accuracy. (Fluence
is the total amount of energy received by the telescope
over the burst duration.) Compare this to previous Parkes
detections, where the burst fluence is typically not known
to within a factor of several, the position is generally not
known to better than 20 x 20 arcminutes, which in turn
makes it impossible to correct the observed spectrum for
telescope chromaticity effects (which require you to know
where in the beam the event occurred).

The 23 burst detections from the CRAFT fly’s-eye survey
allowed us to reliably measure a number of fundamental
properties of the fast radio burst population for the first
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time. One of the most basic quantities is the apparent
brightness of each burst, and how many are detected as
a function of brightness. This is possible once you have
accurate measurements of the burst brightness.

This quantity is surprisingly useful because you can use
it to determine how far away the bursts are coming from.
It was already known that the bursts had to be generated
well outside our own Galaxy, the Milky Way. The big
question is whether the bursts we detect are generated in
relatively nearby galaxies, or they are instead generated at
cosmological distances, and their radiation has traversed
a large fraction of the observable cosmos!

If the bursts we detected were all nearby, the number
we would detect above a certain brightness B would
scale like B*”. So for every burst you detect above some
brightness level, you should detect eight if you are able to
detect bursts four times fainter. This result arises because,
although you don’t know the distance to any given burst,
you do know that, whatever its distance, its brightness will
decrease with the square of the distance (hence the -1/2
power). And if the bursts are distributed homogeneously
in the survey volume, the number of bursts out to a given
distance increase with the cube of that distance (hence
the 3 power, giving -1/2 x 3, hence B*?). But this is only
true if the bursts are so close that their distribution is
homogeneous within the survey volume. It won’t be
true in general, because any events that are detected at
extremely large (cosmic) distances will have been emitted
several billions of years ago, a timescale over which the
abundance of many populations of objects in the Universe
changes drastically. If the abundance of the population
changes, the number of events within the survey volume
will not quite scale with distance-cubed, and the slope of
the brightness distribution will be different.

We used the CRAFT fly’s-eye data to show that the fast
radio burst distribution is inconsistent with that expected
for a nearby population. The events ASKAP detected,
though extremely bright, were coming from distances so
large that their radiation was indeed emitted billions of
years ago. In short, we have proven that these bursts are
coming from the other side of the Universe rather than our
own galactic neighbourhood!

We were also able to compare the CRAFT bursts against the
sample of those previously detected by Parkes. Although
we do not know the true apparent brightness of any one

of the Parkes-detected bursts, we do know that the Parkes
survey was at least fifty times more sensitive than the
CRAFT fly’s-eye survey. Significantly, we found that the
dispersion measures of the Parkes bursts — the amount
of matter that the burst travelled through on its journey
to Earth, imprinted in the signature of each burst — were
on average twice as large as for the CRAFT bursts! In other
words, we found that the burst dispersion measures are
correlated with their apparent brightness.

This is striking, because such a relation would not exist
if the bursts were coming from nearby, because then the
amount of matter a burst propagated through would
not relate to its distance. In this case, there would be no
correlation between a burst’s apparent brightness and its
dispersion measure. The fact that such a relation does
exist means the amount of matter a burst has propagated
through does relate to its distance, and this must mean
that the dispersion measures of the bursts isdominated by
the only component of matter that relates to its distance:
the Interagalactic Medium.

In other words, each fast radio burst contains an imprint of
the all the intergalactic matter it has propagated through
in its journey through the cosmos. Because we’ve shown
that fast radio bursts come from far away, we can use
them to detect all the missing matter located in the space
between galaxies. This is an exciting discovery. It paves
the way for using fast radio bursts as a sort of cosmic
weighbridges that are distributed along the intergalactic
highway. We can use them to weigh the Universe!

Thesurveymadeanumberofotherremarkablediscoveries.
It discovered the brightest burst yet measured: it must have
involved incredible energy—releasing in a millisecond the
amount of energy released by the Sun in 80 years. (The
Lorimer burst, the first discovered burst, may have been
brighter, but its detection with Parkes makes it impossible
to measure exactly how bright it was.)

The CRAFT fly’s-eye survey also discovered the burst with
the lowest dispersion measure yet, indicating that this
particular event likely came from a very nearby galaxy.
We think we know exactly which galaxy it was — a large
galaxy only 120 million light years from Earth — but it’s
impossible to be 100% sure.

We were also able to measure the spectral properties of
our bursts with a high degree of confidence. We found that
nearly all our bursts have highly patchy spectra, consisting
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of bright “islands” of emission at some frequencies, but
with virtually no detectable emission at other frequencies.
The spectral variations look quite random, and might
be caused by propagation effects, such as scintillation.
However, we can still measure the average spectrum of
our population. Interestingly, we find that this very closely
resembles the spectral shape of rotation powered pulsars
in our own Galaxy. Is there a connection between the
emission of pulsars and fast radio bursts? If so, how do
fast radio bursts generate emission that is a trillion times
more luminous?

We now know that fast radio bursts originate from about
halfway across the Universe but we still don’t know what
causes them or which galaxies they come from.

The CRAFT team’s next challenge is to pinpoint the
locations of bursts on the sky. Instead of using ASKAP in
fly’s-eye mode, our next project is to turn all its antennas
to point to a single, common 30 square degree field, and
operate ASKAP as it was intended to be operated: as an
interferometer. With this, we will be able to localise each
burst we detect to better than a thousandth of a degree, a
figure out exactly which galaxies harbour fast radio bursts.

Whatever may cause fast radio bursts, we are certain that
their study has a bright future.

These results were published in a succession of articles
centred around the letter in Nature on 10th October 2018,
“The dispersion-brightness relation for fast radio bursts
from a wide-field survey”, by Ryan Shannon, Jean-Pierre
Macquart et al. The publication contained contributions
from 5 Curtin-affiliated authors: Ryan Shannon, Jean-
Pierre Macquart, Ron Ekers, Clancy James and Curtin 3rd
year student, Mawson Sammons.

Macquart and Shannon are both co-Pls of the CRAFT
survey team.

ASKAP is located at CSIRO’s Murchison Radio-astronomy
Observatory (MRO) in Western Australia, and is a precursor
for the future Square Kilometre Array (SKA) telescope.

Other publications associated with this work:

Macquart, J.-P., Shannon, R.M., Bannister, KW., James,
C.W.,, Ekers, R.D. & Bunton, J.D., The spectral properties of
the bright FRB population, ApJ Letters, 872, 119

Mahony, E., Ekers, R.D., Macquart, J.-P., Sadler, EM,,
Bannister, KW., et al. A search for the host galaxy of FRB
171020, ApJ Letters, 867, L10 (2018)

Sokolowski, M., Bhat, N.D.R., Macquart, J.-P., Shannon,
R.M., Bannister, KW., Ekers, R.D. et al., No low-frequency
emission from extremely bright Fast Radio Bursts, ApJ
Letters, 867,112 (2018) Thisworkisdiscussedin aseparate
article in the CIRA 2018 Annual Report

James, CW., Ekers, R.D., Macquart, J.-P., Bannister, KW. &
Shannon, R.M., The slope of the source-count distribution
for fast radio bursts, MNRAS, 483, 1342 (2019)

James, CW., et al., The Performance and Calibration of the
CRAFT Fly’s Eye Fast Radio Burst Survey, PASA, 36,9 (2019)

An artist’s impression of CSIRO’s ASKAP radio telescope detecting a fast
radio burst (FRB). Scientists don’t know what causes FRBs but it must
involve incredible energy - equivalent to the amount released by the
Sun in 80 years. Credit: OzGrav, Swinburne University of Technology.
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Below: MWA Opet‘ions Team members Kim Steele, Mia Walker and
Luke Horsley attending the Phase Il {aunch from a.remote antenria tile.

Above: SKA engineer Mark Waterson deploying the latest SKA-LOW antenna.
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. working
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SMART box
technology.

Below: Curtin student engineer
Malcolm Whinfield in the lab.

Above: The MWA Operations Team were runners-up in
the 2018 VC awards for excellence in leadership.
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. Getting to the pointy
end of the SKA -
Critical Design Review
and be*yond

Tom Booler

Inspecting SKA-LOW antennas deployed at the Murchison.



The technical and scientific ambition of SKA is
unprecedented. Add to this the myriad challenges
inherent in a large and highly distributed
collaboration and it’s easy to imagine any number of
factorsthat mightimpede progress. It’s not surprising
then that the SKA Project has seen a number of false
dawns on its multi-decade journey. A lot of things
have to go right, and a lot of compromises have to be
struck on the way to making the dream a reality.

CY2018 witnessed a number of key milestones—including
the successful completion of element level Critical Design
Reviews (CDR), and commitment of the international
membership to the nascent Inter-Governmental
Organisation—that mark this episode in SKA’s history as
a critical tipping point. The project now has sufficient
momentum to carry it through the all-important transition

from design to delivery.

CIRA's mode of engagement with the SKA-LOW design
process, and the project at large, has evolved considerably
through the current ‘pre-construction’ design phase,
which commenced in CY2013 and will conclude with
the system level CDR late in CY2019. When we originally
enrolled in the Aperture Array Design and Construct
Consortium (AADC Consortium)—formed to design the
Low Frequency Aperture Array (LFAA) for SKA-LOW—it
was with a narrow, tightly defined, scope focussed on
managing the Consortium’s on-site prototype and test
activities and managing the design (by industry partners)
of the power and fibre distribution system(s) within LFAA
stations. However when, in late 2013, the SKAO identified
the deployment of the 230,000 antennas (then) slated for
Stage 1 of SKA-LOW—an undertaking without precedent
in the history of research infrastructure—as the biggest
risk to the success of the project, CIRA was recruited
to place realistic bounds on its cost and schedule. The
SKAO’s desire to have CIRA lead this important work was
a reflection of our reputation as having a realistic and
pragmatic approach to planning, and a strong track record
of delivery.

In the years since 2013 CIRA’s footprint in and influence on
SKA pre-construction has continued to evolve and grow.
CIRA’s core strengths—antenna and array design and
characterisation; processing and scientific exploitation of
instrumental data; and the commissioning, operation and
maintenance of radio astronomy instrumentation—have
all been leveraged into direct and indirect contributions

to the SKA project. In 2018 CIRA personnel made direct
contributions across the entire spectrum of SKA project
activity. CIRA is helping to inform the design of the key
science programs the completed SKA will undertake, the
types of connectors that will be used on the antennas in
the field, and everything in between. As pressure to deliver
against the promise of SKA increases into the delivery
phase of the project, this trend is set to continue.

CIRA is a key contributor to SKA construction and
operations planning initiatives that are currently
underway in earnest in anticipation of the project’s
imminent transition to a delivery focus. Chief among
CIRA’s contributions in the near term will be contributions
to a number of key architecture and technology decisions
that must be made as part of the process of translating the
performance focussed ‘design baseline’ to a ‘procurement
baseline’ matched to the project’s budget and risk profiles.
Having led the delivery of the MWA, CIRA is one a small
number of organisations with experience that is directly
relevant to framing, informing, weighing and taking these
important trade-off decisions.

So, while CY2018 was a seminal year in SKA’s long journey,
there is plenty of work to be done yet. CIRA will continue
to contribute its practical, experience based, insights and
capabilities when and where they can have the maximum
positive impact on the SKA program. An award of new
funding, from the Federal Government, in late CY2018 will
see an infusion of new (personnel) resources to enable
CIRA to build on its past accomplishments in the project,
and ensure that we can continue to have a meaningful
impact on the SKA.
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. PV-Battery System
Prototyping for the
SKA-LOW

James Buchan
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The SKA-LOW radio-telescope site will be located
in the remote region of Western Australia near the
Murchison Radio-astronomy Observatory (MRO)
site and will require a significant amount of power
to energise the radio receivers the all associated
processing facilities. The SKA-LOW provides a unique
load demand under harsh environmental conditions,
which requires environmentally sustainable and
renewable energy sources to be part of the power
supply infrastructure.

Power considerations for the SKA_LOW radio telescopes
face many technical challenges which necessitate the
power system design to meet stringent electromagnetic
compatibility (EMC) requirements. Compliance with
the SKA-LOW EMC standards is a vital performance
requirement to ensure that any power supply technology
does not generate electromagnetic disturbances that will
interfere with the radio telescope trying to detect faint
radio signals in the distant Universe.

As such, photovoltaic (PV) systems with battery energy
storage are being assessed as a viable power supply
solution by prototyping a proof of concept PV-Battery
system, which has been a collaborative effort with an
industry partner, Balance Utility Solutions. In addition to
assessing the EMC performance of the PV-Battery systems,
design considerations to maintainability, reliability, energy
availability and cost-effectiveness were also made. These
design aspects are all major power supply requirements
that are pivotal to the success of the SKA-LOW.

The prototype PV-Battery system requires 4.8kW of PV and
17.6 kWh of energy storage in order meet the load demand
and satisfy the energy availability requirements of 128
radio receivers, which is half the capacity of a SKA-LOW
Field Node. A maximum power point tracker is installed in
the prototype system, which is capable of optimising the
energy yield from the PV array and converting the output
voltage of the array to match that of the battery bank for
charging. Additionally, an inverter is installed to distribute
230V AC electricity to the Field Node.

The PV-battery system prototype was developed to
characterise the radiated emissions generated by all
electrical and electronic components within the PV-
Battery system. The EMC tests performed on the prototype
assessed the level of emissions generated by the power
converters, control, and monitoring equipment within

the PV-Battery system. Understanding the emissions
generated by the PV-battery system identifies the major
culprits of electromagnetic interference generation and
determines how much radiated emissions attenuation
is required to comply with the unprecedented levels of
sensitivity set by the SKA-LOW radiated emissions limit
values.

To adequately perform EMC tests on the PV-Battery
prototype, design considerations to the prototype PV-
Battery system were also made such that the system could
fit within an EMC chamber and rotate on the turntable
while allowing the system to still charge and discharge
under normal operating conditions. This circumvents
the use of large PV panels to power the system, which
is cumbersome when space is a limiting factor with the
Curtin University EMC chamber. Instead, the prototypes
are completely self-sufficient with the ability to circulate
power courtesy of the battery bank combined with a
power rectification stage.

EMC tests were performed in the Curtin University EMC Lab
in a semi-anechoic chamber. The radiated emissions tests
adopted theMIL-STD-461F testing procedures, which is
the testing methodology advocated for the SKA-LOW EMC
standards. The emission measurements were assessed
against the limit values of MRO EMC requirements, which
is 20dB less than of theMIL-STD-461F standards. This
provides a preliminary assessment and characterisation
of what is achievable considering a less stringent, but still
rigorous EMC compliance procedure of the MRO.
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. Rapid and Accurate
Extraction of Noise
Parameters in the SKA-
LOW Frequency Band

Adrian Sutinjo, Daniel Ung and Budi Juswardy
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In the past, the noise generated by the low-noise
amplifier (LNA) connected to each receiver in a low-
frequency radio telescope has been assumed to be
uncorrelated with one another. However, research in
the past decade has shown that the noise emanating
from the LNAs is in fact radiated through the antenna
and is received by the neighbouring antennas. This
effect creates a biasinthe correlation terms produced
by the radio telescope which is undesirable in certain
sensitive observations.

Such bias can potentially be corrected if the bias can be
quantified. This involves electromagnetic (EM) modelling
as well as measurement of the LNA itself. Curtin Institute
of Radio Astronomy (CIRA) has experience, expertise and
the equipment and has been active in both EM modelling
and low-noise measurements [1, 2]. In the context of low-
noise measurement, we have developed methods of LNA
characterization that is tailored for rapid measurement
in the Low-Frequency Square Kilometre Array (SKA-LOW)
frequency band of 50 MHz to 350 MHz which is a 7:1
bandwidth.

The first method involves the use of long coaxial cable
[2] while the second employs an off-the shelf commercial
impedance tuner. The coaxial cable method is inherently
compatible with wide band measurement. However,
this is not the case with the impedance tuner which in
its standard configuration has to perform measurement
at many tuner positions which is to be repeated over
frequency.
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We have recently discovered that very significant time
saving is achievable with the combination of insight into
the noise parameter extraction process and strategic
placement of the tuner probe. As a result, we can obtain
high-speed and high-precision measurement over the
entire SKA-Low bandwidth with just 7 tuner positions
[3]. The comparison between the results obtained by
the cable method and the tuner method for an off-the-
shelf LNA are shown in the figure. The results generally
converge to within approximately one error bar of the
tuner method. Both the tuner and the cable methods are
highly applicable to any wideband LNA measurements.
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. Characterisation
and enhancement

of the. EMC
chamlaer facility

Budi Juswardy & David Kenney

CIRA Semi-anechoic EMC Chamber facility. Credit: David Kenney.
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Measurement capabilities of CIRA EMC facility. The green and red lines show the
target emission thresholds; the blue curves show the measurement noise floor,
showing goog sensitivity 20 dB below the MIL-STD-461F between 200 MHz - 1 GHz.
Credit: Budi Juswardy.
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The Curtin Institute of Radio Astronomy (CIRA)
maintains and operates an electromagnetic
compatibility (EMC) measurement facility, which is
located on the main Bentley campus. This facility
contains a semi-anechoic chamber, associated pick-
up antennas, a turntable, control instrumentation
and an electromagnetic interference (EMI) receiver
(Rohde & Schwarz ESU26). This facility enables us
to perform EMC characterisation of devices-under-
test against civilian and military EMC compliance
standards. In the context of our involvement with
the Square Kilometer Array (SKA) project, we
conduct measurements to ensure that instruments
that we deploy in the field meet the EMC emission
requirements of the Australian SKA site.

In the first quarter of 2018, we performed maintenance,
characterisation and verification of the EMC facility. This
facility is heavily utilised to determine the EMC compliance
of various instruments to be deployed in the field at the
Murchison Radio Observatory (MRO), so it was important
to verify and have a record of the sensitivity performance
of our setup.

We recorded the calibrated S-parameter response of all
RF components, such as the response from all possible
paths inside the switch box, which includes every coaxial
cable and amplifier (after replacing one of the damaged
amplifiers). We recorded different settings used in the EMI
receiver, for reference and traceability of the sensitivity
level of the instrument.

We also updated the EMI receiver's transducer correction
data, to reflect the actual detected emission after factoring
in the cabling and amplifiers used in the measurement
set-up. Instead of manually entering the correction factor
into the machine, a software script has been developed to
seamlessly upload the updated transducer factors into the
EMI receiver.

The outcome of these characterisation activities is that we
have verified the sensitivity of the set-up used to measure
EMI emission, and now have a reference point for the
facility's equipment. To put this into the context of the SKA
EMC requirements, in order to ensure radio quietness of
the radio observatory, the Australian SKA site has adopted
MIL-STD-461F (RE102), with an additional suppression
level factor required depending on the placement and the
location of the deployment of the instrument in the field.

As most CIRA instrumentation and experiments in the
field are deployed between 1 km to 10 km from the
Australian SKA Pathfinder (ASKAP), the MRO EMI emission
management regime requires an additional suppression
level of 20 dB below the radiated emission level specified
by MIL-STD-461F. Acommon practice to meet this levelisto
measure the device-under-test (DUT) to MIL-STD-461F, and
then encapsulate the DUT with additional EMI shielding
for deployment in the field. However, it is often difficult
to ensure the shielding effectiveness of the enclosure is
not compromised, where there are modifications on the
enclosure (e.g. after drilling and cutting the enclosure to
mount connector for cablings).

The approach we currently adopt is to measure the device
undertestdirectlydowntothe MRO's EMCtarget emissions
level of MIL-STD-461F - 20 dB. However, our set-up only
covers for the frequency range 30 MHz - 3 GHz, whereas the
full frequency range of the MIL-STD-461F standard extends
up to 18 GHz. Based on current instrumentation set-up
and capabilities, we measure radiated emission over the
following 3 frequency bands:

« 30-200 MHz: good sensitivity down to 10dB below MIL-
STD-461F.

+ 200 MHz - 1 GHz: good sensitivity down to 20 dB below
MIL-STD-461F.

+ 1-3GHz good sensitivity only at MIL-STD-461F level.

As we do not have sufficient sensitivity on two frequency
bands, we often perform additional assessments for EMC
compliance, such as post-processing of the obtained
data. In practice, it is often challenging to strike a balance
between providing sufficient sensitivity, having reasonable
measurement time and capturing transient/ impulsive
RFI-type emission over a wide frequency range. Therefore,
we are also looking into assessing the impact of improving
the sensitivity level by replacing the components used
in the set-up. The hardware improvement and signal
processing aspect of the EMC measurement is currently a
workin progress,and an active area of research to enhance
our EMC measurement capabilities to support SKA-related
activities and beyond.
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The Engineering
Development Array
detects cold ionised
hydrogen towards
the Ga%actic Centre
at lowest ever radio
frequency

Randall Wayth, Marcin Sokolowski and*s Broderlick

Randall Wayth and David Emrich working on the Engineering Development
Array (EDA). Credit: ICRAR - Curtin.
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lonised hydrogen has been detected at the lowest
radio frequency ever towards the centre of our
Galaxy. The signal originates from a cloud that is
both very cold (around -230 degrees Celsius) and also
ionised, something that has never been detected
before. This discovery may help to explain why stars
don’t form as quickly as they theoretically could.

The Engineering Development Array (EDA) is an SKA-
Low test and verification system built and operated
by CIRA. It consists of 256 MWA-style dipole antennas
pseudo-randomly distributed over an area 35 metres in
diameter. Signals from the dipole antennas are combined
electronically such that the EDA acts like a single large
antenna, or “station” in SKA terminology. The EDA was
originally deployedin 2016 and used a two-stage analogue
beamforming system to electronically point the station to
the desired location on the sky. Radio signals from the EDA
were captured by a flexible back-end data capture system,
such that the data could be processed as a stand-alone
system or could be re-formatted into a format suitable for
integration with the MWA. In this experiment, the EDA was
used as astand-alone system, and the data capture system
was configured to capture the data with very fine spectral
resolution —just 1.25 kHz — which is required for detecting
faint radio spectral lines from ionised and atomic gas in
the interstellar medium of our Galaxy.

used a common “stacking” technique to combine data
in spectral lines to boost the signal-to-noise in a small
frequency range. The data revealed a full range of Carbon
radio recombination lines (RRLs) between 40 and 310 MHz
as well as ionised Hydrogen RRLs between 60 and 310
MHz.

Data from the Carbon RRLs were consistent with, and
confirmed, previous observations towards the Galactic
Centre where RRLs from cold (20-60 K) atomic gas have
been observed. The data from ionised Hydrogen RRLs
included a detection at 63 MHz, which is the lowest ever
detection of an RRL from Hydrogen towards the Galactic
Centre. Unlike observations at higher frequencies, the
very low frequency observations from the EDA allow the
temperature and density of the gas to be unambiguously
determined. The data indicate that the signal originates in
a nearby cloud of cold, yet ionised gas -- likely the nearby
Riegel-Crutcher cloud.

The detection indicates that ionising radiation can
penetratedeepinto cloudsofhydrogen without necessarily
heating the cloud. The confirmation that this nearby cloud
supports cold yetionised Hydrogren may help explain why
stars don’t form as quickly as they theoretically could in
the Milky Way.

EDA GC: 0-330 MHz

In July 2017 the EDA observed the
Galactic Centre for approximately 4
3.3 hours, tracking the source as it
transited overnight. The raw data were

processed by summer student Emma

B

Alexander, supervised by colleague Dr
Jess Broderick, both then at ASTRON.
The initial data processing successfully
calibrated the bandpass of the EDA such
that faint spectral line features in both

(T_line/T_cont) x 1000
| (Oplical depth of ling)
=

emission and absorption were clearly

5]

visible. Because the data were processed
with the custom EDA digital backend,
the full spectral bandwidth between 0

and 327 MHz was available, and useful
data were obtained starting from below
40 MHz to above 300 MHz.

Encouraged by the quality and frequency range of the
data, analysis of the data was continued by both Dr
Raymond Oonk, also at ASTRON, and Ms Alexander. They

— ‘ T T ; .
‘ Radio interference I ‘

Visible absorption features

I ]

100 150 200 250 300
Frequency [MHz]

Image: The processed sky-subtracted spectral line data from the EDA.
The plot shows mostly noise-like residuals over most of the spectrum.
The large positive/negative lines are due to interference. Absorption
lines due to atomic carbon are visible around 60-70 MHz.
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An important part of designing and building SKA
precursor systems, for that matter any system, is
the opportunity to review and revise the solutions.
Considering the power and signal distribution
within a field station, rather than using a centralised
approach a SMARTer solution was proposed.

An SKAl-Low sized field station consists of 256 dual-
polarised antennas. DC power is distributed to and
RF output signals are collected from each antenna
polarisation. The power connection is made using a direct
copper cable and the RF electrical signal is converted
to an optical output for transport over optical cabling.
Performing the RF-over-Fibre (RFoF) conversion of the
output signals within each antenna provides a complex
antennadesign and a point of failure in a difficult to service
location. Additionally it requires managing a delicate fibre
optic connection direct to every antenna.

A centralised power and signal distribution scheme
results in a dense cable and connection point at the
distribution node. In order to avoid this, specifications
and requirements for a Small Modular Aggregation and
RFoF Trunk Box (SMART Box) were developed. Based on
this information a prototype was produced combining
designs from the Curtin Institute of Radio Astronomy
(CIRA), the Italian National Institute of Astrophysics (INAF)
and industry partner Balance Utility Solutions.

A SMART Boxdistributes power and signals to 16 antennas,
commonly referred to as a tile. A full station is connected
by using 16 SMART Boxes. Each SMART Box is provided
with a 48V DC power source which is internally converted
to 5V using a solution provide by Balance Utility Solutions.
Distribution of the 5V is provided by a PCB central to
the electronics. Radio-Over Fibre transmitters from
INAF provide for coaxial connection for antenna dc and
RF signals of which the latter is converted to an optical
equivalent using wavelength-division multiplexing. This
allows for the transport of both antenna polarisation
signals over the same optical fibre using 1270nm and
1330nm optical wavelengths. A multi-core fibre cable
is used for all of the signals from the tile and enters the
enclosure via a brass waveguide. This waveguide heavily
attenuates signals below its cut-off frequency, stopping
signalsbelow cut-offfromenteringorleavingtheenclosure.
As the optical cable is not electrically conductive it does
not compromise the performance of the waveguide and
hence the shielding effectiveness of the enclosure.

Prototype assembly and design performance testing,
including temperature, tests was performed by a CIRA and
INAF team at INAF's radio telescope facility in Medicina,
ltaly. The prototype was then tested for EMC compliance
following functional testing at the CIRA Radio Astronomy
Implementation Laboratory. In order to perform field trials
at the Murchison Radio Astronomy Observatory (MRO) the
prototype requires radiated emissions compliance. For
deployment at the MRO the applicable radiated emissions
specification is 20dB below the Navy Mobile and Army
RE102 limits from military standard MIL-STD-461F. EMC
tests were performed at the EMC laboratory at Curtin
University.

Ease of service and repair was an important requirement
for the design. In the event of a failure within the SMART
Boxremovingthe 32 SMA coaxial connections as well as the
power and optical cable is a complex and lengthy process.
Thisissue is addressed in the design in a number of ways.
The power converter is standalone with input and output
cabling easily removed. The Front-end assembly, which
incorporates the 16 RFoF modules can be quickly and
easily removed and replaced. Internal coaxial connections
to the RFoF modules are made using quick connect MCX
plug and socket. Disconnection of the field fibre from the
RFoF modules is achieved by removal of the field fibre LC
connectors from the LC adapters located on the Front-end
assembly. This solution allows minimal disturbance to the
field cabling. Additionally, a single RFoF module can be
easily replaced without removing the full assembly where
this level of repair is required.

61



62

R

. Development of a
new Digital Receiver
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The prototype
of the
replacement
MWA receiver.
Eight NI
FlexRIO’s sit
side by side
where the ADFB
module usually
belongs.
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The filter response function of the new Oversampling PFB with 1MHz wide
channels and an oversampling factor of 1.28. (Black) Theoretical response. (Blue)
Experimental results. (Green) Passband. (Red) Stopband.
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The digital receiver is a crucial element of any radio
telescope, however aging hardware and CIRA’s
increasingly ambitious science goals have resulted
in the inevitability of hardware obsolescence.
Hence in 2018 CIRA spent a significant effort on
the development of a new digital receiver and
demonstrated a working prototype of a drop-in
replacement MWA receiver.

The digital receiver stage performs several key functions
including:

+ Analog to Digital Conversion
« Channelization

+ Gain & Phase Correction

- Corner-Turning

« Telemetry

Typically, the required sampling rate results in a very
high data throughput and as such requires significant
computational resources. Field Programmable Gate
Arrays (FPGA) are often used in order to handle this high
level of throughput. In the case of the MWA receivers this
has resulted in some limitations including a fixed output
bandwidth of 30MHz, high levels of quantization and
significant aliasing within channels. The current MWA
receivers were custom designed and the FPGA’s are fully
utilized, leaving little to no room for future upgrades.

To minimise risk, CIRA has been seeking a Commercial off
the shelf (COTS) digital receiver solution, one of which is
the National Instruments FlexRIO 7935R. FPGA firmware
development is notoriously difficult requiring specialised
knowledge, however developing firmware for the FlexRIO
is done using the NI LabView FPGA software which
provides a graphical programming language dramatically
reducing development time and providing abstractions
such that the same firmware can be easily ported to
other National Instruments devices. In addition to the
extremely capable FPGA, the FlexRIO 7935R also hosts two
12 bit ADC inputs, a microcontroller device, 1GbE port and
two 10GbE SFP ports for high speed serial data transfer.
Overall the NI FlexRIO digitizer offers a low risk solution
with the benefits of industry support, portability and rapid
firmware development.

The most computationally intensive stage of the digital
receiver is channelization in which a polyphase filterbank
(PFB) is typically used to reduce aliasing within the course
channels. The current MWA receivers implement an 8-tap

critically sampled PFB which uses a minimal amount of
computational resources but does not entirely eliminate
aliasing around the channel edges, for this reason up to
30% of the channel is usually discarded. This problem
is addressed in the new receiver by implementing an
oversampling PFB instead. Although an oversampling PFB
requires twice the resources of the critically sampled case,
it entirely eliminates aliasing which has so far plagued
MWA data.

Inadditiontothe oversampling PFB, severalimprovements
have been implemented in the new receiver firmware over
the course of its development. It is capable of transmitting
up to 100MHz worth or bandwidth via UDP multicast and
the data is quantized to no less than 8 bits per real and
imaginary component. The receiver can apply channel
dependent gain and phase corrections for calibration
purposes or improving bit occupancy of low powered
channels. It also has significantly improved telemetry,
collecting live information such as input power, bit
occupancy statistics and PPD’s.

In December 2018 a prototype replacement of an MWA
receiver was demonstrated. Since a single FlexRIO
device has 2 ADC inputs, one device is assigned for each
tile requiring 8 FlexRIO’s to replace the digitiser in an
MWA receiver enclosure. This required the development
of supporting hardware including an 8 output power
supply, a 1to8 clock & PPS distribution system and a
10GbE aggregation switch. Testing showed that systems
performed nominally, and valid data was captured in the
correlator building without any packet loss. The improved
live telemetry of this system even helped in the diagnosis
of some problems with the replacement ASC modules
producing spurious harmonics.

Overall the NI FlexRIO 7935R is a good replacement
receiver candidate and has been demonstrated to work in
the field however its cost is a limiting factor especially if
it were deployed at scale. Moving forward we are working
with National Instruments to develop a more refined and
cost effective solution that builds on the work we have
completed to date.
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Cross-correlation
power as a
function of
frequency (the
x-axis). The
shape of the
plot correctly
shows the band
shape we expect
to see from the
data output by
the 16 coarse
channelisers in
the field.

Sample cross-
correlation
phase plot
showing a fringe
off a bright,
unresolved
source.

Heat map of
cross-correlation
output with
each axis
representing

an MWA tile

and each
intersection
representing the
corresponding
cross-power.



2018 saw major progress on the development of a new
digital correlator for the MWA to fully exploit the Phase
Il (and future planned) upgrades and provide new
features, broader processing options and improved
scalability.

Array telescopes like the Murchison Widefield Array (MWA)
can produce magnificently detailed images of the sky, but
formingthese imagesis a complex process involving multiple
stages of signal processing and data manipulation. At the
heart of the process is the “correlator” — a computational
beast that calculates the cross-correlations between
every pair of array elements. When there are many array
elements, the number of pairs (“baselines”) can become
overwhelmingly large. Following the Phase Il upgrade, the
MWA has 256 elements (“tiles”), although currently only 128
of these can be correlated at a time, meaning a total of 8,128
baselines. In the near future the goal is to correlate all 256
tiles, roughly quadrupling the number of baselines to 32,640.
For each baseline, the correlator needs to perform tens of
millions of real-time floating-point mathematical operations
per second (FLOPS) for each coarse channel, and there are 24
coarse channels. That amounts to tens of teraFLOPS (where
each teraFLOP is a million million FLOPS) — more than the
world’s fastest supercomputer in the year 2000 could have
handled. But thankfully that was then and this is now. With
the benefit of Moore’s Law, the new 256-tile MWA correlator
can be implemented with a cluster of 24 commercial-off-the-
shelf compute servers, each accelerated by an embedded
high-end Graphics Processing Unit (GPU).

The existing MWA 128-tile correlator has served the needs of
the MWA community well for over 7 years. However, it suffers
from limitations in its capabilities and flexibility, and the
design cannot readily be scaled from 128 to 256 tiles. Work
began on a next-generation correlator design that could
handle 256 tiles and beyond, offer a broader range of time
and frequency resolution options, support “fringe-stopping”
delay corrections, and provide various other new features
to better satisfy current and future science needs. At the
same time the new design promises operational benefits
including greater reliability, reduced power consumption
and improved maintainability and extensibility.

By the beginning of 2018 the design details were largely
complete for the new “MWAX correlator”. Much of 2018 was
dedicated to detailed software development and testing.
While the new architectural design was always intended to be
scalable to 256 tiles, testing proceeded initially with a version

providing the enhanced MWAX functionality while still being
limited to 128 tiles. Towards the end of 2018, the software
was further streamlined and optimised, culminating in
validation of real-time 256 tile correlation on representative
GPU hardware. Benchmarking was conducted over several
different latest-generation GPU platforms, leading to the
preparation of a hardware requirement specification for
the preferred platform, suitable for raising a request-for-
quotation once the project is suitably funded.

The MWAX design didn’t start from a blank sheet of paper.
At its core is a highly-optimised cross-correlation library
called xGPU - the same library employed in the existing
correlator but with some important customisations by CIRA
engineers to better manage the data ingest stage to reduce
bus traffic and increase overall speed and scalability. We also
borrowed extensively from the experience and codebase of
the Swinburne-led UTMOST correlator, in particular the use
of the PSRDADA library for efficient and flexible real-time
data buffering - essential to obtaining stable performance
and data throughput when using a software-based real-time
signal processing solution.

One of the key innovations of the MWAX design was to change
the data links between the coarse channelisers and the fine
channelisers to multicast UDP Ethernet. Multicasting is a
process whereby a data stream is sent to a network switch
and then duplicated to one or more destinations with no
extra load on the sender no matter how many destinations
there are. In addition to enabling enhanced correlation
capabilities, this new multicast design will transform
the MWA’s ability to perform multiple commensal tasks
(such as real-time searches for Fast Radio Bursts (FRBs) or
extraterrestrial technosignatures) at the same time as MWAX
is performing correlations for the primary science use case.

In 2019 the MWAX correlator will be further refined and
rigorously validated so that it is fully ready to replace the
existing correlator with minimal disruption to telescope
operations. The additional features and greater flexibility will
make the switch-over to the new correlator attractive even
for 128 tiles, but the greatest benefits will come when new
compute hardware and other infrastructure improvements
allow all 256 tiles to be simultaneously correlated, providing
a major step-change in the MWA’s sensitivity and spatial
resolution.
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The Murchison Widefield Array (MWA) is developed and
run by an international collaboration of 21 partners
from Australia, New Zealand, Japan, China, Canada and
the United States, led by Curtin University. Like many
scientific collaborations, the set of participants changes
over time, as individuals and institutions join and leave
the collaboration. These patterns create challenges
for providing access to MWA services upon joining (on-
boarding) and removing that access upon leaving (off-
boarding).

MWA Members require access to access and download MWA
data, a wiki for documentation and collaboration, various
mailing lists, source code repositories and other services. Each
of these services is independent and requires members to
have many different credentials (usually username/password).
In addition, on-boarding and off-boarding are very manual
processes with administrators having to perform many steps
just for one member.

The MWA Principal Scientist is responsible for on and off-
boarding new members and institutions, with much of the
systems work being done by the MWA Operations team. During
2017, it was clear that with MWA Phase Il approaching (and
with It a slew of membership changes), there had to be a better
way to reduce the burden on the Principal Scientist and MWA
Operations team, as well as providing members with a more
seamless and friendly user experience.

To help address these challenges, we looked to tools and
techniques developed by and for the research and education
community. Central to this is the concept of federated or
external identity. With federated identity, a participant uses their
home institution's credentials to authenticate to MWA services,
instead of having separate usernames and passwords for each
system.

Federated identity helps solve the authentication problem,
or proving a user is who they claim to be. A Collaboration
Management Platform (or CMP) can help solve the authorisation
problem (determining what the user should have access to). The
CMP is responsible for enrolling new participants, tracking their
permissions, and removing access when the participant leaves -
helping reduce the burden of on and off-boarding.

Finally, the various MWA services would need to be integrated
into the federated collaboration infrastructure through a
process called application integration. The details vary for each
application, but in general each is reconfigured to rely upon the
federated or external identities for authentication, and on the
CMP for authorization.

During 2017 and 2018, the MWA Collaboration enlisted the
help of the Spherical Cow Group (SCG)- a leader in providing
identity management solutions to research organisations.
Working with the MWA Operations team, SCG has deployed a

CMP (specifically: COmanage) accessible via a federated identity
system and helped integrate with key MWA services such as
the MWA Confluence Wiki (https://wiki.mwatelescope.org) and
the MWA All-Sky Virtual Observatory MWA ASVO (https://asvo.
mwatelescope.org), a web-based portal allowing astronomers
around the world to access MWA radio astronomy data. A
mailman service, for managing e-mail distribution lists, is due to
be integrated in 2019.

The on-boarding process was replaced with a single, simple
web-based enrolment process. The new member chooses
which login provider they would like to use. There are thousands
of login providers to choose from. Via Curtin University's
membership with the Australian Access Federation (AAF), we
offer all of the major Australian institutions and universities,
including CSIRO. The AAF is also a member of eduGAIN, a world-
wide federation of identity providers, expanding our list of
available login choices to thousands.

Unfortunately, not all countries and institutions have joined
eduGAIN vyet- including China, Japan and New Zealand - a
significant fraction of our membership. For these members
we implemented two "providers of last resort": UnitedID and
ORCID. UnitedID is a free non-for-profit identity provider which
requires userstosign up using any existing email account. ORCID
provides a persistent unique identifier for researchers- linking
them to their authored works. ORCID is especially useful for the
MWA as many users already have ORCID accounts, ORCID's stay
with members even if they move institutions and ORCID is much
easier for Chinese members to use than UnitedID due to not
relying on any Google-based services.

Once a login provider is selected, the user Is then taken to
their chosen institution's login page where they log in as they
would to access their institution's services. Some basic user
information is returned to the MWA enrolment form where the
new member can check or change information such as name,
email address and job title. They then submit the web form, and
once the Principal Scientist approves the membership request
COmanage then provisions their member services, allowing
them to log in to the wiki, the MWA ASVO and to be added to
mailing lists (once the mailman service is ready in 2019). Off-
boarding is also vastly simplified, allowing the Principal Scientist
to revoke membership (and thus all access) with a single click
within COmanage.

The new MWA federated membership system went live late 2018
and is enabling MWA members to access various services using
a single login via a consistent interface. It has also reduced the
burden placed on the Principal Scientist and MWA Operations
team in managing memberships and logins to systems. With
the new system being easily expandable, it will be possible
to Integrate other applications in the future, including source
control, group calendaring and more.
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Example image obtained by calibrating observation collected at 2018-06-15
21:27:03 UTC and calibrating it with the closest in time calibration solution in
the database.

General
overview

of the MWA
ASVO system
with the new
calibration
component.
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In 2018 we enhanced the existing Murchison
Widefield Array All-Sky Virtual Observatory (MWA
ASVO; https://asvo.mwatelescope.org/dashboard)
interface to the Murchison Widefield Array (MWA)
data archive with a calibration component.

The original MWA ASVO interface provided external users
with functionality to download any MWA visibility data,
which becomes publicly available eighteen months
after collection, subject to the MWA data access policies.
The data were made available in the standard radio-
astronomy data formats (CASA measurements set or
UV fits files). However, the data were not calibrated and
required several additional steps before sky images could
be formed, which could be troublesome for users not
familiar with the specificity of the MWA telescope. This new
development allows every user without deep knowledge
of “nitty-gritty” details of the MWA instrument and data to
download calibrated data in a standard radio-astronomy
format. It opens a new avenue for researchers worldwide
to download calibrated data, create sky images using
standard radio-astronomy software packages without a
very deep knowledge of the MWA instrument and analyse
these images for their purposes.

Development of this new functionality required several
modifications in the existing MWA ASVO system. The data
converting software (cotter) was made open source and
extended with on-the-fly calibration enabling application
of calibration solutions whilst the data is being converted
into a standard radio-astronomy data format. We also
developed a database of calibration solutions and an
automatic pipeline (heracles) to populate this database
with calibration solutions since the beginning of the MWA
operations (early 2013). heracles reduces a specified list of
calibration observations, calculates calibrations solutions,
applies them and inserts into the database. In the process
an image of the calibrator field is also created.

In order to populate the database as quickly as possible
we tested several approaches. Initially, we were using a
single server computer and a cloud system at the Pawsey
supercomputer centre (Nimbus), but it turned out that

we required more computing resources. For this reason,
heracles was converted into a distributed system running
on any free resources available (such as unused desktop
computers in the CIRA visitors and student area or several
other computers). This enabled us to download, calibrate,
image and insert into calibration database solutions
from nearly six years of the MWA operations. Currently
the database contains calibration solutions from nearly
10,000 calibration observations, which provides on
average five calibration solutions per day for the primary
MWA frequency bands. The database grows daily as new
calibrator observations are collected and the pipeline is
alsobeing used in near-real time to reduce new calibration
solutions and insert them into the database.

This near-real time reduction of calibration solutions
enabled another valuable monitoring functionality for the
MWA. As the calibrator observations from every morning
and evening are reduced, calibrated and imaged, we plot
their amplitudes and phases to monitor interferometric
performance of the instrument. In particular, monitoring
phases of calibration solutions allows us to immediately
identify antennas (tiles) that are not performing well
and require further attention or repair. It also helps with
identification of problems with the MWA system clock and
any potential perturbations or failures that it can undergo.
Furthermore, the near-real time calibration solutions will
be particularly important for the new fringe-stopping
MWA correlator (see contribution by lan Morrison), which
requires up-to-date array of calibration solutions to
perform correctly. Finally, this work can be extended to
build a database of calibration solutions for the upcoming
low-frequency component of the Square Kilometre Array
telescope.

The development of the calibration components of the
MWA ASVO interface is a very important contribution to
the astronomical community in Australia and worldwide
providing access to the MWA data archive to every
researcher without deep knowledge of the instrument.
Therefore, we expect that this endeavour will pay-off in a
number of publications from researchers from outside the
MWA collaboration using the MWA data.

Murchison Widefield Array
All-Sky Virtual Observatory

Screenshot from the MWA ASVO web page.
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Work on the MWA Monitor and Control (M&C) software
in 2018 included some major new features, and a lot
of work 'under the hood' to make the MWA software
more robust, and more easily used by others.

The biggest new feature Is a new triggering system,
allowing normal MWA observations to be interrupted for
transient observations when a Virtual Observatory Event
(VOEvent) is received. VOEvents are machine-readable text
documents, passed in real time from telescopes detecting
transient events (Gamma-Ray Bursts, etc.) to telescopes
that can provide follow-up observations of those events.

The new triggering system is divided into two parts. The
back end is a web service that has been installed on an
on-site server, forming part of the M&C system. This back-
end system accepts requests from clients via the Internet.
An entirely separate front end (which can be run externally
or on-site) parses incoming VOEvents, makes decisions
about when to trigger a new observation (or re-point an
existingtriggered observation), and calls the web service to
schedulethe observations. Multiplefront-ends responsible
for monitoring and parsing different VOEvent streams and/
or transient source types can be run in parallel. Separating
the science (what VOEvents to trigger on, and why) from
the scheduling function lets the operations team handle
the back-end code that directly controls the telescope
schedule, while allowing astronomers in the science
project teams to write their own front-end parsing code to
decide which events to follow, and what observation and
follow-up strategies to adopt.

The new triggering system can interrupt existing MWA
observations, and schedule new observations in normal
correlator mode, in voltage capture mode, or a new
'voltage buffering' mode, where the last 150 seconds of
raw voltage data, stored In a ring buffer in RAM, is dumped
to disk, allowing data recorded minutes before the trigger
was received to be captured. The new triggering system
has been described in Hancock et al. (2019, submitted).

So far, new front end VOEvent handlers have been written
for handling Gamma Ray Burst notifications from the
Fermi and SWIFT space telescopes (with Paul Hancock
and Gemma Anderson). Another two are being developed
-one for gravitational wave events from LIGO (with Dougal
Dobie from Sydney University and David Kaplan from
the University of Wisconsin, Milwaukee), and another for
neutrino detections from ANTARES (with Dougal Dobie
and David Kaplan).

Another large project was a complete rewrite of the
Python libraries and data structures representing MWA

observations. When the M&C software was first written,
the assumption was that the code would only be used on-
site, by machines with direct access to the MWA schedule
database. The library required a network connection to
the database server, even if the user didn't intend to write
or read observations to/from the database.

In 2018, this code was rewritten from scratch, and splitinto
a library with structures representing MWA observations
that could be used anywhere in the world, and another
library building on that, allowing these structures to be
loaded from and saved to the schedule database (only
usable on-site).

This split, along with other changes, made it much easier
to work on software dealing with MWA observations, and
led to a wide range of other M&C improvements directly
visible to end-users. These improvements include some
new dynamic web pages:

« An improved 'observation information' page, showing
a beam map on the sky (pictured), any hardware errors
that occurred during the observation, power levels at all
tiles (pictured) allowing clipping and under-sampling
problems to be diagnosed, etc.

« Other web pages showing telescope errors and faults,
including a visual map of tile hardware faults (pictured).

« two dimensional (RA vs time) graphical maps showing
observations in the MWA schedule (pictured).

« An improved web page for finding observations in the
MWA using a wide range of constraints.

As well as the human-readable web pages, many new
'web services' were developed. Web services are dynamic
machine-readable web pages, written so that code on one
computer can request data from another computer. These
web services allow any of the data on the observation info
pages to be requested and read by remote software (eg
data reduction pipelines). The metadata provided by these
web services is in a range of possible formats, including
plain text, HTML fragments that can be inserted into other
web pages, JSON structures, PNG files, or the standard
'metafits’ files used to describe MWA observations.

The new web services are being used by the MWA All Sky
Virtual Observatory (ASVO) portal to request calibration
solutions for data sets being downloaded, and by various
science teams writing scripts to search for observations
matching certain criteria, orthat need detailed observation
metadata.
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MWA Director Melanie Johnston-Hollitt presenting at I’ECHAPPEE VOLEE. Credit: Jacob:Khrist.

CIRA astronomer Dr Natasha Hurley-Walker discussing the GLEAM survey for BBC show
"The Sky at Night" at Curtin's HIVE.
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CIRA staff and students have an enthusiasm for
science communication, with an incredible number
of outreach and teaching activities recorded each
year, and 2018 was no exception.

In January, SciTech hosted a Space Academy event in
which CIRA researchers presented multiple talks on
supermassive black holes, big data, and hunting for the
first lights in the universe. The Gravity Discovery Centre
in Gingin heralded the ‘Super Blue Blood Moon’ with
telescope observations and talks by CIRA PhD students to
over 4000 attendees.

More fun STEM outreach events included the Physics day
at Adventure World, the Perth Science Festival which had
hands-on and 3D activities for thousands of people, the
networking events Science Café and the Innovator’s Tea
Party for high school students and professionals, Scinapse
Women in STEM Breakfast, Disrupted Festival, the Royal
Australian Chemical Institute, AWGA, Swancon (a sci-fi
convention), a TED-x Perth Observatory talk, and a live
question-answer session with Dr Karl on ABC radio. ICRAR
also hosted an ‘ask an astronomer’ twitter event called
Stargazing Live which involved over a dozen CIRA scientists
answering questions about space from the public.

The 10th anniversary of Perth’s annual astronomy festival,
Astrofest, was a huge success. CIRA was well-represented
with both scientists and engineers giving talks, showcasing
technology and volunteering with telescopes at Curtin
stadium. Students also helped out similarly at the Pingelly
and Mount Magnet Astrofests.

The first public Open Days at the Murchison Radio-
astronomy Observatory were heralded with tours by
the MWA Director herself, Melanie Johnston-Hollitt, and
members of the MWA Operations team. Johnston-Hollitt
also spoke about the MWA and SKA to the Australian
Institute of Physics Congress, in an interview with Business
News, and on the Science Show podcast.

Other media attention included interviews and articles
with ABC, RAC Magazine, BBC Sky, 6PR, Channel 7, GWN,
2SER, NPR (USA), The Senior newspaper, Mix94.5 FM, 96
FM, and the Telegraph (UK) on a range of topics including
Stephen Hawking, water on mars, the launch of the Parker
solar probe, and the IceCube neutrino result.

In addition to these events, there was also a continued
focus on speaking at schools (Southern River College,

Presbyterian Ladies’ College, Methodist Ladies’ College,
Kelmscott Senior, John Willcock, Kensington Primary,
Byford Secondary, Willetton Senior) to encourage and
inspiretheyounger generation to consider possible careers
in astronomy or space sciences. CIRA also welcomed back
the Indigenous Australian Engineering School in July, with
astronomy talks and activities for students from all over
the country.

CIRA’s Executive Director Steven Tingay is also no stranger
to research communication, being a panellist at the
Universities Australia conference, a presenter to the EU,
Dutch and ltalian ambassadors, and a keynote speaker
at the March for Science. Tingay has also made multiple
media appearances regarding the SKA, black holes, space
situational awareness, the Australian Space Agency,
indigenous astronomy, and his paper on the interstellar
object ‘Oumuamua.

CIRA also contributes strongly in the delivery of Curtin
undergraduate units in the Physics and Engineering
streams at all levels, in addition to the supervision of
undergraduate, Honours, Masters, and PhD projects.

First year teaching covers the general units Physics and
Introduction to Astronomy. Second year units taught by
CIRA staff are: Physics of Stars and Galaxies, Statistical
Mechanics, Thermodynamics, and Electromagnetism.
Third/fourth year units include Relativistic Astrophysics
and Cosmology, Engineering Electromagnetics and
Transmission Lines, and Mobile Radio Communications.

As in previous years, CIRA ran a summer studentship
programin 2018/19, aiming to engage with undergraduate
students and expose them to the exciting research being
done at CIRA. The students worked on a range of science
and engineering projects, from Fast Radio Bursts to
frameworks for cataloguing objects in space. The MWA is
often central to these projects, with students also using
the telescope to hunt for cosmic rays and find massive
clusters in the early Universe. These hands-on research
experiences for undergraduates continue to provide
stimulating learning experiences that often serve as
gateways for Curtin undergraduates to enter Honours and
eventually PhD programs within CIRA.
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