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EXECUTIVE SUMMARY

Working group 1.4, “High energy and fundamental astrophysics” is focussed on objects and

phenomenacharacterisedbyextremephysicalconditions, includingblackholes, neutronstars,

and the accretion disks that typically surround these objects; supernovae and their remnants;

cosmic rays and neutrinos; andmore. Key science questions for the next decade include:

• How andwhere are cosmic-rays accelerated to extreme energies?

• How are outflows from compact objects accelerated, and how do they evolve?

• How best can we exploit gravitational waves to explore the universe around us?

• Is our understanding of gravity correct?

• How do pulsars shine? Whatmakes up the cores of neutron stars?

• What is the nature of dark energy and darkmatter?

• What is the nature of fast radio bursts, andwhat can they tell us about cosmology?

• Howdostarscollapse intoblackholesorneutronstars, andwhatare themulti-messenger

signatures of these events?

• What determines how fast black holes spin, and what impact does spin have on their ra-

diative andmechanical power output?

• What is the origin of heavy elements and how do cosmic explosions forge them?

In order to address these questions within the next decade, we recommend the following:

• Maintainorupgrade local radioobservational capabilities to supportpulsarobservations

• Further develop experimental and observational capabilities for gravitational-wave as-

tronomy to take advantage of the expected first detection

• Maintain access to international ground-based high-energy and gravitational wave ob-

servatories by supporting existing collaborations

• Develop high-energy and fundamental theory as a critical resource supporting local and

international observational efforts

• Develop time-domainastronomyviadedicatedAustralian facilities, aswell as support for

existing facilities and strategic involvement of international observatories

• Maintain experimental and observational capability in nuclear astrophysics

• Further develop galaxy surveys, simulations and cross-disciplinary tools to boost dark

matter and astroparticle physics
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1 SUMMARY

Members of working group 1.4, “High energy and fundamental astrophysics”, are focussed on

observational and theoretical studies of objects and phenomena characterised by extreme

physical conditions (temperature, density, magnetic fields). These objects include black holes,

fromstellarmassobjects inbinaries, to the supermassivegiants at thecentreof activegalaxies;

neutron stars, from rotation-poweredpulsars through accretion-powered pulsars andmagne-

tars; accretion disks; supernovae and their remnants; regions of particle acceleration, and the

cosmic rays theyproduce; andmore. A substantial fractionof the groupmembers have as their

priority development of new observational methods for astrophysical objects, including very

high-energy gamma-ray astronomy, neutrino astronomy, and gravitational wave astrophysics.

Many of the observational efforts are dedicated to transient phenomenawhich cannot be pre-

dicted in advance. As a result, these activities offer significant opportunities for new and un-

expected discoveries, whichmay provide the highest scientific return.

The science objectives which are priorities for the group include some of the most funda-

mental questions of physics and astronomy, long recognized as national and international pri-

orities, including

• How andwhere are cosmic-rays accelerated to extreme energies?

• How are outflows from compact objects accelerated, and how do they evolve?

• How best can we exploit gravitational waves to explore the universe around us?

• Is our understanding of gravity correct?

• How do pulsars shine?

• Whatmakes up the cores of neutron stars?

• What is the nature of dark energy and darkmatter?

• What is the nature of fast radio bursts, andwhat can they tell us about cosmology?

• Howdostarscollapse intoblackholesorneutronstars, andwhatare themulti-messenger

signatures of these events?

• What determines how fast black holes spin, and what impact does spin have on their ra-

diative andmechanical power output?

• What is the origin of heavy elements and how do cosmic explosions forge them?

The Australian high-energy and fundamental astrophysics community has broad research

interests with a high level of international engagement. We identify here three primary issues

which should be addressed in the upcoming decadal plan.

WG1.4: High-energy and fundamental astrophysics 5
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• Links to international facilities Several of the areas inWG1.4 rely to a large part (or en-

tirely) on international facilities. There are frequently requirements for regular funding

to support membership; provide personnel for service observing; or provide upgrades.

These funding requirements are typically met by University or ARC funding, but the lat-

ter schemes inparticular arenotwell suited to suchdemands. Akey issue for researchers

in this working group is how to improve the stability of “subscription” funding and how

to engage with future projects

• NewInternational opportunitiesThere arenewopportunities emerging in several areas

(CTA, aLIGO) thatmay demand strategic investment. These opportunities are being pur-

sued by individual groups, which has in the past worked poorly when the required fund-

ing has exceeded the typical University/ARCDiscovery Project funding envelope. These

larger opportunities should be assessed at a broad, national level, in the samemanner as

(e.g.) international 8-m telescope access.

• Transientmultimessenger astronomyMany of the events and phenomena of interest to

this community are explosive transients that are unpredictable. Several Australian facil-

ities play key roles in multiwavelength followup campaigns on a variety of objects. Aus-

tralia is a key location for several instruments that are part of world-wide networks of

wide-band transient followupnetworks (ROTSEetc.). Yet no dedicated local projects are

carried out here. This field has seen rapid growth over the last decade, and the lack of

national investmentmay see a significant opportunity cost for Australian astronomy.

Belowwepresent a summary of the completeworking group report, divided into the following

sections.

Ground-based high-energy astronomy addresses science goals including the search for the

origin of cosmic rays (up to 1020 eV), and the mechanisms by which cosmic-rays and electrons

are accelerated to such energies. In Australia this area incorporates VHE gamma-ray (see §3),

cosmic ray and neutrino (§4) observations, carried out via collaboration with major interna-

tional observatory facilities, including the recently upgraded High-energy Stereoscopic Sys-

tem (HESS) in Namibia; the Pierre Auger observatory in Argentina; and the IceCube observa-

tory in Antarctica. These instruments cover the highest-energy gamma rays (HESS), cosmic

rays (Auger) and neutrinos (IceCube) from astrophysical sources. This effort is led primarily

by theUniversity of Adelaide, but there are significant links to local theorists, as well as obser-

vational capabilities in other wavebands (particularly mm-wave). These instruments can also

serve as key components for futuremultiwavelength transient followups.

The Auger cosmic-ray observatory is planning a substantial (US$12m) upgrade beginning

in 2015, with new detector installations to improve the cosmic ray mass and charge measure-

ments. IceCube will also be upgraded over the next decade, to provide increased sensitivity.

WG1.4: High-energy and fundamental astrophysics 6
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The planned next generation VHE gamma-ray instrument, the Cerenkov Telescope Array, will

commence its pre-construction phase in the next 2–5 years. The total expected cost for the

northern and southern telescope sites is e200m. This instrument will offer sensitivity in ex-

cess of ten times that ofHESS, and improvedangular resolution. A consortiumof sixAustralian

universities joinedCTA as an associated party in 2013, and full membershipwill require a con-

tribution to the construction and operation costs, with an initial investment of $500k.

Funding to support theseactivities is primarily viaUniversities andARC.Continuedactivity

in the Auger collaborationwill require contributions of $200k towards the imminent upgrade.

Subscription costs for the HESS, Auger and IceCube collaboration are at the level of $10–40k

per annum. While existing funding sources have proved adequate to maintain these collab-

orations in the past, they do not offer stability over the decade-long timescale necessary to

provide ongoing opportunities.

Recommendation: The astronomical community should support ongoing involvement in

ground-based high-energy astrophysics, via strategic collaboration with international facili-

ties, as well as complementary “multi-messenger” collaborative links with national facilities.

Subscription costs to international ground-basedhigh-energyobservatories shouldbe consid-

ered for fundingunderany successor toNCRIS. In the long term, upgradedandnew instrumen-

tal capabilities shouldbestrategicallyassessed foropportunities to leverageexistingexpertise.

Nuclear astrophysics is concerned with the detailed processes by which elements are syn-

thesized and recycled in stars, compact objects, and supernovae (see §5). This research area

has growndramatically over the last decade, and is now representedby active groups studying

stellar evolution over the entire mass range, from the lowest to the highest mass stars, super-

novae, explosive nucleosynthesis, and formation of compact remnants, as well as thermonu-

clear bursts (via numerical modelling and X-ray observations). The new HERMES instrument

on the AAT is one of the key Australian instruments to study nucleosynthesis. Experimentally,

the AMS facility at ANU has recently begun to be used for studying the isotopic composition

of pre-solar grains, in collaboration with astrophysicists at ANU andMonash.

Funding support for these activities has been via the universities and the ARC. There exist

further opportunities to develop AMS for astrophysics. More substantial opportunitites exist

via collaborationswith international facilitieswhereawider rangeof experimental capabilities

are available.

Recommendation: Local observational and experimental facilities including HERMES and

AMS, aswell as adequate supercomputer access are a key resource for this community. Strate-

gic funding should also be secured to maintain access to international collaborations, where

existing funding sources are not sufficient or suitable.

WG1.4: High-energy and fundamental astrophysics 7
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Dark Matter is inferred to make up the bulk of the mass in the universe, from cosmological

studies as well as galactic structure and dynamics, and a number of direct detection experi-

ments have emerged in recent years, although so far without unambiguous success (see §6).

Australian activity in this area has benefited over the last decade from extensive observa-

tional surveys and simulation efforts, with the primary goal of understanding galactic forma-

tion and evolution over cosmic time. Local instrumentation such as SAMI are a world-leading

resource, and researchers exploit a number of approaches, including cosmological microlens-

ing, peculiar velocity studies, and innovative new approaches such as “direct shear mapping”.

Simulations also play a key role, and new synergistic resources including the Theoretical As-

trophysicalObservatorywill likely play a growing role in this area in the future. Involvement in

directdetectionexperiments isminimal, althoughconflictingresults fromexistingexperiments

motivate further work, and a southern hemisphere instrument could help to resolve claimed

annual modulation signals.

Recommendation: Current and future large-scale galaxy surveys and simulations are a key

enabler for dark matter studies, and should be encouraged in order to address the science

questions in this area. Further development of computational tools such as TAO, and encour-

aging new links between the cosmology and particle physics communities will likely result in

substantial science return.

Pulsars have proliferated over the last decade as laboratories in which to make increasingly

high-precision tests of general relativity, as well as alternative theories (see §7). Additionally,

assemblies of these objects have been exploited as “pulsar timing arrays” (PTAs) withwhich to

detect (or constrain) very low-frequency gravitational waves.

Australia plays a very significant role internationally in observational and theoretical pul-

sar science, and this arises in part from the availability of excellent local facilities, notably the

Parkes 64-m radio telescope. Thewide frequency coverage andprecision polarisation capabil-

ities of the Parkes telescope will be required for precision timing projects into the SKA era. In

the long-term, the SKAwill provide orders-of-magnitude improvements in our capabilities for

pulsar science. Within the next decade,mid-scale national facilities includingMOST (currently

being upgraded to include a pulsarmonitoring backend) and theMWAwill significantly add to

local instrumental resources. The South-African SKA precursorMeerKAT, expected to be op-

erational with all 64 antennas by 2016, and the Chinese FAST radio telescope, expected to be

operational in 2018, will also serve as high sensitivity pulsar telescopes.

Recommendation: Prior to SKA operations, maintaining and upgrading Parkes is the high-

est priority for pulsar science. The proposed UWB receiver for Parkes will enable the high-

est precision pulsar timing measurements, essential for PTA projects, and complementary to

MeerKAT timing efforts. Upgrades to MOST and development of MWA pulsar capabilities

should also be seriously considered.

WG1.4: High-energy and fundamental astrophysics 8
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Gravitational-wave astrophysics offers enormous potential in the coming decade. Gravita-

tionalwaves are vibrations in spacetime that propagate at the speed of light, and are produced

by violent events and/or massive objects including binary neutron star mergers, supernovae,

rapidly-rotating neutron stars, and supermassive black holes. These waves propagate freely

through the Universe, and offer a categorically newway to obtain information about the Uni-

verse aroundus. Pulsar timing arrays are sensitive to gravitationalwaves at very low (nHz) fre-

quencies. The primary sources for these waves are binary supermassive black holes in distant

galaxies. The Parkes PTA project has generated the world’s best PTA data set and analysis of

thesedatahas alreadyplaceda limit on the strengthof thenHzgravitational-wavebackground

that eliminates somemodels for the formation and growth of supermassive black holes in the

early Universe.

ComplementingtheeffortsatnHzfrequencieswithpulsar timingarrays, andproposedspace-

based instruments at mHz frequencies, is the world-wide interferometric network. This net-

work presently comprises the Laser Interferometric Gravitational-wave Observatory (LIGO)

in the US, and the Virgo detector in Europe. These interferometers are sensitive to gravita-

tional waves in the 10 Hz – kHz range, and have been operational over the last few years in a

preliminaryphasewhichhasclearlydemonstrated their technical feasibility. Twoadditional in-

terferometerswill be built in the coming decade; KAGRA in Japan and LIGO-Indiawith slightly

better sensitivites than the Advanced LIGO instruments.

These instruments are currently undergoing upgrades prior to an “advanced” phase of op-

eration, with roughly 10-fold increase in sensitivity, which are widely expected to provide the

first detection of gravitational waves once observations commence, in 2015. Commissioning

of the advanced detectors is ahead of schedule. Members of the Australian community are

actively contributing to theoretical and experimental efforts to improve the instrumental sen-

sitivity, as well as carrying out optical and X-raymeasurements to facilitate gravitational wave

searches. Several groupsarealsoplanning forelectromagnetic followups to theexpectedgrav-

itational wave triggers, withmemoranda of understanding signed between LIGOand fiveAus-

tralian observatories. An expansion of local resources and expertise in multimessenger and

gravitational-wave astrophysics is required to contribute significantly to complementary and

followup electromagnetic observations, and strategic opportunities here should be exploited.

Critical for maximal scientific return in this aspect is the development of partnerships with

other observational communities to fully realise the goal of genuinely “multimessenger” as-

trophysics.

In the long-term,optimal localisationwith interferometricdetectorswill necessitateasouthern-

hemisphere instrument, and Western Australia has already been identified as a suitable site.

Planning has already commenced for a third-generation instrument, ET, which would comple-

ment the current instruments once gravitational waves have been detected.

WG1.4: High-energy and fundamental astrophysics 9
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Recommendation: Australia should maintain and grow its existing capabilities in interfer-

ometric gravitational-wave astronomy, including experimental design and development of

advanced-phase interferometric detectors such as Advanced LIGO, KAGRA and LIGO-India,

in addition to complementary efforts to pursue gravitational wave detection via pulsar timing

arrays. For the long-term, Australia should also continue to provide design input to future in-

struments including LISA and ET.

Theoreticalhigh-energyastrophysics supports, informs, and leadsmuchof theobservational

efforts described here. Australian high energy theorists focus on accretion processes in AGN,

and consequent outflows; the interaction between Galactic ISM and outflows; the interior

structure and properties of neutron stars; non thermal phenomena (such as particle acceler-

ation and non-thermal emission processes) and ultra high energy cosmic rays. Five Australian

universities have significant investment in theoretical astrophysics, in terms of personnel, nu-

merical codes and computing infrastructure (see §9). Continued investment in theoretical as-

trophysics — not usually seen as a priority for large observational programs — is an ongoing

priority for this community. This working group endorses the AustralianNational Institute for

Theoretical Astrophysics (ANITA) Strategic Plan 2012-2015, including the formation of a Na-

tional Theory Centre.

Recommendation: University departments and observatories should take the opportunity,

whenpossible, to appoint excellent theoretical high energy astrophysicists, whoare capable of

significantly contributing to Australian and international programs in this discipline and who

can also add value to the observational programs. Theoretical high energy astrophysics also

requires a substantial investment in supercomputing resources and we recommend that this

be maintained at at least the current level in the National Computational Infrastructure, the

Swinburne Centre for Astrophysics and Supercomputing and the Pawsey Centre.

Time-domain and multimessenger astrophysics are pervasive aspects of the science inter-

ests of this working group. Transient sources arise from the highest energy density events in

the universe, and frequently demand time-constrained observations in multiple electromag-

netic bands (see §10). Dramatic growth in transient (time-domain) astrophysics has occurred

over the last decade, motivated in a large part by increasing CPUpower and digital storage ca-

pability with vastly reduced costs. It is now feasible for wide-field robotic telescopes to scan

the sky continuously, feeding automated pipelines that detect new sources and immediately

inform the observers to allow source characterisation and detailed followup.

Australia’s southern location offers particular opportunities forwide-field astronomy. This

has been acknowledged indirectly by the development of world-wide networks including in-

struments in Australia (e.g. ROTSE, CADOR, HATNet). These opportunities can be expected

to increase in the future, with a growing rate of triggers generated by a larger and larger stable

of instruments world-wide, not least the prospect of gravitational wave detections.

WG1.4: High-energy and fundamental astrophysics 10
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At the same time, prompt and effective characterisation of new transients may require co-

ordinated followup in two or more wavebands (see §11). We see it as highly desirable that

Australianobservershaveaccess to instrumentationat all possiblewavelengths toenable such

followup. This goal will require a mix of strategies. Australia already offers world-leading re-

sources for radioobservers, and thanks to thedevelopmentof SKAand its precursors,will con-

tinue to do so for the next decade. For other bands, the situation is more complex. 8-m class

telescope time at overseas facilities is a broad-scale national priority, and those in this commu-

nitywishing to exploit those resources for transient followupsmay have the opportunity to do

so via national agreements. Ground-based high-energy facilities can be accessed via local col-

laborations with international-scale instruments, as pursued by U. Adelaide. X-ray telescopes

are generally operatedon aGuestObserver (GO) basis open to proposals fromobservers from

any country. There remain issues with access to these instruments; the pool of local experi-

encedobserversmaybe small (or non-existent); open accessmodels are not guaranteed. Thus,

the ability of local observers to carry out multi-messenger astronomy are not guaranteed.

Recommendation: A national strategic assessment of Australian-based opportunities in

time-domain astronomy should be undertaken. Such an assessmentmay indicate the need for

national-level investment in suitable instrumentation thatwill leverage our geographical posi-

tion and instrumentation in other bands to provide excellent science return. This assessment

should also consider the goal of maintaining access to overseas instruments (other than 8-m

optical telescopes) that are seen as critical to this and other research areas. Dedicated mem-

oranda of understandingmay be adopted (as with the recent CAASTRO-eROSITA agreement)

whichmay improve the prospects.

2 BACKGROUND

Working group 1.4 is inspired by IAU Division D, “High Energy Phenomena and Fundamental

Physics”1. As with that division, the group draws from

…abroadscientificperspective including, e.g.,multi-messengerastronomy(cos-

mic rays, neutrinos, gravitational waves, etc.), and non-thermal phenomena emit-

tingradiation fromtheradio toTeVgamma-rays. [Research] interests span fromthe

mildly-relativistic electronsof supernova remnantsor thehot intraclustermedium,

toultra-relativistic cosmic-raysandtheirproducts inactivegalaxiesandelsewhere.

Phenomena include plasma astrophysics, magnetohydrodynamics, shocks, particle

acceleration, photoionization, jets, outflows, bursts, extreme gravity, strong mag-

netic fields, etc. Example questions of topical interest might include the physics of

darkmatter, active galaxy feedback, missing baryons in the warm/hot phase of the

intergalactic medium, and the equation of state of neutron-star matter.

1http://www.iau.org/science/scientific_bodies/divisions/D
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The reporting criteria were based on the terms of reference given by the National Com-

mittee for Astronomy, and described at the Decadal Plan website2. We address these criteria

under the following headings:

• Progress against objectives (in the previous Decadal Plan3)

• Stocktake of (current and future) capabilities/resources (in the area)

• New (national or international) opportunities/requirements (in the area over the period

2016-25)

• Suggested strategies and resourcing levels (required to maximise these new opportuni-

ties)

This report is structuredas follows. Thefirst seven sections aredelineatedalongwaveband

and/or thematic lines, and include contributions from the executive groupmembers listed be-

low:

1. Gamma-ray astrophysicsGavin Rowell (U. Adelaide)

2. Cosmic rays & neutrinos Bruce Dawson (U. Adelaide)

3. Nuclear Astrophysics Alexander Heger (Monash)

4. Darkmatter Katie Mack (U.Melbourne)

5. PulsarsMatthew Bailes (Swinburne)

6. Gravitationalwave astrophysicsAndrewMelatos, &BramSlagmolen (U.Melbourne)&Paul

Lasky (Monash U.)

7. Theoretical high-energy astrophysicsGeoff Bicknell (ANU)

Based on the input of the other executive members, we have also assembled two further

sections, “Time-domainastrophysics”and“Multi-messengerastrophysics”. Thesesectionscom-

prise input in the following areas:

1. X-ray observations Paul Nulsen (CfA)

2. Radio/sub-mmobservation JamesMiller-Jones (Curtin)

3. Survey science Eric Howell (UWA)

4. Optical/IR observations Roberto Soria (Curtin)

2http://australianastronomydecadalplan.org
3New Horizons – A Decadal Plan for Australian Astronomy 2006–2015 (2005) http://science.org.au/

natcoms/nc-astronomy/decadalplan.html
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3 GAMMA-RAYASTROPHYSICS

Gamma-ray techniques span the upper energy range of the X-ray band, to TeV (1012 eV, equiv-

alent to ≈ 10−7 J) energies. These ultra-high energy (UHE) photons do not reach the surface

of the Earth, but can be detected either by space-based instrumentation, or the imaging air

Cerenkov (IAC) technique with ground-based optical telescopes. A prime motivation for TeV

gamma-ray astronomy has been the search for the origin of Galactic cosmic-rays up to PeV

(1015 eV) energies. Acceleration sites are expected to also be sources of gamma-rays, but un-

til recently the connection between the purported sources (e.g. supernova remnants) has not

been clear. Another significant class of gamma ray sources that has emerged over recent years

are millisecond pulsars, with many known and new sources detected with the Fermi-LAT4 via

their gamma-ray pulsations.

Australia’s primary involvement in gamma-rayastronomy is via theUniversityofAdelaide5,

and their membership of the High-Energy Sterescopic System (HESS6), collaboration, the ma-

jor southern hemisphere project in TeV gamma-ray astronomy. The HESS experiment is an ar-

ray of four 13mandone28mdiameter (H.E.S.S. II) Atmospheric CherenkovTelescopes (ACTs)

located in the Khomas Highlands of Namibia (1). It is a collaboration of more than 170 scien-

tists, from 32 scientific institutions and 12 different countries. The experiment detects very-

high-energy (VHE) γ-rays in the range 100 GeV to 50 TeV. Adelaide’s research has centred on

Galactic high energy sources such as supernova remnants and pulsar wind nebulae. In recent

years, HESS has continued to reveal new Galactic and extragalactic TeV gamma-ray sources,

cementing TeV gamma-ray astronomy as a mainstream activity in this field. New potential

classes of TeV sources such as massive stars and/or their clusters, starburst galaxies and com-

pact binary systems have been identified, posing challenges to our understanding of particle

acceleration processes covering a wide range of stellar evolutionary cycles.

BeyondAdelaide-led activities, ameasure of the impact of gamma-ray astronomy on other

Australian radio astronomical activities can be gauged by looking at the number of Australia

TelescopeCompact Array7 (ATCA) andParkes observation proposals in recent years. A search

for the keyword ’gamma’ in proposal abstracts using CSIRO-CASS’s OPAL engine reveals 31

ATCA and 21 Parkes proposals since 2011 (most of which contain Australian authors), indi-

cating a healthy interest in gamma-ray astronomy. The majority of these proposals relate to

results in the MeV-GeV gamma-ray energy regime which will be discussed below (five ATCA

proposals were linked to TeV gamma-ray results). There are also obvious links to X-ray astron-

omy and particle astrophysics as part of broader multiwavelength astronomy capabilities.

4http://www-glast.stanford.edu
5http://www.physics.adelaide.edu.au/astrophysics/gpr/research.html
6http://www.mpi-hd.mpg.de/hfm/HESS
7http://www.narrabri.atnf.csiro.au
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3.1 Progress against objectives

Gamma-ray astronomy was identified in the Mid-Term Review of the previous Decadal Plan

as a “New and Emerging Research Area”. The Mid-Term Review recommended that partici-

pation in HESS/HESS-II should continue. A further recommendation was that funding should

be sought to enable a consortium of Australia institutes to participate in the next generation

ground-based gamma-ray telescopes (see §3.3).

Progress has beenmade in the search for the origin of PeV cosmic rays, with several old su-

pernova remnants (SNRs) adjacent to molecular clouds identified as cosmic-ray sources (e.g

6). Energy-dependent TeV morphology has now been resolved in two pulsar wind nebulae

(PWNe), clearly demonstrating their origin in high energy electrons and improving our under-

standing of pulsar environments over multi-parsec scales (5; 4). In the extragalactic realm,

new constraints on the local (z < 1) infrared background radiation (a tracer of galaxy evolu-

tion) are also inferred. Increasing attention is also being paid to themanyunidentifiedGalactic

TeV gamma-ray sources. This class comprises about 30% of theGalactic population of over 80

sources today. Current ideas suggest these sourcesmay represent old supernova remnants or

pulsarwind nebulae (17; 16). See (14; 11) for recent reviews and the TeVCat8website for a list

of sources.

The intimate astrophysics links between gamma-rays and the interstellar medium (ISM)

have also enabled Adelaide to extend their activities into millimetre radio astronomy via ob-

servations with the Mopra and Nanten2 telescopes (see 8). For example, spatial correspon-

dence of the dense molecular gas and TeV emission opens up the possibility to probe the dif-

fusion properties of particles and magnetic fields inside interstellar medium clouds (12). The

Adelaide group is also forging links with theMileuraWidefield Array9 (MWA) radio telescope

in the studies of transients, motivated by the potential of the new HESS-II system. The aim is

to search for TeV gamma-ray counterparts to radio transients as the underlying non-thermal

processes can be linked across the electromagnetic spectrum.

Exploitationof space-based gamma-ray instrumentationhas primarily focussedonpulsars,

understandable given Australia’s historically leading role in this field. A number of Australian

astronomers are active in using Fermi-LAT data in pulsar studies10, as well as active galactic

nuclei11 (AGN) and unidentified sources (13). Fermi-LAT has rapidly expanded the MeV/GeV

source catalogue to over 2000 examples. One of themost dramatic discoveries in recent years

wasthehugebi-lobalbubblesofGeVemissionemanating fromthecentral regionsofourgalaxy

(15), whichmay signal past episodes of intense star formation activity.

8http://tevcat.uchicago.edu
9http://www.mwatelescope.org
10see http://www.atnf.csiro.au/people/Simon.Johnston/glast
11http://pulsar.sternwarte.uni-erlangen.de/tanami
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3.2 Stocktake of capabilities/resources

ThecurrentHESSconfiguration, termedHESS-II, isanarrayoffivetelescopesusingtheground-

based atmospheric Cherenkov technique to image gamma-rays in the ∼20 GeV to ∼50 TeV
energy range. An additional 28-m telescope was added to the original HESS array (four 12-m

telescopes) in 2013. Routine operations (with all five telescopes) commenced in early 2014.

The first science results are now available, and confirm the performance of the new28-m tele-

scope. These results are expected to be presented at conferences in mid-2014.

Two other successful instruments exploit the ground-based atmospheric Cherenkov tech-

nique at TeVenergies –MAGIC12 andVERITAS13. Both of these operate in theNorthernHemi-

sphere. The angular resolution (68%containment radius for a point source) achievedbyHESS-

II, MAGIC-II and VERITAS is in the range 0.06 to ∼0.2 degrees, with instantaneous fields of
view ranging from about 2 to 4 degrees (FWHM). These telescopes require cloud-free moon-

less nights to operate, and so have a duty cycle of about 10%.

The HAWC14 observatory, to be completed in 2014, makes use of water tanks to induce

Cherenkov light from air-shower particles. HAWC is based on the MILAGROwater pond de-

tectorwhichfirstdemonstratedthepotentialof this techniquebyrevealinganumberofdegree-

scale TeV sources in theNorthern hemisphere (2). HAWCwill achieve an angular resolution of

about 0.1 (> 10 TeV) to 2 degrees (0.1 TeV) but can operate with a nearly 100% duty cycle and

close to 2π steradian field of view. A review of these techniquesmay be found in (10).

Thespace-basedFermiLargeAreaTelescope (LAT) isasolid-statesiliconstripdetector (akin

to a spark chamber) designed to detect gamma-rays in the 100MeV to 20 GeV energy range.

Fermi-LAT data are publicly available within days. Fermi-LAT’s angular resolution ranges from

0.1 (10 GeV) to about 3 degrees (100 MeV) and its field of view covers about one steradian.

Access to Fermi-LAT data is straightforward via its Science Support Center website 15.

3.3 New opportunities/requirements

Current InstrumentsThe currently operational ground-based instruments, includingHESS-II,

are expected to operate well into the 2016/2017 timeframe, and possibly longer depending

on the level of upgrades applied (e.g. new camera detectors). The new lower energy threshold

of HESS-II at∼20GeV has considerable overlap with Fermi-LAT, and offers new opportunities

to probe transient phenomena such as gamma-ray bursts (GRBs) and X-ray binary flares, as

well as pulsar magnetospheres. Vastly improved photon statistics are possible thanks to the

HESS-II collection area, approximately 104 times larger than that of Fermi-LAT. Extensions to

standard-model-physics related to cold darkmatter is also a priority topic (7) given the recent

12http://magic.mpp.mpg.de
13http://veritas.sao.arizona.edu
14http://www.hawc-observatory.org
15http://fermi.gsfc.nasa.gov/ssc
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detectionof a≈ 125GeV feature inFermi-LATdata,whichHESS-IIwill certainly be in aposition

to verify.

ThecollectionareaadvantageofHESS-II suggests that theground-baseddetectionofGRBs

is just a matter of time, particularly given the Fermi-LAT detection of several > 30 GeV pho-

tons already from some GRBs (e.g. (3)). HESS-II will also offer improved performance (a fac-

tor up to 2× better sensitivity and resolution) over HESS in the 0.1 to ≈ 10 TeV range. Thus,

new opportunities for more detailed studies of known TeV sources will be available. In com-

bination with ISM and magnetic field surveys (with e.g. Mopra, Parkes, MWA, ASKAP) these

data will provide the first clear insights into particle diffusion properties and distribution of

multi-TeV cosmic-ray accelerators in our galaxy. AlthoughHESS-II is a private consortium, op-

portunities for target-of-opportunity (ToO) triggers, externalobservationproposals andmulti-

wavelength collaboration exist.

Future Instruments Over the next 2 to 5 years, the Cherenkov Telescope Array16 (CTA)

projectwill commence. CTA,by far themostprominentof thenextgenerationdesignconcepts,

will comprise arrays of about 20 telescopes in theNorthern hemisphere (concentrating on ex-

tragalactic science), and about 100 telescopes in the Southern hemisphere (concentrating on

Galactic science). With a collection area of at least a few square kilometres, CTA is expected

to be> 10 times more sensitive than HESS-II, and provide maps of the TeV gamma-ray sky at

better than 0.05 degrees angular resolution. Despite the success of HESS-II et al., CTAwill ad-

dress awide rangeofopenquestions associatedwithhighenergy sources. Adetailed summary

of the astrophysics potential fromCTA can be found in (9).

For example, in conjunction with new ISM surveys, CTA’s angular resolution and collec-

tion area will enable it to clearly distinguish between gamma-rays arising from cosmic-rays or

electrons in our galaxy, probe variable TeV emission on sub-minute timescales, and observe

unprecedented photon statistics from pulsar magnetospheres and transient events. Coupled

with arc-minute scale maps of the ISM, CTA’s performance will allow us to finally determine

the level of cosmic-ray acceleration in young (<few 1000 yr) SNRs, which are thought to be

responsible for the highest energy cosmic-rays coming fromour galaxy, thus underpinning our

understanding of the origin of Galactic cosmic-rays. The wide fields of view of many CTA tele-

scopes (up to 9 degrees in diameter) will also enable extensive surveys of our galaxy and be-

yond. The all-sky coverage of HAWCwill also perfectly complement CTA in the TeV band.

Prototype development (to the level of over e30m) for CTA has been funded from Euro-

pean/USA/Japan agencies. CTA will operate as a public observatory but a significant fraction

of observation time will be held for the CTA consortium (the actual fraction is still under dis-

cussion). The total cost of CTA (north and south sites) is aboute200mand so far has attracted

membership of over 1000 scientists from over 20 countries. CTA is highly ranked (in similar

terms to theSquareKilometerArrayand theEuropeanExtremelyLargeTelescope17, for exam-

16http://www.mpi-hd.mpg.de/hfm/CTA/CTA_home.html
17http://www.eso.org/sci/facilities/eelt
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ple) in funding roadmaps of Europe, USA and Japan and is therefore quite likely to be funded.

The benefits of CTAmembership for Australia centre on the chance to influence the design of

the array, to have commensurate access to ’CTA time’ for observations, and, access to low-level

dataandcutting-edgeanalysis tools not availableoutsideof the consortium (ie. topublic ’guest

observers). Australia’s expertise in radio astronomy also places it in a unique position to lead

major efforts in themulti-wavelength interpretation of CTA results.

Fermi-LAT is funded via NASA until 2015, and an extension until 2018 is currently under

discussion. The space-based gamma-ray astronomy landscape beyond Fermi-LAT is somewhat

less clear, with several futuremissions proposed. Three suchmissions areDAMPE18, CALET19

andGAMMA-40020whicharedesignedtodetectcosmic-rays, electronsandgamma-rays. Their

gamma-ray energy coverage is designed to extend up to∼10 TeV.

3.4 Suggested strategies and resourcing levels

Presently the Adelaide group (one tenured staff, average five PhD students) is the only one

formally working in observational TeV gamma-ray astronomy. Ongoing membership of HESS-

II requires of order $5k per post-doc and above (subscriptions for annual running costs) plus

costs associatedwith observation trips toNamibia and collaborationmeetings in Europe (each

$5k per year approx.) For the Adelaide group these costs apply to only one person (Rowell).

Funding for Adelaide’s membership of HESS-II continues to rely on ARC (Discovery) and Uni-

versity programmes. Thedemise of theANSTO-managedAMRFP funding programme in2011

has reduced opportunities to secure long-term funding for basic operational costs such as ob-

servation shift operations.

A consortium of six Australian universities joined CTA as an associated party in 2013. Full

membership (to bring benefits outlined in §3.3) requires parties to contribute construction

costs. The fraction of these costs and operational costs assigned to each country are still be

finalised, but it is necessary that Australia commences efforts to raise these contributions as

soon as possible. Over the next few years, construction and then operational costs will be

sought from ARC LIEF programmes (at the level of approx. $500k per proposal) and institu-

tional funds. The level of staff and student involvement in observational aspects of this field is

expected to rapidly increase as CTA builds up. The six Australian institutions (representing 10

or more tenured staff) already involved in the ARC-LIEF bid for CTA support testify to a solid

foundation of interest.

Weconsideraccess tonon-ARCblock fundingsuchasNCRIS,EIFandSuperScienceschemes

as critical to ensure long-term stability of Australian access to these facilities, to avoid uncer-

tainties associated with ARC programmes. Of particular importance is the need to relax the

rules of inclusion regarding each round of NCRIS et al. type funding to ensure a level of sta-

18http://dpnc.unige.ch/dampe
19http://calet.phys.lsu.edu
20http://gamma400.lebedev.ru/indexeng.html
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ble funding can be applied across a broad spectrum of Australian astronomical activities. As

an example, one suggestion could be to ensure a small (5 to 10%?) fraction of any newNCRIS-

type funds can be allocated to projects not previously funded under such schemes. Finally,

re-instating a facilities access scheme such asAMRFPorARCSmall Grantswould also bemost

welcome.
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4 COSMIC RAYSANDNEUTRINOS

Cosmic ray and neutrino astrophysics is primarily concerned with discovering the nature and

acceleration sites of high energy (≥ 1015 to 1020 eV) cosmic rays. Since gamma-rays and neutri-

nos can be by-products of cosmic ray acceleration, these areas have a high degree of synergy

with gamma-ray astrophysics (see §3). Furthermore, the techniques used by ground-based

current and future insturments such as thePierreAugerObservatory, HESS, IceCube andCTA

havemany commonalities.

Alongwith ground-basedVHEgamma-ray observations, cosmic ray astrophysicswas iden-

tified as a “New and Emerging Research Area” in the mid-term review of the previous decadal

plan. Australia has longplayed a leading role in the600-strong international collaboration that

WG1.4: High-energy and fundamental astrophysics 18
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operates thePierreAugerObservatory21, studying thenature andorigin of themost energetic

particles known in the Universe.

In recent years, a national research profile in neutrino astrophysics has emerged, with U.

Adelaide links to the IceCube22 neutrino observatory at the South Pole. IceCube is theworld’s

largestneutrinodetector, comprisingabout5000opticalmodulesdeployedwithinacubickilo-

meter of ice. Unlike cosmic rays, neutrinos travel in straight lines, their arrival directions point-

ing back to the source origin – albeit with a positional error based on the type of secondary

particle seen (muon - less than 1 degree, or cascade - of order 10 degrees). Nonetheless, the

neutrino skymap is a map of the sources of these particles, and, if models of particle acceler-

ation and production in energetic objects are correct, these sources are likely to be sites of

cosmic ray acceleration. IceCube is designed to detect neutrinos arising from themost violent

astrophysical sources: supernovae, gamma ray bursts, and cataclysmic phenomena involving

black holes and neutron stars. Dark matter is also a priority for the instrument, and there is

substantial overlap with the dark matter detection experiments (see §6). Since 2004, the Lu-

nar Ultra-high-energy Neutrino Astrophysics using SKA23 (LUNASKA) project has sought to

detect Cerenkov radiation arising from the interaction of UHE neutrinos with lunar regolith.

4.1 Progress against objectives

The 2011 Mid-Term Review of the previous decadal plan outlined the growth of Australia’s

involvement in ground-based high energy astrophysics through investment in new observato-

ries such as Auger, HESS, and LUNASKA. This work is built on Australia’s excellent long-term

record of achievement in the study of very-high energy cosmic rays, and is characterized by a

strong international dimension.

PierreAugerObservatory Australia’s involvement in theAuger collaboration is currently via

the University of Adelaide group, with 4 senior scientists and eight PhD students. In full oper-

ation since 2008, the 3000 square kilometre facility in western Argentina remains the leading

international cosmic-ray facility. During the past five years, the Auger Collaboration hasmade

a number of major breakthroughs in the field, all with strong Australian involvement. First, a

suppression of the cosmic ray flux at energies above 5.5× 1019 eV has been established unam-

biguously (2; 3). Second, due to theAuger limits onphotonandneutrinofluxes at ultra-highen-

ergy, it is nowclear that unusual “topdown” source scenarios, such as thedecayof super-heavy

primordial particles, cannot account for a significant part of the observed flux (4; 5). Third,

there are indications of an anisotropic distribution of the arrival directions of particles with

energies greater than 5.5 × 1019 eV (6; 7), with an apparent correlation with the directions of

nearby active galaxies. Finally, and contrary tomost expectations, Auger has identified a dom-

21http://www.auger.org
22http://icecube.wisc.edu
23http://www.physics.adelaide.edu.au/astrophysics/lunaska
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inant heavy component of the mass composition of cosmic rays at the highest energies, based

on Auger’s air showermeasurements and the best understanding of hadronic physics interac-

tions at particle energies well above those probed at the Large Hadron Collider. Protons are

likely to be a sub-dominant component compared with middle-mass nuclei (CNO) and even

iron (8; 9). Overall, many source scenarios have been ruled out, and the nature of the flux is

now better understood allowing for evenmore fruitful source searches in the near future.

IceCubeObservatory Theambitious neutrinodetectorwas completed in late2010, andnow

fully operational for three years, it has already produced a major discovery – a flux of diffuse

high-energy neutrinos coming from beyond the Earth’s atmosphere (11). The University of

Adelaide became a member of the collaboration in late 2011, and has played a leading role

in the analysis of these data, and is working to improve themethods used to identify and char-

acterise the diffuse neutrino flux. The Adelaide IceCube group currently includes two senior

physicists and three graduate students. To date, more than 30 high-energy extra-terrestrial

neutrinos have been identified. Work is underway to improve the pointing and energy recon-

struction of IceCube, to better localise the sources, and to interpret the existing data, for in-

stance by searching for classes of objects that might correlate with the neutrino detection lo-

cations.

Neutrinoastrophysicshasalsobeenpursuedvia large-scale cosmological simulations,Wig-

gleZ galaxy survey data, in combination with observations from the Planck satellite (1).

4.2 Stocktake of capabilities/resources

CosmicRays ThePierreAugerObservatory inArgentina is currently theexperimentwith the

greatest sensitivity in the study of UHE cosmic rays, having a collecting area exceeding 3000

square kilometres. A factor of four smaller, the US/Japan Telescope Array Observatory24 in

Utah studies the northern skies with some overlap with Auger’s view of the south.

Both Auger and the Telescope Array are planning upgrades in the next 5 years, with Auger

maintaining a significant lead in overall sensitivity. Auger will install new detectors within the

existing 3000 square kilometre area to augment its ability to determine the likely mass (and

hence charge) of each incoming cosmic ray. This is a consequence of Auger’s discovery of a

significant high-mass component of the cosmic rayflux at the highest energies; improved iden-

tification of the proton cosmic rays, with their single charge and minimal deflection in cosmic

magnetic fields, will greatly improve source search sensitivity. Details of the ∼US$12M up-

grade project are being finalized by the collaboration in 2014, but the essence of the proposal

is that the newdetectorswillmeasure themuon component of the cosmic ray air showers, and

electronics enhancements to the existing surface detectorswill improvemeasurements of the

development characteristics of each air shower, both fingerprints of the mass of the initiating

24http://www.telescopearray.org
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cosmic ray.

Longer term, plans are progressing for a newworld-wide collaboration, including both the

Auger and Telescope Array collaborations, to construct a ground based observatory with an

areaof20,000squarekilometres. Inparallel, other techniquesarebeing studied inearnest, the

most advancedbeing thepioneering space-basedJEM-EUSOproject planned for the Japanese

Experiment Module on the International Space Station. In addition, Australian radio and cos-

mic ray astronomers with the LUNASKA project are exploring the capabilities of the Square

KilometreArray for viewing cosmic ray and neutrino interactions in themoon. In principle this

technique offers excellent detection sensitivity at the very highest energies. The detection

technique will be validated with SKA Phase 1, but the full promise cannot be tested until SKA

Phase 2, beyond the scope of the current decadal plan.

It is expected that the best way forward will be clear beyond 2020, when sufficient data

from the Auger upgrade are available. If a significant heavy component of the UHE flux is con-

firmed, groundbased solutionsmaybe favouredover space-basedand lunar solutionsbecause

of their superior mass composition and energy resolution. It is not expected that significant

fundingwill be sought for this next generation observatorywithin the current decadal plan pe-

riod.

AstrophysicalNeutrinos The lifetimeof the IceCube instrument is expected tobeat least10-

15 years, extending well into the next decade. Driven by the recent discovery of a diffuse flux

of neutrinos coming from beyond the Earth’s atmosphere, much effort is in progress aimed at

upgrading IceCube in some form to increase its senstivity to neutrinos with energies of 1 PeV

and beyond, especially for the new downward going contained event selection channel, the

cornerstone of the diffuse flux discovery analysis. Potential upgrades include deploying more

IceCube-like detector strings to expand the detection volume, and deploying surface detec-

tors, both particle and optical, to detect and veto downward moving atmospheric airshowers,

enhancing the detection senstivity of the in-ice array to contained downward moving astro-

physical neutrinos.

At the very highest energies, where cosmic rays are attenuated on the cosmic microwave

background (the Greisen–Zatsepin–Kuzmin or GZK effect), we expect a flux of neutrinos, and

construction and planning for the Askaryan Radio Array25 (ARA) is underway. This instrument

is designed to detect coherent Cherenkov radiation from the interaction of theGZKneutrinos

with the ice. The planned detector would cover an initial 80 square kilometres of the ice with

about 40 stations, each consisting of radio receivers deployed to more than 100 metres into

the ice.

25http://ara.physics.wisc.edu
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4.3 New opportunities/requirements

Cosmic-ray research in Australia is continuing to evolve, with an Auger upgrade to begin in

2015, andAustralia joining twoother large international collaborations – the existing IceCube

neutrino observatory at the South Pole, and the planned Cherenkov Telescope Array (CTA)

TeV-gamma-rayobservatory (see§3.3). There is enormoussynergy in theseground-basedhigh

energy astrophysics pursuits.

In cosmic rays, theAustralianeffort in thenextfiveyearswill concentrateon the implemen-

tation of the upgrade of the Pierre Auger Observatory, with its three primary goals — first, to

identify the origin of the cosmic ray flux suppression at the highest energies (exhaustion of the

accelerators, or energy-loss interactions of cosmic rayswith themicrowavebackground radia-

tion?); secondly, to carry out enhanced source searches based on event-by-event estimates of

the cosmic ray mass; and thirdly to investigate hadronic interaction physics at centre-of-mass

energies near and beyond 60 TeV, well beyond energies accessible at the Large Hadron Col-

lider. In parallel, Australia will contribute to studies of future cosmic ray observatories com-

paring the capabilities of ground-based detection, space-based observatories and the detec-

tion of lunar interactions using the SKA. The next-generation of cosmic ray observatory will

likely be calling for support in the last few years of the upcoming decade.

Australian theorists are already contributing to our understanding of the possible sources

ofultra-highenergycosmic raysandneutrinos, forexample in relation toaccelerationsites that

may be associatedwith the supermassive black holes and relativistic jets of active galaxies. As

the cosmic ray and neutrino observational datamaturesmore in the next decade, therewill be

evenmore need for theoretical input to our understanding of the astrophysics.

Our greater understanding of the high energy datawill also allow formore fruitful engage-

ment with the broader Australian astronomical community, especially in radio studies of pos-

sible cosmic ray acceleration sites within our Galaxy and beyond. Studies of intergalactic and

galactic cosmicmagnetism using Faraday tomography techniques will inform cosmic ray stud-

ies, and conversely, discoveries of sources of cosmic rays will provide data on magnetic fields

between the source and Earth.

As more detailed large-scale galaxy structure surveys and new Planck data are released,

there is also the opportunity to make major new advances in the study of neutrinos from cos-

mological data.

4.4 Suggested strategies and resourcing levels

Australia has maintained a leading role in understanding the origin of the highest energy cos-

mic rays through relatively modest monetary contributions to the international Pierre Auger

Collaboration (typically $150K p.a.). That investment has leveraged access to the leading ex-

periment in thefield and significant benefit toAustralian researchers and students. Thismodel
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now has been extended to membership of the IceCube Collaboration with its equally rich sci-

ence facilities now available to Australian researchers.

Continued activity in the Pierre Auger Collaborationwill require contributions of approxi-

mately $200Kof hardware costs towards theUS$12Mupgrade in the period 2015–17. Funds

will be sought through ARC competitive funding schemes.

Pierre Auger Observatory subscription costs of $30–40K p.a. are envisaged for the next

decade. A similar amount will be required for annual Australian membership of the IceCube

collaboration. Echoing the previousMid-TermReview, strong consideration should be given to

sourcing these observatory subscription fees from a future NCRIS-type funding stream. This

would provide a great deal of stability to Australia’s involvement in Auger and IceCube in the

face of the uncertainty of the competitive funding schemes.

Australia’s expertise in remote site Antarctic Astronomy, and high-energy neutrino astro-

physics makes the ARA an attractive prospect for Australian involvement. Plans exist to fund

such involvement through competitive grant schemes, such as ARC Discovery and LIEF pro-

grams. To make a meaningful contribution, funding would be needed at least at the level that

would ensure the participation of a postdoctoral researcher and PhD students.

Wewould suggest that any successor to theSuperScience scheme for astronomybebroad-

enedto include funding forbrightyoungpostdoctoral researchers inall areaofastrophysics, in-

cluding observational and theoretical researchers in ground-based high-energy astrophysics.
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5 NUCLEARASTROPHYSICS

The primary focus of nuclear astrophysics is tightly related to processes in stars and stellar

evolution. The previous decadal plan in 2006 included the key question “How do stars pro-
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duce and recycle the elemental building-blocks of life?” This question remains open, and stel-

lar nucleosynthesis is a active, high-priority international researchfield. Another source of nu-

cleosynthesis is due to cosmic rays (§4). Finally, there is also nucleosynthesis in the big bang

(1) (BBN), which is relevant in a cosmological context, as BBN is a sensitive probe to some of

the cosmological parameters, e.g., the cosmological mass density of baryons. The next steps in

our understanding of galaxies and galaxy clusters requires to include nucleosynthesis - feed-

back from stars and supernovae, neutron stars and black holes. Thus, nuclear astrophysics in

general has large overlapwithWG1.2 (stars and planets), as well asWG1.1 (galaxies and cos-

mology). The discussion in this section focuses on explosive stellar nucleosynthesis, including

supernovae, and onnuclear physics in neutron stars, which is not part of the discussions inWG

1.2.

5.1 Progress against objectives

Nuclear astrophysics in Australia was at a nascent stage at the time of the previous decadal

plan. Even in the 2011 mid-term review, the word “nuclear,” or its derivations, did not appear

a single time. The first starswerementioned in the context of the epoch of reionisation in con-

nection with the Square Kilometre Array26 (SKA). Despite this, we have come a long way in

the last decade, andAustralia has arguably emerged to dominate this field, led primarily by the

observational group at the Australian National University (ANU). Notable results include the

discovery of the most iron-poor star known (3) almost a decade ago; this record-holder has

only recently been supplanted by an even more iron-poor star, also discovered by Australian

astronomers (4). An additional focus on explosive nucleosynthesis in supernovae and neutron

stars is now represented by observers and theorists at ANU,Monash, and Swinbourne.

Australia has takenoneofworld’s leading roles in studying stellar evolution andnucleosyn-

thesis, from low-mass stars, where it is world-leading, and extending to massive stars and su-

pernovae. A particular focus of Australian researchers has been on the first stars and their

nucleosynthesis. Better understanding of stellar nucleosynthesis has also come from stud-

ies of pre-solar gains that uncover abundance pattern directly form inside stars, and that we

are now trying to understand based on simulations. Binary stars and numerical simulations of

galacto-chemical evolution has arguably not reached a critical mass, though there are some of

the best observational experts and efforts in place. Dual drivers for these developments have

been instrumental improvements, in addition to improved atmosphere models. Some of the

nucleosynthesis processes, e.g., r-process, do remain elusive, however.

5.2 Stocktake of capabilities/resources

Over the last decade, Australia has become one of the more prominent places world-wide for

nuclear astrophysics. Much of this growth has been driven by world-class observers and ob-

26https://www.skatelescope.org
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servational facilities (e.g., SkyMapper27, and HERMES, via the GALAH28 survey). Australia is

also home of probably the largest collection of researchers who study nucleosynthesis in low-

mass stars including asymptotic giant branch (AGB) stars, and s-process. Especially with su-

pernova observation, but also from the side of theory, this is now starting some world-class

research in massive stars, supernovae, and their nucleosynthesis (massive star and SN nucle-

osynthesis, core collapse supernovae, gamma-ray bursts). Australia now has also built up ex-

pertise in modelling of core collapse supernova, including multi-dimensional simulations that

include neutrino transport and general relativity (Monash; 5). These simulations, hence, not

only provide results for nucleosynthesis and light curves that can be observed throughout the

electromagnetic spectrum, but also gravitational wave and neutrino signals. This constitutes

a true multi-messenger capabilities to study the deaths of massive stars and the formation of

neutron stars and black holes.

In the last 10 yr, there has also been significant build up in neutron-star physics and obser-

vations in Australia, ranging from the theory of dense nuclear matter inside neutron stars, to

numericalmodellingof neutron star and thermonuclear processes in their interior andon their

surface, to world-leading observations of neutron stars and pulsars, from radio to X-rays.

The experimental side of nuclear astrophysics is more limited as Australia does not have

large-scale national accelerator facilities for nuclear research or nuclear research reactors.

Nationally, nuclear physics research is concentrated at ANU, where the Department of Nu-

clear Physics consists of 3 groups: nuclear structure (Stuchbery, Kibedy, Lane, Dracoulis), nu-

clear reactiondynamics (Hinde,Dasgupta, Simenel) andAcceleratorMassSpectroscopy29 (AMS;

Wallner, Tims, Fifield). The department runs the Heavy Ion Accelerator Facility (HIAF30); the

only such facility in Australia for nuclear physics studies. It is unique in the sense that it pro-

vides among the highest particle energies available for AMS, which is a key feature for some

applications.

The ANU group carries out AMS to study pre-solar grains, whichmakes Australia competi-

tive on an international scale in this field. Secondary ionmass spectrometry is used tomeasure

isotopes in these grains, with the objective of testingmodels of stellar evolution, nuclear reac-

tions, and galactic chemical evolution. These efforts are in collaboration with astrophysicists

at ANU and Monash. In the last few years, they have concentrated their work on measure-

ments of heavy elements on grains formed in C-rich AGB stars. The presolar data provides

high-precision constraints on AGB nucleosynthesis and reaction rates critical to s-process nu-

cleosynthesis; time of residence of presolar grains in the ISM; and galactic chemical evolution

(2). They have also been working on “cosmochronology” – the determination of absolute ages

ofpresolar grains and their parent stars . This has longbeenapriority for the researcharea, but

27http://rsaa.anu.edu.au/observatories/telescopes/skymapper-telescope
28http://www.mso.anu.edu.au/galah/home.html
29http://physics.anu.edu.au/nuclear/research/ams
30http://physics.anu.edu.au/nuclear/hiaf.php
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the analytical capabilities to date havebeen insufficient. TheANUgroupwere able tomeasure

the abundance of key isotopes like 238U and 232Th in presolar grains with their instruments.

AMS is used in amuchwider range of applications; the best knownof course is radiocarbon

dating. Until recently, the experimental focus at ANU was on environmental and geological

applications, climate and soil/erosion studies, andmeteorites etc. Presently, a strong focus on

nuclear astrophysics and nuclear physics applications to astrophysics has emerged. In general,

the AMS facility at the ANU provides for some measurements the highest sensitvity world-

wide, thusmaking it a powerful tool for measuring some specific long-lived radionuclides.

5.3 New opportunities/requirements

There is much scope for further exploitation of the AMS facility at ANU for use in nuclear as-

trophysics.

Most experimental nuclear astrophysics, however,must instead relyoncollaborationswith

teams on new experimental facilities in Europe, including GSI’s Facility for Antiproton and Ion

Research31 (FAIR, currently under construction) and in theUS (FRIB32) wheremore n-rich and

p-rich nuclei will be studied than currently accessible. There are similar facilities available at

RIKEN in Japan, as well as experiments at CERN, and capabilities that are being developed in

China, e.g., a facility similar to FAIR at Lanzhou33, and the JUNA underground laboratory (cur-

rently in proposal stage to a specific call). A promising opportunity for nuclear astrophysics in

theUS is the next iteration of the Joint Institute for Nuclear Astrophysics (JINA34), the Centre

for the Evolution of the Elements (JINA-CEE), recently awarded funding by the National Sci-

ence Foundation (NSF; Frontier Center) at a level of more than US$2.2M/yr for 5 yr. Several

groups in Australia are already associated with this centre.

China is now putting significant investment into basic research to increase the visibility of

its major universities, which also includes the foundation of centres for nuclear astrophysics

(e.g., at Shangai Jiao TongUniversity35). There are significant opportunities forAustralia to get

involved, particularlywithChineseuniversities keen to formstrategic allianceswithAustralian

universities. These partnerships will benefit both parties, trading personnel and expertise for

access to new and well-funded research facilities, as well as exchange of students and senior

researchers.

Goals for nuclear physics modeling include full-scale core collapse supernova simulation

with full neutrino transport and including general relativity. Currently the computational re-

sources in Australia may not be sufficient to enable progress in this area; full 3D simulations

with full neutrino transport will require machines on the exa-scale, similar to supercomputing

31http://www.fair-center.eu
32http://www.frib.msu.edu
33http://english.imp.cas.cn
34http://www.jinaweb.org
35http://en.sjtu.edu.cn
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investments forSKAbutgeneral-purposemachines. If theAustralian resourcesarenotbuiltup

accordingly, Australian researchers will need to sign up as ”junior partners” with international

collaboration in order to have any chance for participating in current forefront research. For

being leader in the field, Australian national resources are required.

In terms of astronomical instrumentation, Australia has a world-leading position in stellar

spectroscopic surveys. Access to 8m-class telescopes must also be maintained for followup

high-resolution spectroscopyof key sources. This access is ahighpriority for other groups, and

nuclear astrophysics can expect to piggyback off national-level partnerships, and/or direct ac-

cess based on financial contributions, if not as collaborators on smaller international research

collaborations.

The future of studying stellar deaths is multi-messenger observations. This includes gravi-

tationwavedetectionandneutrinosignal fromsupernova, andgravitationalwaves frombinary

neutron star mergers, one of the most promising sites for nucleosynthesis by the r-process.

These have to be combined with both rapid follow-up multi-wavelength observations as well

as deep observations with large telescopes and spectroscopic capabilities. Only this way can

we well leverage existing Australian capabilities and expertise. Both capabilities are are cur-

rently not present or very limited (e.g., IceCube36 for the highest-energy neutrinos). Interna-

tional agreements for stronger participation of Australian researchers and institutions in such

projects need to be reached; in the long run, buildup of such capabilities in Australia should be

considered.

Expertise in nuclear theory will become increasingly more important to keep up with nu-

clear experimental data on the international scale and to provide the input for state of the art

nuclear astrophysics. In fact, astronomical observations can provide significant constraints on

nuclear theory, e.g., the recentdiscoveriesofneutronstarswithmassesofabout2solarmasses

(6) help us to constrain the nuclear equation of state, and thus help us to better understand the

properties of atomic nuclei.

For AMS one of the main problems in Australia is the shortage of personnel working with

presolar grains (and planetary sciences in general). It is not clear whether this is due to the

lack of funding, lack of interest from young researchers/students, or whether we need a bet-

ter strategic plan to attract meteoritic researchers to Australia. The ANU group is pursuing

several approaches to improve the situation, incorporating collaborative studies into nuclear

reactions of relevance to s- andpprocess; searches for isotopic fingerprints of supernovae and

the interstellar medium in terrestrial samples; and long-lived radionuclides in meteorites.

5.4 Suggested strategies and resourcing levels

Australia will likely not be in the position to develop new experimental nuclear, neutrino, or

gravitational wave facilities on international competitive level on its own; most data will be

36http://icecube.wisc.edu/
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in form of international collaborations. A key strategy for the future is thus maintaining and

growing international collaborations with US, China, Europe, and Japan.

Themodest level of experimental development at ANU represents an important part of lo-

cal research efforts, but likely also a critical element of any future development, and thus the

experimental facilities there should bemaintained. Involvement in IceCubewill give us access

to some form of neutrino telescope, though its use for common supernovae is limited.

In the area of pre-solar grains, in which Australia has gained a solid reputation, we can still

have some international impact with amodest investment.

Australia has secured a unique leading role in surveys including spectroscopy that consti-

tute the science on observational nuclear astrophysics of the next decade. Australia needs,

however, to secure observation time on large telescopes with high-resolution spectrographs

tomaximize the impact of current investment.

Australia has collected comprising and world-leading expertise in theoretical nuclear as-

trophysics covering the full range from low-mass stars,massive stars, supernovae, andneutron

stars, and the nuclear processes in them. This needs to be complemented with nuclear theory

relevant to nuclear astrophysics.

Much of the next decade will be in the domain of multi-dimensional simulations and large-

scale data sets. We need to secure supercomputing facilities that match international stan-

dards to continue to do competitive science, and we will also need the manpower to develop

the codes and run the numerical simulations.
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6 DARKMATTER

The existence of dark matter is the most concrete evidence that new particles exist. Follow-

ing the recent discovery of the Higgs boson, the final element of the particle physics standard

model to be confirmed experimentally, it is clear that identification of a dark matter particle

is now the leading priority. However, at present, direct detection results are confusing, with
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the signals detected in someexperiments (e.g. DAMA37, CoGeNT38, CRESST39) in conflictwith

null-results from others (e.g., LUX40, XENON41).

The most likely dark matter candidates are weakly interacting massive particles (WIMPS),

massive particles with GeV–TeV scale masses, and interaction strength similar to that of the

weak interactions. Theyarise insupersymmetryandmanyotherwellmotivatedparticlephysics

models. WIMPSwould have been thermally populated in the early universe. Importantly, they

have the correctmass and interaction strength to account for the relic abundance of darkmat-

ter in the universe today - a fact known as the “WIMPmiracle”. Moreover, the mass and inter-

action parameters suggested by the WIMP miracle can be tested experimentally, with direct

detection experiments, indirect detection searches, and collider searches providing important

complementary information.

The study of dark matter is generally approached via direct detection experiments, or ex-

perimentswhich infer properties via studies of large-scale structure andevolution. Whilemin-

imal Australian involvement has occurred in the former area, the latter has been extremely ac-

tive, benfiting from complementary studies of galactic structure and evolution. Observational

and simulation studies of galactic evolution are of high priority to working group 1.1, Galaxies

and Cosmology.

6.1 Progress against objectives

The previous decadal plan addressed dark matter in two specific contexts: galaxy formation

(i.e., dark matter halo formation) studies; and investigations of the Tully-Fisher law. We have

made significant progress in both these areas.

In the area of galaxy formation (from the perspective of the build-up of dark matter ha-

los), much of the progress has been driven by major numerical simulation efforts, such as the

Survey Simulation PipeLine (SSimPL) Gigaparsec WiggleZ42 simulations (GiggleZ), and Dark-

ages Reionization and Galaxy Formation Simulation (DRAGONS) projects, which are large-

scale cosmological simulations based on n-body codes, which produce halo merger trees and

mock galaxy catalogs.

Our studies of the Tully-Fisher law (or, specifically, of the evolution of galaxy rotations and

masses over cosmic time) have made huge leaps since the development of the 2MASS Tully-

Fisher (2MTF43) survey (in which Australia has a strong involvement) and the SAMI44 survey,

which uses a multi-object integral-field spectrograph to observe the rotation of galaxies with

37http://people.roma2.infn.it/~dama
38http://cogent.pnnl.gov
39http://www.cresst.de
40http://lux.brown.edu
41http://xenon.astro.columbia.edu
42http://wigglez.swin.edu.au
43http://ict.icrar.org/2MTF
44http://sami-survey.org
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Dopplermeasurements acrosswide regions. While the studyof darkmatter in particular is not

officially a key part of SAMI’s science case, it will form amajor contribution to our understand-

ing of the build-up of angular momentum in galaxies. Evenmore relevant to darkmatter is the

fact that theTully-Fisher relation is crucial formeasuring thedistances to spiral galaxies, allow-

ing us to better measure peculiar velocities and trace gravitational potentials on large scales.

This is another area not mentioned in the previous decadal plan, but which is emerging as a

strength of the astronomical community in Australia.

6.2 Stocktake of capabilities/resources

Current strengths in the area of dark matter studies are wide-ranging. As discussed above,

major simulation efforts have provided new dark matter halo merger trees and (simulated)

galaxy catalogs. These simulations include GiggleZ, SSimPL and DRAGONS. The relationship

between the shape of darkmatter halos and feedbackmechanisms and galaxy growth is being

investigated through simulations combining dark matter and hydrodynamics (1). This work is

currently being followed up in the context of theDRAGONS simulation. Recent studies (2, see

e.g.) have shown that baryonic process can affect the shapes of dark matter density profiles

in galaxies, which has significant consequences for the so-called “cusp-core problem.” Other

small-scale anomalies in the cold dark matter paradigm may also be solved through a more

complete treatment of dark matter / baryon interactions, such as the missing-satellite prob-

lem (3) and the “too big to fail” problem (4). Simulations of warm dark matter and dark matter

halo inner profiles are also being developed to address a range of problems in the cold dark

matter paradigm, including the satellite problem and the cusp-core problem (see, e.g. 5; 6, and

other work led by Power and collaborators).

The SAMI instrument has allowed us to carry out new and innovative work in the study of

galaxy rotation (7). Thefinal surveywill allowus toget2Dspectroscopyontensof thousandsof

galaxies, and will be a powerful tool in the study of dark matter in galaxies. Resolved rotation

data from the SAMI instrument has been used in an innovative program led by researchers

at U. Melbourne to measure the gravitational shear in individual galaxies, which could give us

invaluable insight into dark matter halos. This technique, called direct shear mapping, is still

under development, but appears to be a promising new tool.

Australian astronomers have long been leaders in cosmological microlensing, which can be

used to study the mass function of objects in lensing galaxies and place constraints on dark

matter content (8).

Peculiar velocity studies are enabling us to directlymap out the distribution of darkmatter

and tomeasure large-scale bulk flows (and therefore gravitational potentials) in the Universe.

Leading projects in this area are the 6dFGSv survey (a development of the 6dFGS45 survey)

45http://oldweb.aao.gov.au/local/www/6df

WG1.4: High-energy and fundamental astrophysics 30

http://oldweb.aao.gov.au/local/www/6df


August 29, 2014

2MTF (mentioned above) and theWALLABY46 survey ofHIwithASKAP (whenpairedwith the

Westerbork Northern Sky HI survey,WNSHS47).

6.3 New opportunities/requirements

While we are making significant progress in many of these areas, we have the opportunity to

more fully develop this work and build upon our existing strengths. The three areas of most

promiseare: SAMIandgalaxyredshift surveys; theTheoreticalAstrophysicsObservatory (TAO48);

gravitational microlensing and shear mapping; and simulation programs.

The SAMI instrument puts Australia in a position to be a world leader in studies of galaxy

rotation, andwe should continueour focuson this. Similarly,we canuseour expertise in galaxy

redshift surveys andour access todata fromWiggleZ tobuild uponwhat is alreadyamajor role

in themapping of darkmatter in the Universe on large scales.

Wehaveseveral innovativesimulationprogramsunderwaythataremakingmajoradvances

in our study of the physics of dark matter and galaxy formation. These developments will also

feed into the TAO, and potentially boost the impact of the simulation efforts. While TAO is

still under development, it is highly promising as a tool for the interpretation of observational

survey data and for predictions with alternative cosmologies.

We havemademajor advances in the use of gravitational lensing (in the form of cosmolog-

ical microlensing and, should it pan out, direct shear mapping) as a tool for the study of dark

matter. This area should receive more emphasis than it currently does, given our high level of

expertise evenwith the fairly limited investments alreadymade.

Finally, there is growing interest in a darkmatter experiment in Australia, with a goldmine

in Stawell identified as a possible location. The confliciting results of current direct detection

experiments in the northern hemisphere may be resolved via complementary measurements

from a southern hemisphere experiment, especially regarding annual modulation signals.

6.4 Suggested strategies and resourcing levels

As cosmological data becomes ever more precise, we have new opportunities to tackle fun-

damental physics problems in cosmology. These include the nature of dark matter, early uni-

verse physics, fundamental particle physics, and the nature of dark energy. In the area of dark

matter physics in particular, advancements in particle physics (such as in colliders and direct

detection experiments) inform the darkmattermodelswhose indirect effects are investigated

in cosmology, and cosmological constraints inform particle physics experimental designs. Fol-

lowing theexampleof thegamma-rayandcosmic-rayastrophysics communities,we shoulden-

courage the continuing development of astro-particle physics. Increasing links, through joint

46http://www.atnf.csiro.au/research/WALLABY
47http://www.astron.nl/~jozsa/wnshs
48https://tao.asvo.org.au
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initiatives, connections between centers, investments in cross-disciplinary projects, and ded-

icated meetings (or meeting sessions) and workshops have the potential for high-impact pay-

offs. A newcenter of excellence for astroparticle physicswould likely be especially productive.

This would also allow us to better exploit our existing expertise, including the advances being

made in the Australian particle physics community, which has heavy involvement in the Large

Hadron Collider.

Australia is currently investing in the Cherenkov Telescope Array (see Section 3.3), which

will be sensitive to dark matter annihilation signatures from the Galactic Center and dwarf

galaxies as well as possible signatures from axion dark matter’s effects on the extragalactic

gamma-ray background (9). These are important signatures in indirect darkmatter detection.

Hints of possible indirect dark matter signatures have also been seen recently in x-ray obser-

vations of galaxy clusters (10), suggesting another area where future and existing efforts in

observational astronomy could be fruitful for the darkmatter search (see Section 11.3.4).

Further development of new surveys including 6dFGRSv, 2MTF andWALLABY areworth-

while investments in the future. The simulation programswill require sufficient computing re-

sources to build on past successes and allow us to make new advances in this area. Further

development of the TAO and promoting its use in the community, will complement continued

investments on the observational side.
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7 PULSARS

The last decadal plan explained that pulsars could be used to answer some fundamental ques-

tions about the nature of gravity:

Is our understanding of gravity correct? Nature’s most accurate clocks are pul-

sars— the rapidly rotating collapsed remnants ofmassive stars. Pulsars have enor-
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mously strong gravitational fields, and provide a unique laboratory for testing the-

ories of gravity under conditions that are impossible to probe in Earth-based lab-

oratories. Nobel prizes for Physics in 1974 and 1993 underline the importance of

pulsars as a link between fundamental physics and astronomy. Some of the most

stringent tests of gravitational theories will come from research into pairs of pul-

sars that orbit each other, and especially from as-yet undiscovered binary systems

in which a pulsar orbits a black hole. These systems are rare but provide crucial

tests of general relativity and the fundamental nature of gravity.

As acknowledged in the mid-term review, a complementary effort has emerged with the

goal of using assemblies of well-timed pulsars to search for very low-frequency (nHz) gravita-

tional waves. This effort commenced with the Parkes Pulsar Timing Array (PPTA; 1) and has

since expanded internationally to include, at present, three closely-linked efforts.

7.1 Progress against objectives

Progress in this area has been dramatic. Surveys at the Parkes 64m radio telescope have con-

tinued to discover large numbers of millisecond pulsars crucial for tests of general relativity.

The High Time Resolution Universe (HTRU49) surveys for pulsars and fast transients has dis-

coveredover25newmillisecondpulsars (2). ThecelebrateddoublepulsardiscoveredatParkes

led to the most accurate confirmation of the theory of General Relativity (5). Another white

dwarf pulsar binary was exploited to verify that in dissymmetric binaries gravitational wave

emission is consistent with GR (6). The binary pulsar PSR J1738+0333 has been used tomake

the most stringent tests of scalar-tensor theories of gravity (7). The bright millisecond pulsar

PSR J0437-4715 has been used to limit the time derivative of G (9). A pulsar black hole binary

remains elusive.

Although not a stated objective of the previous plan, the last decade has also seen growing

interactionbetweenpulsar astronomersand thegravitational-wavecommunity, andextensive

development of pulsar timing arrays (PTAs). Millisecond pulsars discovered in the HTRU and

other surveys are being incorporated into the Parkes PTA (PPTA) and hence into the Interna-

tional Pulsar Timing Array (IPTA; see e.g. 3), a consortium of the three large international PTA

projects. The world-leading PPTA data set has recently been analysed to yield the most strin-

gent upper limit on the strength of the nHz gravitational-wave background (4). This limit elim-

inates some proposedmodels for the formation and evolution of super-massive black holes in

theearlyUniverse. In thehigh-frequency regime, theephemeridesofknownpulsarshavebeen

used to limit their gravitational wave emission using data from the science runs of initial-LIGO

(8).

Australia’sgeographical locationandexcellent radio instrumentationmake itaworld leader

in observations of radio pulsars, as they are a predominantly Southern population. Over the

49http://astronomy.swin.edu.au/pulsar/?topic=hlsurvey
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years thishas led toanatural relationshipbetweenobserversand theorists,with stronggroups

at the University of Sydney under Melrose and more recently at the University of Melbourne

with theestablishmentofMelatos’ group. Thepolarimetry, singlepulseenergetics and relation

to X- and gamma-ray profiles provide an opportunity to probe fundamental physics in condi-

tions impossible in the laboratory. With regard to gravitational wave emission, theorists are

providing new opportunities for gravitational wave detection and limits via predictions that

can be tested using observations with both Parkes and gravitational wave observatories like

LIGO.

7.2 Stocktake of capabilities/resources

The Parkes 64m radio telescope50 continues to be one of the world’s most important tele-

scopes for radio pulsar science, and spends roughly 50%of its time either surveying the sky for

pulsars or timing them. The planned Ultra-Wideband (UWB) receiver, operating in the band

from 700MHz to 4 GHz, will maintain the world-leading status of Parkes for precision pulsar

timing and gravitational-wave detection into the SKA era. The upgrade design is underway,

and a LIEF grant was submitted in 2014 involving 7 Australian institutions.

7.3 New opportunities/requirements

Newmid-scaleNationalFacilities TheMolongloObservatorySynthesisTelescope51 (MOST)

is currently being reengineered to include a pulsarmonitoring backend that exploits the entire

primary beam of the 4.7 × 11 m modules of the array. It is envisaged that this system when

completewill be able tomonitor 500 pulsars per day by timingmany pulsars at once using a 30

MHz band near 840MHz.

TheMurchisonWidefieldArray (MWA)has a tied arraymode currently under commission-

ing that should be able to detect many 100s of pulsars at low frequencies and search for new

scintillating pulsars usingmapping techniques.

New International Facilities The MeerKAT 52 telescope, a precursor to the South African

component of the SKA, will comprise 64 13.7 m offset Gregorian dishes, and will form a very

high sensitivity pulsar telescope. The instrument is expected to be operational in a preliminary

phase with 16 antennas by end of 2015, andwith the full 64-dish array by end of 2016. Pulsar

timing is one of two highest-priority MeerKAT Key Science Projects, and led by an Australian

(Bailes). Its combination of large collecting area, wide bandwidths, excellent site and low sys-

tem temperatureswill make it an important pulsar timing facility leading into SKAphase I. The

FASTradio telescope, a500-mdiameterArecibo-style telescope, currentlyunder construction

50http://www.parkes.atnf.csiro.au
51http://www.physics.usyd.edu.au/sifa/Main/MOST
52http://www.ska.ac.za/meerkat
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inGuizhouProvince,China53, will alsobeahighly sensitive instrument forpulsar searchingand

timing. It is expected to be operational in 2017. The SKA itself will initially comprise of three

separate telescopes, SKA-mid, SKA-lowand the extendedASKAP telescope. SKA-midwill be a

192-dish extension of theMeerKAT telescope, ideal for pulsar timing and searching. SKA-low

would be a very good pulsar survey and timing instrument with moderate backend additions

to the baseline design. The extended ASKAP telescope may use its high sensitivity to identify

scintillating radio sources, many of whichmay be pulsars.

The full SKA, nominally scheduled for construction circa 2020 will be an amazing pulsar

facility and capable of monitoring and discovering 1000s of pulsars.

7.4 Suggested strategies and resourcing levels

The high sensitivity, wide bandwidth and excellent polarisation performance of the planned

Parkes ultra-wideband (UWB) receiver will maintain the pre-eminent position of Parkes as an

instrument forpulsarobservations—andespecially precisionpulsar timing— into theSKAera.

Itwill also be valuable for other science including studies of theGalacticmagnetic field and the

polarised Galactic background, spectral-line observations and VLBI. The Parkes 20-cmmulti-

beam receiver has been and continues to be an outstanding instrument for pulsar searches,

with thediscoveryof abouthalf theknownpulsars to its credit. However, an advancedphased-

array feed (PAF)will beneeded tomaintain the roleofParkesas a southern-hemisphere survey

instrument into the SKA era. These instruments also open up the possibility of a real-time in-

terferometerbetweenASKAPandParkes, enablinghigh-resolutionobservationsandaccurate

astrometry of ASKAP survey detections.

MOSTcouldbeupgraded tobroaderbandwidthsby re-using technologiesbeingdeveloped

for the Canadian Hydrogen Intensity Mapping Experiment54 (CHIME). The MOST system is

currently limitedto30MHzofbandwidthandasinglebandofcircularpolarisation. TheCHIME

system offers 400MHz of bandwidth and dual polarisation. Such an upgrade toMOST would

likely cost approximately $2m but would make it over 20× more powerful for pulsar timing.

The MOST upgrade would be excellent for continuum mapping of low surface brightness ob-

jects due to its short spacings, as well as baryonic acoustic oscillation work, where its field

of view and spatial resolution would mean it easily outperforms the Green Bank Telescope55

(GBT).

The MWA tied array beam mode should be finished in the near future, but an upgraded

MWA might use more bandwidth and have a simpler back-end than the current coarse/fine

grain filterbanks that limit high time resolution modes. A new completely digital backend for

theMWAwouldmake it easier tomaximise its pulsar modes.

A supercomputer at the South African SKA site could be used as a pulsar backend for the

53http://fast.bao.ac.cn
54http://chime.phas.ubc.ca
55https://science.nrao.edu/facilities/gbt
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MeerKAT telescope. This would require about $0.5m in capital and 2 EFT years to deploy.

Australian engagement in the SKA is a national priority. The pulsar timing backend is being

designed in Australia as part of the Central Signal Processor56 (CSP) consortium.
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8 GRAVITATIONAL-WAVEASTROPHYSICS

Gravitational waves are vibrations in space and time which propagate at the speed of light,

and are a direct prediction of Einstein’s equations of general relativity. It has taken decades

of both theoretical and experimental effort to develop instruments with enough sensitivity to

detect the predicted signals. Their direct detection is likely to happen in the first half of the

next decade, through ground-based interferometric antennas and/or pulsar timing array ex-

periments.

The first detection of gravitational waves from astrophysical sources will be a transforma-

tive event with the prospects to substantially alter international research priorities. As such,

we consider this research area as deserving particular focus for this report. We present here

a discussion following the structure of other sections, but also include (in appendix A) a more

detailed statement of the scientific objectives of gravitational-wave science.

Matter, even in its most extreme form, is completely transparent to gravitational waves,

implying they can be used to probe regions of the Universe beyond the reach of electromag-

netic waves. For example, some of the most violent processes in the Universe – from the Big

Bang itself, to supernova explosions and gamma-ray bursts – are hidden from electromagnetic

imaging by the opacity of hot plasma. Gravitational waves, however, propagate freely with-

out being scattered or absorbed. They carry a faithful record of the fundamental processes at

play in the most extreme physical environments in the Universe. They can reveal the rippling

surfaces of newly born black holes, the churning nuclear matter inside newly formed neutron

56http://www.skatelescope.org/skadesign/wp/csp

WG1.4: High-energy and fundamental astrophysics 36

http://www.skatelescope.org/skadesign/wp/csp


August 29, 2014

stars, the gravitational collapse that powers a supernova explosion, and the earliest moments

of the Big Bang. Gravitational waves are the only means of observing some of these extreme

environments.

Astrophysical gravitational wave signals are expected to occur over a wide range of fre-

quencies, from 10−17 to 104 Hz. Different frequency bands carry information about different

sourcesandphenomena. Across thishuge range therearecomplementaryefforts atdetection,

with Australian researchers playing key roles.

In the audio band, a worldwide network of advanced ground-based interferometers like

LIGO and Virgo are sensitive to signals from 10 Hz to a few kHz. In this band, signals are ex-

pected primarily from processes involving stellar mass black holes and neutron stars, with the

added possibility of seeing waves from the big bang (1). Accurate timing of the signals enables

locating the source by triangulation. The advanced detectors are designed to be able to detect

frequent signals from the coalescence of binary neutron stars. These are the best predicted

sources, andtheirdiscovery ishighly likely in thefirsthalfof thisdecadalplan. Inaddition, there

exists awide range of other predicted discoveries summarised below. It is also recognized that

gravitational wave science will inevitably uncover profound surprises, both fundamental and

practical, as always occurs when a new spectrum is opened.

Memoranda of Understanding have been signed between LIGO and numerous telescopes

covering the full electromagnetic spectrum, including four in Australia (AAO, MWA, SkyMap-

per, Zadko) as well as the Variables and Slow Transients (VAST) survey program with ASKAP.

Real-time gravitational wave triggers will give source sky-locations (albeit with rather poor

precision), prompting immediate follow-up of the most energetic, transient events in the Uni-

verse. Gravitational wave triggers of binary neutron starmergersmay, for the first time, allow

the full prompt emission of a gamma-ray burst to be seen inmultiplewave-bands. Such “multi-

messenger” astrophysics extends to theburgeoningfieldofparticle astrophysics; e.g., neutrino

bursts from supernovae carries unique information about the thermonuclear reactions and

particle physics processes that occur inside the core of collapsing stars. Simultaneous gravi-

tational wave and neutrino observations of nearby supernova will provide new insights into

the formation of the chemical elements, the birth processes of neutron stars and black holes

and enable new tests of the StandardModel of the fundamental forces.

The scientific impact of audio-band gravitational wave astronomy will be broad. Measur-

ing the speed and polarization of gravitational waves will allow unprecedented tests of Ein-

stein’s theory of general relativity in the weak field, while simultaneousmeasurements of two

or more frequency overtones from black hole ringing will test Einstein’s theory in the strong-

field regime. Binary neutron star coalescence and periodic signals from rotating neutron stars

allow us to probe properties of bulk nuclearmatter in conditions inaccessible to terrestrial ex-

periments. Gravitational wave signals from coalescing neutron stars or black holes are stan-

dard sirens, allowing luminosity-distance redshift measurements independent of the cosmic

distance ladder. And of course, whenever a new window is opened on the Universe, the most
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exciting prospect is the discovery of the unknown.

Pulsar timing arrays are sensitive to gravitational waves in the nanohertz band (about one

cycle per annum). The primary sources for such waves are binary super-massive black holes

in distant galaxies. As described in §7 above, this technique is currently being developed by

three major groups around the world, with the Parkes Pulsar Timing Array (PPTA) playing a

major role (2; 3).

Beyond the scope of the present plan is the proposed space-based laser interferometer de-

tector concepts. In the frequency range of approximately one cycle per hour, eLISA is the cho-

sen L3 mission within the ESA Cosmic Vision Program, with a tentative launch date of 2034.

eLISA will be able to detect binary stars in our galaxy and stellar mass black holes falling into

super-massive black holes.

8.1 Progress against objectives

The previous decadal plan (2006–15) identified the potential of gravitationalwave astronomy,

but (correctly) placed thefirst direct detectionof gravitationalwavesbeyond thatdecade. Fur-

thermore it noted that:

Australia’s role in the international gravity-wave observatory is best supported

throughAustralia’s subscription to the international Advanced LIGOprogram. The

AustralianConsortiumfor InterferometricGravitationalAstronomy (ACIGA) is de-

veloping and testing techniques for next-generation advanced gravity-wave inter-

ferometers, and iswell-placed tomake a significant intellectual contribution toAd-

vanced LIGO.

During the period of the last decadal plan significant progresswasmade towards these ob-

jectives by Australian researchers, and Australia’s involvement in ground based gravitational

wave detection has been sustained and substantial. In particular, university research groups

have delivered and installed key physical components to Advanced LIGO:

a) Laser lock acquisition system (ANU)

b) Low-loss mirror coatings (CSIROCentre for PrecisionOptics)

c) Hartmannwavefront sensors for thermal compensation system (UA)

d) In situ demonstration of squeezed light operation (ANU)

Australianresearchgroups furtherdevelopedfourhigh-priorityLIGOdataanalysispipelines

and tested them on initial LIGO data:

a) Periodic signals from young neutron stars (ANU, UM)

b) Periodic signals from accreting neutron stars (UM,Monash)
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c) LOOC-UP optical electromagnetic follow-up (Skymapper) (ANU)

d) On-line real-time compact binary coalescence pipeline (UWA) (tested on Initial LIGO and

Advanced LIGO engineering runs ER2, ER4, ER5)

Contributionswerealsomade to thedesignof the3rdgenerationEinsteinTelescopedetec-

tor, the notional successor to the “advanced”-stage detectors currently in development. Theo-

retical research was conducted productively on the fundamental physics of gravity, dense nu-

clear matter, GW sources, and the quantum theory of gravitational wave detectors.

During the period of the previous decadal plan two unexpected new opportunities also

arose. First, theLIGOLaboratorymadeanoffer (authorizedbytheUSANationalScienceFoun-

dation), for Australia to host one of the two duplicate Advanced LIGO interferometers at the

Hanford,WAsite ona50/50 cost-sharebasis ($140mAustralian share). Fundingdidnotmate-

rialize, andthus the instrumentwasoffered to India,whichacceptedtheofferand isdeveloping

LIGO-India (see §8.3 below for further details).

Second, spectacular progress has been made towards the goal of detecting gravitational

waves with a pulsar timing array (see also §7). Recent and on-going surveys have dramatically

increased the known sample of low-noise millisecond pulsars, making it feasible to set up a

Pulsar Timing Array based on observations of many pulsars spread over the celestial sphere.

The Parkes Pulsar Timing Array (PPTA; 3), commissioned in 2005, is in effect a GWdetector in

thenHzbandusing theEarthasa testmass. Itoffers thepossibilityofmaking thefirstdetection

ofGWsandrecentlyplacedthebest limitonthestochasticGWbackgroundfromsupermassive

black holes in distant galaxies (2).

8.2 Stocktake of capabilities/resources

The primary facility contributing to gravitationalwave detection via pulsar timing arrays is the

Parkes radio telescope, as discussed in §7. There is a broad science case for continuing support

of this facility throughout the next decade, at least until the SKA is operational.

Herewe focus on the facilities and resources contributing to kHz gravitationalwave detec-

tionvia interferometric detectors. Thedetectors themselves are located in theUSandEurope,

but substantial national research facilities exist. This includes 50+ researchers at UWA, ANU,

UA, UM, Monash, CSU, CSIRO Precision Optics and CSIRO ICT, which represents > 5% of the

membership of the international LIGO-Virgo Scientific Collaboration. A significant expansion

of involvedpersonnelwithin theelectromagneticastrophysicscommunity isalreadyunderway

with multiple MoUs signed between the LIGO-Virgo collaboration and Australian telescopes

(see below). This expansion is projected to further increase significantly after the first gravita-

tional wave detection.

National Facilities
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a) Australian High Optical Power Facility at Gingin for investigating three-mode parametric

interactions and parametric instability in optical cavities

b) Parkes radio telescope and shared PPTA infrastructure

c) Gravity Recovery and Climate Experiment (GRACE) Follow-OnMission TechnologyDevel-

opment Centre

Current internationalFacilities Asmembersof theLIGO-VirgoScientificCollaboration (LVC),

Australian researchers have full access to the following gravitational wave interferometers.

These instruments will be operated in the upcoming decade as aworldwide network of detec-

tors, possibly including one ormore of the instruments under development.

1. Laser Interferometer Gravitational-wave Observatory57 (LIGO) is the most sensitive of

the current generation of ground-based interferometric instruments. It comprises two

separate 4 km detectors at Hanford,WA and Livingstone, LA in the USA. LIGO has been

operational in an “initial” phase over the past decade, and although no detections have

been made, the detector has achieved it’s target sensitivity, and several astronomically

interesting upper limits have been developed. Advanced LIGO is currently being com-

missioned, with the first observation run expected in Q4 2015.

2. Virgo58 is a 3 km interferometer located near Pisa, Italy. Virgo also had an operational

“initial” phase over the last decade, and is currently being upgraded to Advanced Virgo.

3. GEO60059 is a 600m interferometer located inGermany. The shorter arm-lengths imply

GEO600 is less sensitive than the LIGO/Virgo detectors, but has better capabilities at

higher frequencies (> 2 kHz). GEO600 has been in “Astrowatch” mode since the initial

LIGO and Virgo interferometers were shut down. It has successfully implemented light

squeezing technology for a full year of observations, lowering the noise level by more

than 1.5 dB.

International Facilities in Development The following international interferometers are at

various stages of development, but are also expected to be taking science data before the end

of the upcoming decade.

1. The Kamioka Gravitational Wave Detector (KAGRA) – installation has begun, with ac-

tive operation scheduled for ∼2018. KAGRA is the first long-baseline cryogenic detec-

tor located underground. Cryogenics is used to reduce thermal noise and underground

mitigates Newtonian noise.

57http://www.ligo.org
58http://www.ego-gw.it/
59http://www.geo600.org/
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2. LIGO-India – proposed operation scheduled for ∼2020. This third Advanced LIGO de-

tector will create a LIGO network with better source localization and sensitivity.

Electromagnetic follow-up instruments and/or analysis pipelines Several groups have ex-

plored or are developing the capability to promptly respond to reports of gravitational-wave

detections, in order to identify the electromagnetic counterparts of these sources. Because

the localisation ability of the current international network is so poor (typical error regions ex-

pected tobe∼ten squaredegrees in area) this is a challenging task formost observatories. De-
tectionefficiencyestimates suggest∼1–10detectionsper year forX-ray andoptical afterglow
forbinaryneutronstarandneutronstar-blackholemergers. However, the scientificpayoffwill

be substantial, as only with an accurate position andmeasurements in other bands, observers

will be able to achieve a full characterisation of the gravitational wave sources.

A low-latency gravitationalwave “trigger-factory” has been developed at theUWAand im-

plemented in LIGO. Here, the time between the arrival of a gravitational wave signal, and the

real-time analysis of that signal has been reduced to∼ 10 s. This has significantly reduced the

trigger-time for electromagnetic follow-up, and will subsequently increase the multimessen-

ger detection efficiency.

In addition, development of computational infrastructure has focussed on providing the

necessary computational power to searchdataboth from interferometricdetectors andpulsar

timing arrays.

The LIGO-Virgo ScientificCollaboration has signedMemorandaofUnderstandingwith nu-

merous telescopes across the globe, to share real-time gravitational wave data, allowing for

real-timeelectromagnetc follow-up. The followingAustralian facilitieshavesignedtheseMoUs:

a) Skymapper andZadkoare respectively1.35and1mrobotic telescopes capableof perform-

ing fast response optical follow-up of gravitational wave triggers.

b) The Anglo-Australian Telescope (AAT), at 4-m is the largest optical telescope in Australia.

c) The MWA is a low-frequency radio telescope that allows for transient detections with its

voltage capture capabilities.

d) TheASKAP survey for Variables and SlowTransients also haswide-field survey capabilities

that allows for the investigation of transient phenomena.

Computational Infrastructure LIGO and the PPTA share various computing infrastructure

for GWdata analysis. These include local resources:

a) Hardware: CPU, storage (Pawsey, Swinburne, NCI, VPAC)

b) Galaxy workflowmanagement/collaborative e-tools (CSIRO ICT)

c) GPU systems (Pawsey, NCI)
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As members of the LIGO-Virgo Collaboration, the Australian community have access to

shared international computing resources dedicated to audio-band GW analysis, primarily of

LIGO data. These clusters form the LIGOData Grid:

1. Caltech IT: 3148 cores

2. LIGOHanfordObservatory: 2016 cores

3. LIGO LivingstonObservatory: 2024 cores

4. MIT: 512 cores

5. ATLAS cluster: 1680 cores

Scientific Research Capabilities Expertise abounds in Australia in all areas of gravitational

wave detection, including experimental physics, data analysis and theoretical astrophysics re-

search. Each of these is outlined below:

Experimental research capabilities include

a) High power laser technology and high optical power interferometry; radiation pressure ef-

fects, instability control, diagnostics and control using three mode interactions; Advanced

detector techniques for measurement below the standard quantum limit: optical springs

and optical squeezing control; development of commercial sensors and isolators based on

GW technology; ultrahigh performance filter cavities (UWA)

b) Quantum optics, interferometer control, complex optical metrology, next generation opti-

cal squeezing source control, low-frequency gravitational force sensors, fibre sensors and

LIGO commissioning (ANU).

c) Wavefront sensors, adaptive optics, high-power lasers, long-wavelength lasers, LIGO com-

missioning (UA)

d) Noise suppression theory (Monash)

e) High-precisioncoatingof largeoptics, surfaceflatnessandroughnessmeasurements (CSIRO

PrecisionOptics)

Data analysis/observational research capabilities:

a) Pulsar Timing Array (CSIRO, Swinburne, Monash, UWA, UM)

b) LIGO periodic searches (ANU, UM,Monash)

c) LIGOmulti-messenger triggers (ANU, UWA)

d) Stochastic gravitational wave background pipeline (CSU, UWA)
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e) Supercomputing for gravitational wave science including graphics processing unit acceler-

ation and collaborative e-science (virtual laboratory) tools (CSIRO ICT, UWA, UM, ANU)

Theoretical research capabilities

a) GravitationalWave source physics for LIGO and PPTA (UM,Monash, UWA)

b) Signal processing theory (Monash, UM, UWA)

c) Advanced quantummeasurement theory for second and third generation GW interferom-

eters; development of quantum noise mitigation methods for advanced detectors (ANU,

UWA)

Outreach:

a) Eureka-prize-winning Gravity Discovery Centre, Gingin

b) PULSE@Parkes (CSIRO)

8.3 New opportunities/requirements

The Advanced LIGO detectors are expected to start recording science data in 2015, with the

Advanced Virgo detector coming on-line soon thereafter, and gravitational waves from coa-

lescing neutron star binaries likely to be detected before 2020. Gravitational wave astronomy

will thus be born.

Multi-messenger (EM,GW,andneutrino)observationsusingAustralian facilities likeSkymap-

per and SKA (trigger pipelines installed already; see above), and international facilities like the

Palomar Transient Factory, will become part of the backbone of the new field of gravitational

wave astronomy. Over 60 observatories worldwide (including the AAO, SkyMapper and the

MWA) have signedMoUs with LIGO to be ready to follow-up on transient triggers from LIGO

during the first science run (expected in 2015).

To take full advantage of these opportunities and of Australia’s strong role in the inter-

national collaborations involved, several key issues must be addressed in the coming decade.

Namely:

1. LIGO is adopting an open-access data policy post-first detection. How can Australian

astronomymaximize the payoff from this opportunity?

2. Engagement (at what level, and in what form?) with other GWprograms and facilities in

the Asia-Pacific: LIGO-India, KAGRA (underground Japanese detector, now fully funded

and proceeding to construction), and China.

3. Engagement with ex-astronomy communities, e.g. environmental sensing (GRACE) ap-

plying GW technology, particle physics (CoEPP, IceCube, densematter), perhaps leading

to joint ARCCentre of Excellence bids
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4. Engagement with Australian space program, e.g. GRACE

During the next decade the imperative of a southern hemisphere detector for EM follow-

up of GW events, GW/EM multi-messenger astronomy, and improved measurement of GW

polarization components for probing the fundamental physics of the GW sources will be even

more apparent. The Gravitational Wave International Committee (GWIC) Roadmap strongly

recommends both the development of a southern hemisphere interferometer for detection in

the audio band, and the ongoing development of rays as gravitational wave detectors. In par-

ticular, it recommends the “construction, commissioning and operation of the second genera-

tion global ground-based network comprised of instruments under construction or planned in

the US, Europe, Japan and Australia…Instrumentation of comparable sensitivity to Advanced

LIGO…is highly desirable in the Southern Hemisphere.” (p 97).

The design of higher-sensitivity third-generation detectors and the development of tech-

nology for thosedetectors have started. Australia canassumea significant role in this develop-

ment, further strengthening the argument for locating a detector in Australia. Construction of

third generationGWdetectors, e.g. theEinsteinTelescope60 (ET; approx. e1bn), is expected to

commenceafter thefirstdetectionofGWs. These instrumentswill havesensitivity∼100times
Initial LIGO, and rely on advanced quantumnoisemitigation. Demonstration of squeezed vac-

uum injection inAdvancedLIGOandGEO600 is a first step towards abroadband lowquantum

noisedetector built onnovel quantummeasurement techniques. Australia has strong tieswith

the Einstein Telescope collaboration, opening opportunities for future contributions.

Furthermore the GWIC roadmap recomends “The continued development of an interna-

tional pulsar timing array for the study of gravitational waves in the nano-Hertz band. This

effort requires continued development of algorithms and data acquisition systems, and access

to substantial amounts of time on the world’s largest radio-telescopes.” (p 98). A Pulsar Tim-

ing Array based on the SKA will play a key role in this detection (e.g. cosmological stochastic

background from supermassive black hole mergers) over the next 10 years (see also the US

Astro2010Decadal Survey61).

Space-based gravitational wave science has been given a boost with eLISA being chosen

as the L3 class mission for the European Space Agency, with a tentative scheduled launch of

2034. Although that timescale is outside the scope of this plan, Australia does have significant

capability in satellite laser ranging through its involvement with the GRACE mission and the

Space Environment Research Centre.

8.4 Suggested strategies and resourcing levels

To a first approximation, the recommended decadal strategies for GW astronomy in Australia

are the same as those enunciated by GWIC in its Strategic Roadmap, and the USA Astro2010

60http://www.et-gw.eu
61http://sites.nationalacademies.org/bpa/BPA_049810
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Decadal Review. The recommendations most relevant for the Australian community are the

following:

1. Australia should continue to contribute to the construction, commissioning andopera-

tion ofAdvanced LIGO,KAGRAand LIGO-India, whileworkingwith suitable countries

to identify a consortium for the construction and operation of a southern hemisphere

detector.

It is recommendedthatAustralia should strengthen its significantactivity ingravitational

wave science and technology up until first detection. At this point, the construction of

a southern hemisphere detector will likely become a global priority to ensure optimum

signal localisation and enable electromagnetic telescopes to identify sources. After first

detection, it is recommended that Australia put up a 20 – 30% share (>$120M) over 5

years to secure the construction of a third generation detector in Australia commencing

in the second half of the decade, with the operation of that detector scheduled for the

first half of the next (2026-2035) decade.

2. Afundamentalpriority is thecontinueddevelopmentof theParkesPulsarTimingArray

andparticipation in the InternationalPulsarTimingArray for the studyof gravitational

waves in the nano-Hertz band.

This effort requires continued development of algorithms and data acquisition systems,

and access to substantial amounts of time on the world’s largest radio-telescopes. It is

recommended that the Parkes radio telescope continue its enhancement program, in-

cluding the development of next-generation receivers and backend instruments.

3. Australia must continue to pursue a strong and ongoing international program of re-

search inmulti-messengerandgravitationalwaveastrophysics, directedtowardsdeep-

ening our understanding of gravitational wave observations.

It is necessary to invest in the development of gravitational wave and multi-messenger

astronomersand therequireddataanalysis andcomputing infrastructure. Efforts should

also be directed towards coupling Australian supercomputing facilities deeply into the

GWdata analysis effort as a key partner in the first detection of GWs.

4. A priority is to work in collaboration with existing design study teams to support the

constructionof theEinsteinTelescope, expectedsoonafter thefirstgravitational-wave

discoveries have beenmade, circa 2018

It is necessary to work with design study groups internationally and organise meetings

to assist the community to understand and establish science-driven requirements (e.g.

frequency range, sensitivity) that would optimize the scientific potential of the network.

This includes engagement with the series of plannedGWICworkshops, each focused on
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the status and development of a particular critical technology for gravitational wave in-

struments. These workshops will help promote an exchange of ideas, provide visibility

and encouragement to new efforts in critical areas of technology development, and help

bring to bear the combined resources of the community on these problems.

5. It is essential to increase interactions with other areas of astronomy as well as other

relevant scientific communities (e.g. particle physics) anddevelopprocedures that, be-

ginning in the era of frequent ground-based detections of gravitational waves, will al-

low the broader scientific community to fully utilize information about detected grav-

itational waves.

The primary goal is to engage the interest of scientists in the work underway in gravita-

tional wave research, and to foster collaboration and scientific exchanges, most impor-

tantlymulti-messenger collaborations between the gravitational wave, electromagnetic

and neutrino astronomy communities.

Memoranda of understanding (MoU) have been signed between the Anglo-Australian

Telescope, theAustralian SquareKilometerArrayPathfinder (in particular theVAST sur-

vey), the MurchisonWide-Field Array, SkyMapper and the LIGO and Virgo Consortium

(LVC) to use Australian facilities to do EM follow-up of GW candidate detections. Fur-

thermore the TAROT-Zadko-AlgerianNationalObservatory are currently completing an

MoUwith LIGO-Virgo for optical follow up: Zadko (1m robotic), TAROT62 (2 × 25m fast

response telescopes), Aures (Algeria; several 50–60 cm telescopes; from 2017). Zadko

and TAROT already operate as a network (CADOR) doing optical follow up of GRBs.

It will also be necessary to develop an Australian Virtual Laboratory for Gravitational

Wave Science, in collaboration with international partners, CSIRO, and the Australian

All-Sky Virtual Observatory, to provide a stable, user-friendly interface to gravitational

wave data and data analysis pipelines available to the whole Australian astronomy and

physics communities when the open-access era begins.

6. Australiashouldcontinuetechnologydevelopment forLISAandrelatedmissions. eLISA

currently has a programmed launch date of 2034 as an ESA L3 mission. Although this

timeline is outside the scope of this DP, Australia has significant capability in satellite

laser ranging through its involvement in the GRACE-Follow on observation mission, the

SpaceEnvironmentResearchCentre andwithanumberof expatriates in JPL scienceand

engineeringpositions. It is therefore recommended thatAustralia keeps awatchingbrief

on this field and encourages continuing R&D supported through the ARC and other pro-

grams.

7. TheAustralian community should further developexistingoutreachprograms focused

62http://tarot.obs-hp.fr/tarot
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on engaging public, school and political audiences with the excitement, promise and

gains to society of the science and technology of gravitational wave astronomy.
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9 THEORETICALHIGH-ENERGYASTROPHYSICS

The theoretical capabilities in this area depend on the presence and availability of suitably-

trained theoreticians; access to national and international observing facilities; and the requi-

site supercomputer facilities. It is important to build up a critical mass of both observers and

theoreticians to stimulate the usual interchange between observation and theory to the mu-

tual benefit of both areas. We note the long-standing initiatives in observational high energy

astrophysics at the University of Adelaide andmore recent inititiatives at Monash and Curtin

Universities. However, a critical mass in both observation and theory in the multitude of top-

ics covered by high energy astrophysics is unlikely in any one institution. Hence, in order to

stimulate the exchange of facts and ideas in this field good communication and networking

is essential, for example via workshops in high energy astrophysics on a time scale of at least

once a year. It is important that theoreticians not only interactwith other astronomers in their

own institutions but also in the wider astronomical community. National issues for theoret-

ical astrophysics has been addressed in recent years by the Australian National Institute for

Theoretical Astrophysics (ANITA), with a strategy of encouraging networking and interaction

within and without the community. A basis for the discussions in this working group are the

general principles laid out in The ANITA Strategic Plan 2012-201563.

9.1 Progress against objectives

High energy astrophysics was not specifically included in the previous decadal plan. However,

wecanreportonthe followingachievements in thisareaover theperiodof the lastdecadalplan

and their synergies with areas that represent traditional strengths in Australian astronomy.

1. Highresolutionglobal simulationsofaccretiondisksusingNCIsupercomputer resources.

ANUresearchers (ParkinandBicknell)madesubstantial advances innumerical accretion

disk modelling through their work on “global” models, which are not subject to the arti-

ficial constraints imposed by “shearing box” computations. Beginning with an analytic

63http://anita.edu.au/2012/07/02/strategic-plan-for-theoretical-astrophysics-released
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equilibrium disk, they developed and solved the perturbation equations for the linear

magnetorotational instability (MRI) in the pseudo-relativistic Paczynski-Wiita potential.

Theycomparedtheanalytic resultswithcomputational resultsderived fromthedevelop-

mentof an initial equilibriumdisk, excitedbyavarietyofdifferentmodesanddetermined

whenthe instability saturates, showing that thefinalquasi-steadystate is independentof

the excitationmode and confirming that the disk parameter, alpha, the ratio of turbulent

stress topressure saturatesat approximately0.04. Utilising3Dspherical Fourier spectra

of the turbulent disk, they showed that the global simulations exhibit convergence to a

steadystate inwhich theonlyeffectof increasing resolution is theextensionof thepower

spectrum to high wave numbers - establishing that previous results implying a lour level

of turbulence with increasing resolution are due to the unphysical influence of shearing

box boundary conditions (16; 17).

FIGURE 1: SLICE OF AN ACCRETIONDISC SIMULATION SHOWING THE RATIOOFMAG-

NETIC PRESSURE TOGAS PRESSURE, HIGHLIGHTING THE TURBULENT STRUCTURE.

2. Comprehensive studies of relativistic jets and mildly relativistic winds examine the de-

tails of how these outflows interact with the interstellar medium of evolving galaxies

(28; 27; 29; 30). See figure 2. This research includes models of the X-ray emission re-

sulting from these interactions (24).

3. Theoreticalmodellingof combined radioandX-rayemission fromextragalactic jets (7; 8).

4. Modeling of very high energy gamma ray emission (at TeV energies) from blazar jets in

the region close to the black hole .
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FIGURE 2: MONTAGE OF SIMULATIONS OF POWERFUL RELATIVISTIC JETS INTERACT-

INGWITH THE INHOMOGENEOUS INTERSTELLARMEDIUMOF EVOLVINGGALAXIES.

5. Theoretical models of the high energy emission from ultra-luminous X-ray sources and

the relationship between accretion disk and blazar emission (10; 5).

6. An example of a significant and ongoing multi-disciplinary astrophysics research cam-

paign with a strong Australian flavour is centred on the recently-discovered ‘Fermi Bub-

bles’ (see the cover page figure). These structures are giant lobes emanating from the

centre of the Milky Way and apparent examples of nuclear feedback operating in the

Milky Way. They were discovered by independent researchers (23) analysing gamma-

ray data provided byNASA’s orbitingFermi telescope. Subsequently, observations con-

ducted by an Australian and international team using the Parkes ‘Dish’ led to the dis-

covery of the radio counterparts to the Fermi Bubbles (6). These radio counterparts are

the second largest structures in the Galaxy, making their discovery all the more remark-

able. From the theoretical side, Dr Roland Crocker, a recently appointed Future Fellow

at ANU,workedwith Carretti et al. to interpret the Parkes data. Crocker is nowworking

with Prof. Geoff Bicknell and Dr Ralph Sutherland and others on deepening our under-

standing of these enigmatic structures (Crocker et al., ApJL in press).

7. Significant progress hasbeenacross several facets of neutron star interiormodelling, the

results of which will be crucial both for interpreting current PTA data and future SKA
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radio data and for gravitational wave data analysis. The group lead by Melatos in Mel-

bourne has pioneered the uses of several new techniques that have lead to an enhanced

understanding of phenomena such as superfluid turbulence, radio pulsar timing noise

and glitches, the dynamics of quantised vortices in neutron star interiors and the role of

magnetic fields in gravitational wave emission mechanisms (15; 18; 19; 25; 31; 32). This

effort requires close ties with the nuclear physics community, as the high densities and

low temperatures of neutron star interiors allow a direct probe for aspects of the strong

interaction that are not accessible in terrestrial laboratories.

8. There has also been significant progress understanding the brightness temperature of

emission from Active Galactic Nuclei as it relates to the limit imposed by Inverse Comp-

ton scattering (11; 12) and the environment of their jets in the vicinity of the bright radio

emission (13). This has been complemented by modelling of pan-chromatic variability

and polarization data in gamma-ray blazars, particularly with respect to the connection

between radio and gamma-ray emission (1; 9).

Asupporting thread involves the investigationofemissionduringtheearlystagesofgamma-

ray bursts (GRBs) (12), and the likelihood of observing prompt radio emission coincident

with the gamma-ray emission observed in GRBs.

9. Although hadronicmodelling of AGNhas a long history, mostmodelling of AGNneglects

accelerated protons and nuclei which are sure to be present. However, there has been

a significant progress during thepast decade,muchof it by theAdelaide groupor by their

collaborators (see14,andreferences therein). Also, simulationsofacceleration/propagation

of atomic nuclei followed by and the various interactions of energetic nuclei with tar-

get photons, i.e. photo-erosion, pion photoproduction (baryon resonance), and Bethe-

Heitler pair production have been included (see 3, for) for details).

Simulation techniques for in-situ acceleration of charged particles within the jet emis-

sion regionusing a “leakybox”model of particle accelerationhasbeenusedbyProtheroe

(20) andAllard&Protheroe (3) tomodel the acceleration and interactionsof protons and

heavier nuclei in presence of low-energy photon fields (CMB, EBL), as well as in the radi-

ation field expected at hotspots in lobes of giant radio galaxies.

Anextensionof the simulationmethod, originally introducedbyProtheroe&Stanev (21),

has recentlybeenmadebyAhlers (2)whichallows rapid simulationof theangular scaleof

gamma-ray halos around individual AGN.Using a different approach, Venters&Pavlidou

(26)haveexamined theangularfluctuations in thesimulatedgamma-rayskyasa function

of energy expected for different strengths of the IGMF but this recent work relies on

analytic approximations in going from 1D to 3D cascades.

Major progress has beenmade in the last decade in cascade simulationswhere following

large numbers of particles in a simulation becomes impractical. This is by using Monte
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Carlo thinning technique and this has allowed simulation of particles at all energies in a

cascade from the injection energy of 1 TeV right down to eV energies (4).

9.2 Stocktake of capabilities/resources

Research which is envisaged in the next decade is based upon the development of the above

achievements together with increased collaboration involving theoreticians and national and

international groups of high energy observers.

Accretion disk physics. Amajor goal in this area is the development of efficient radiation hy-

drodynamics codes thatwill finallybeable toelucidate the structureof realistic accretiondisks

and the connection between accretion disks, jets and winds. This entails the incorporation of

general relativity so that the roleof accretiondisk-drivenoutflowsandergosphere-drivenout-

flows fromblack holes can be assessed. This work connects strongly to observational work on

X-ray binaries and active galactic nuclei together with the general problem of the black hole

fundamental plane.

Blazar modelling. Future research plans involve the origin of high-brightness temperature

emission in Active Galactic Nuclei. Related problems are the origin of bright gamma-ray emis-

sion observed in blazars, the interpretation of its variability and the modelling of the high en-

ergy emission to deduce reliable parameters such as density and magnetic field for jets close

to the parent black hole.

AGN feedback. The ANU group has established itself as a leader in this area and will con-

tinue its work on the interaction between relativistic jets and the inhomogeneous interstel-

lar mediumwith more detailed physics (molecular cooling, non-thermal cooling, estimation of

Stokesparameters, estimationofabsorption, etc.) to furtherourunderstandingof therelation-

ship between jet feedback and its relation to the evolution of galaxies and the radio luminosity

function.

Understanding the activity of theMilkyWay’s nucleus in a cosmological context. From ob-

servations of external galaxies, it is clear that activity occurring within galactic nuclei must be

communicated tomuch larger scales in order to regulate the star-formation occurring in those

galaxies (e.g. 22). At the most basic level, the Fermi Bubbles and the coincident radio lobes

discovered with Parkes represent the signatures of such nuclear feedback as it occurs locally.

It is still a matter of active debate, however, whether the bubbles were inflated by recent ac-

tivity of the Galaxy’s central, super-massive black hole or, on much longer timescales, by the

nuclear star formation occurring around it. In general, we expect a complicated interrelation-

ship between nuclear star-formation and black hole activity: while both require accretion of

gas into thenucleus, according toourcurrently-incompleteunderstanding, eithermight inhibit
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or promote the other depending on circumstances. Accuratemodelling of nuclear feedback is

crucially important in large-scale, cosmological simulations that seek to understand the star-

formation history of the Universe. By definition, the Galactic Centre represents our closest

view of a galactic nucleus. It thus provides, in principle, ground truth for theoretical and nu-

merical modelling of nuclear feedback in star-forming, spiral galaxies.

From these considerations, two important desiderata emerge:

• Deeper, multi-wavelength Galactic Centre observations combined with self-consistent

modelling of the energy and mass flows inferred from these observations will be crucial

to our understanding of cosmology.

• Deeper observations of other galaxies in search of external analogues of the Fermi Bub-

blescurrentlypushthestateof theartbecausethesestructuresandtheirmulti-wavelength

emissions are relatively dim. However, such observations are ultimately necessary if we

are to understand exactly how peculiar our own Galaxy is. They will become possible

with the coming generation of huge astrophysical instruments (SKA, CTA).

Ultra high energy cosmic rays. The Adelaide theory group will investigate the connection

between active galactic nuclei (AGN), ultra-high energy cosmic rays (UHECR) and the inter-

galacticmagneticfield (IGMF).Theywill conductnon-linear time-dependentsimulationofnon-

thermal AGN spectra following injection of arbitrary spectra of accelerated electrons and nu-

clei. AGNareextremeastrophysical objectswith tremendousenergyoutputs, someofwhich is

channelled into the production of UHECR.Whether the UHECR, which are astrophysical pro-

tons or nuclei with energies extending to at least 1020 eV (16 joules), are predominantly low-

mass nuclei (protons) or much heavier (iron) is a hot topic with varying results from different

experiments. The UHECRs produced in the sources give different signatures in gamma rays

and neutrinos depending on their composition and source environments. In addition, after the

UHECRs escape to intergalactic space, they propagate and lose energy via different processes

that also depend on their composition and the energy densities of background photon fields

and inter-galacticmagnetic fields (IGMFs), similarly producingdistinctiveelectromagnetic and

neutrino signals.

During the next decade the Adelaide group and collaborators in the USA, France, Austria

and Greece will conduct the most comprehensive modelling to date of the production of the

UHECR, gamma rays, and neutrinos in the extreme astrophysical environments of AGN and

GRB, togetherwith the expected output in broadband electromagnetic radiation, UHECR and

neutrinos. They plan to improve AGNmodelling, predict diffuse UHECR, neutrino and gamma

raydiffusefluxes, andmodel neutrino, gamma-ray and radio halos around sources to probe the

nature of the IGMF. They also will continue their involvement in UHE cosmic ray and neutrino

astronomy throughmodelling the detection by SKA to bursts of nanosecond radio pulses from

the moon when neutrino and UHECR hit it. The predictions from their modelling will be di-
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FIGURE 3: CARTOON SHOWING SOME OF THE IMPORTANT PROCESSES FOR NON-

THERMAL RADIATIONAND INTERACTIONOFUHECR.

rectly comparable with data from existing facilities and those coming on-line during the next

decade, suchasUHECRexperiments (PierreAugerObservatory,HiRes, TelescopeArray, JEM-

EUSO, SKA-lunar), gamma-ray experiments (Fermi LAT, CTA), and neutrino experiments (Ice-

Cube, Askaryan Radio Array) and radio telescopes (Square Kilometre Array).

Table 1 summarises the infrastructure in hunman capital and phsyical resources available

to theoreticians in high energy astrophysics.

NCI: National Computational Infrastructure

MAS:Merit Allocation Scheme

9.3 New opportunities/requirements

New opportunities involve

1. The capacity to appoint new staff in the area of high energy astrophysics

2. Themaintenanceanddevelopmentofsupercomputing facilities forhighresolution, three-

dimensional simulations.

3. An independent theoreticalastrophysicspostdoctoral schemetomaintainadequatestaffing

levels required forparticipation in largescale internationalprojects (e.g. LIGO,SKAetc..).

This is also a priority in the ANITA strategic plan.

9.4 Suggested strategies and resourcing levels

New staff. As staff retire there is the opportunity to appoint new staff in this area, which is

highly visible internationally. The appointment of high energy theoreticians capable of utilis-
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Institution Infrastructure Human resources

AustralianNationalUniver-

sity

Partner share NCI 3 academic staff, associ-

ated posdoctoral research

associates and students

University ofMelbourne Multiple numerical simula-

tion tools; Access toNCIvia

MAS and ASTAC

1 staff member and stu-

dents, 2 postdoctoral re-

search associates.

Monash University Access to MASSIVE super-

computer and NCI via MAS

and ASTAC; numerical sim-

ulation codes

3 staff members, associ-

ated posdoctoral research

associates and students

University of Adelaide Access to NCI via MAS and

ASTAC

3 academic staff, associ-

ated posdoctoral research

associates and students

Curtin University Supercomputing access

via NCI MAS, ASTAC and

Pawsey Centre

1academic staff andassoci-

ated postdoctoral research

associate.

TABLE 1: SUMMARYOF INFRASTRUCTURE ANDHUMANRESOURCES IN THEORETICAL

HIGH ENERGYASTROPHYSICS

ing the supercomputing resources available in this country is an important strategy as is the

appointment of theoreticians who have been trained in leading institutions overseas.

Participation in international observational projects. Access to the latest data is essential

for theoretical progress. Therefore, opportunities for Australian participation in outstanding

observational projects shouldbeexploredwheneverpossible. Onesuchproject is theCerenkov

Telescope Arraywhich is the successor to the highly successful HESS andMAGIC very high en-

ergy gamma ray telescopes.

Leverage of international collaborations. The provision of critical (theoretical or modelling)

expertise is a good strategy to leverage influence in large experimental collaborations where

Australia otherwise has a low level of financial commitment.

Theory postdoctoral fellowships The creation of a dedicated theoretical astrophysics post-

doctoral fellowship and/or anational centre for theoretical astrophysics is crucial ifAustralia is

to maintain strong and constant staffing levels and ensure its continued participation in large

scale international projects such as LIGOand SKA. This is also a priority in theANITA strategic

plan.
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10 TIME-DOMAINASTROPHYSICS

Transient sources are one of themain areas of research of the Australian high-energy commu-

nity. Short-timescale transient events are associated with the highest energy density events

in the Universe. They provide nature’s ultimate laboratory, where matter under extreme con-

ditions displays properties that probe physical regimes which far transcend the range achiev-

able in terrestrial experiments. Even the mere existence of such impulsive emission in some

instances can transform our understanding of the behaviour of matter and space-time under

themost extreme conditions.

A spate of recent discoveries of a new kind of fast transient over the past five years under-

scores the potential scientific return fromunexplored areas of the transient parameter-space.

The Parkes radio-telescope discovered a handful of examples of a remarkable new class of ex-

tremely bright and short-duration (millisecond timescale) transients called Fast Radio Bursts

(FRBs) Thornton et al. (11). This result is a direct result of investment inAustralian radio pulsar

research infrastructure over the period spanned by the previous Decadal plan.

This transients renaissance is being propelled by three key advances: i) an order of magni-

tude increase in telescopefield of view, enabling access to rare events ii) increases in telescope

sensitivity, enabling access to fainter events iii) advances in high-speed computing, allowing us

to take advantage of i) and ii).
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Neutron star and black hole X-ray binaries, cataclysmic variables, magnetar flares, gamma-

ray bursts, supernovae, tidal disruption events are all candidate sources, and offer great po-

tential for breakthrough discoveries. One thing those classes of objects have in common is

that their most violent and energetic behaviour is more likely to be detected first in the X-ray

or gamma-ray bands, partly because high-energy photons comemostly from the region closer

to the central engine (so, they are produced on the shortest timescale), and partly because the

X-ray sky is less crowded than the optical sky, whichmakes transient outbursts easier to iden-

tify. Currently, suchhigh-energy transienteventsareusually identifiedandmonitoredwith the

NASA/ESA Swift satellite and the Japanese detectorMAXI on the International Space Station.

However, such transient phenomena require prompt follow-up in other bands. For example,

the high-energy flash from a short gamma-ray burst may last only a few seconds, but we can

then study the rise of the optical emission from the shock producedwhen the blast wave from

the explosion impacts the surrounding interstellar medium. By comparing the luminosity in

the different bands, and the time delay between the emission components in X-rays, optical

and radio, we can understand the physics of those systems.

In the radio band, Parkes, ATCA, ASKAP,MWAand SKA Phase I will provide sufficient cov-

erage, but ground-based optical coverage is somewhat limited for Australian observers. The

kind of telescope that is most useful for prompt follow-up studies (spectroscopy and multi-

colour photometry) is a 2-m class automated instrument like the Liverpool Telescope (Canary

Islands) or the Faulkes Telescopes (Hawaii and Siding Spring), or the partly automated 2.2-m

GROND telescope (La Silla): all facilities to which the Australian community unfortunately

does not have direct access. Even smaller telescopes, such as the SMARTS telescopes at Cerro

Tololo, the 1.2-m Oschin Telescope at Palomar Observatory (used by the Palomar Transient

Factory Project), the 1.2mMercator telescope in theCanary Islands, the 1.2mEuler Telescope

at la Silla, are great use for photometric follow-up studies of high-energy transients. Here, the

University of Tasmania’s Bisdee Tier 1.3m telescope will be a very welcome new entry in this

class (both for GRB follow-up and X-ray binary work), when it overcomes its teething prob-

lems, but the only new one in Australia at this stage. UWA’s recently refurbished 1-m robotic

Zadko Telescope near Perth has been performing triggered deep follow-up (to 21st mag) of

GRB Swift alerts since 2009, and is the most successful Australian-operated facility for GRB

afterglow lightcurve studies. Its core science theme is relative photometry of rapid time vary-

ing sources, so its sea level location has only a minor effect on the facility’s capability for this

work; however, its location and modest aperture make it less suitable for optical-counterpart

studies of X-ray binary outbursts. ForGRBs and SNe, outstanding discoveries have beenmade

with even smaller but fast-slewing telescopes equipped with state-of-the art CCD cameras:

for example the twin 25-cm robotic TAROT telescopes (at Calern in Southern France, and at La

Silla). In order to be competitive for high-energy transient detections, such small telescopes

require slewing times of tens of degrees per second, and CCD readout times of a few seconds.

Considering theprominent role that transientdetectionhas in theMWA/ASKAP/SKAplans
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(e.g., Murphy et al. 2013, PASA, 30, 6), there is a shared request in the Australian high-energy

community that rapid-response optical surveys of the transient universe are not completely

sacrificed in favor of large telescope surveys of the deep universe. Building a new 2-m robotic

telescope for transient monitoring was an option recommended by several astronomers; as a

plan B, building small TAROT-like robotic telescopes here and trading some of our large time

available on radio facilities (MWA,ASKAP, SKA) for access quotasonnon-Australian transient-

sky 1.3-m class telescopes. For the same reasons, it was also recommended that the AAT re-

tains the possibility of target-of-opportunity override programs for transients, as a long-term

strategic plan (with the WHT offering a similar ToO policy in the northern sky), without the

need to apply for Director’s Discretionary Time every time a trigger arises.

Furthermore, rapid-response optical follow-ups do not necessarily need to be triggered by

X-rayorGamma-ray transients. For example, the coordinated effort between the LOFARradio

interferometer and the Panoramic Survey Telescope & Rapid Response System (PanSTARRS)

is aimed at finding optical counterparts to radio-identified transients, as well as radio coun-

terparts of optically identified ones; PanSTARRS is a system of four automated 1.8-m optical

telescopes in Hawaii. Radio transient programs with the MWA and the SKA would be greatly

enhanced if they were associated with an Australian equivalent of PanSTARRS for the South-

ern sky.

Australian astronomy has traditionally relied on excellent local facilities, coupled with ge-

ographical advantages. The lack of Australian sites with consistent sub-arcsecond seeing has

killed any hopes of building 8-m class telescopes here; however, the transient sky is one of the

fewareaswherewe can still do cutting-edge sciencewith1.5 to2-m telescopes in average see-

ing, and therefore an areawhere it still makes sense to build new telescopes in Australia, using

Australian technology and guaranteeing larger access to local scientists. Australia has lost its

geographical latitude advantage (because the Southern sky can be observed now from Chile

with better seeing and larger telescopes), but it still retains a longitude advantage for transient

and rapidly variable sources, because therewill always be sectors of sky only visible fromAus-

tralia for a fewhours a day; therefore, a programof optical transient follow-ups fromAustralia

will make the most of this advantage and is guaranteed to be part of every major discovery in

the field. In addition, access to smaller telescopes is still an essential step for the training of

students and postdocs, and for testing the design and implementation of new technology and

new instruments. Finally, such telescopes have added value for outreachpurposes (eg the very

successful Faulkes telescopes funding scheme).

Belowwe describe some specific science motivations relevant to Australia’s future partic-

ipation in time-domain astrophysics
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10.1 SCIENCEMOTIVATION

Time-domain astrophysics is not limited topurely electromagnetic techniques, but exemplifies

the “multi-messenger” approach (see §11). Energetic, strongly gravitating objects like black

holes and neutron stars are some of Nature’s most potent particle accelerators, as well as be-

ing likely sources of gravitational waves, detectable by next-generation “advanced” detectors

(see §8). Below we describe some science drivers for pursuing time-domain, multimessenger

astrophysics.

10.1.1 SUPERNOVAE

The neutrino burst from a supernova carries unique information about the thermonuclear re-

actions and particle physics processes that occur inside the core of a collapsing star. Huge

detectors like IceCube (see §4), where a cubic km of the Antarctic ice cap is instrumented to

detect neutrinos, will be on line at the same time as the advanced gravitational wave detec-

tor network (see §8). Simultaneous gravitational wave and neutrino observations of a nearby

supernovawill providenew insights into the formationof the chemical elements, thebirth pro-

cesses (andresultingspinsandmagnetization)ofneutronstarsandblackholes, andenablenew

tests of the StandardModel of the fundamental forces (1). The detection of a continuous grav-

itational wave source or memory event with the PPTAwould trigger a multiwavelength study

using all available instruments in an attempt to determine the nature of the host galaxy.

10.1.2 AGN FEEDBACK

Over the past decade, the case for AGN feedback playing a critical role in structure formation

has become widely established, based on a wide range of arguments (45). There are two dis-

tinct modes, quasar mode, when an AGN’s radiation has a direct impact on its surroundings,

and radio mode, when power from an AGN is funnelled via radio jets and lobes into its sur-

roundings. However, the mechanisms of both modes of feedback remain poorly understood.

This has motivated a resurgence of interest in AGN, often using multiwavelength astronomy.

X-ray observations have played a critical role, since they probe close to theAGN, providing the

best means for determining whether an AGN is currently active.

AGN are powered by accretion onto supermassive black holes in the nuclei of galaxies. X-

ray binaries are powered by accretion onto far smaller black holes. An important development

in recent years has been the use of stellar mass black holes as analogues for understanding

accretion in AGN. State transformations that occur on timescales readily accessible to obser-

vations in stellar mass black holes are far too slow to be observed in AGN. For example, X-ray

binaries are being used to study the relationship between instantaneous accretion rate and

radio jet formation (eg50). This has given impetus and significance to the study of stellar mass

black holes that will continue into the coming decade.
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10.1.3 GRAVITATIONALWAVE SOURCES

Gravitational wave astronomy and astrophysics are very active areas of research (see §7, §8),

and offer the possibility of ground-breaking discoveries not just for astronomy but for funda-

mental physics. Akeyobjective for thenextdecade is to identify electromagnetic counterparts

of such events. As the Mid-Term Review clearly stated, “For astronomers, it is essential to be

able to identify the source responsible for gravitational wave emission, determine its charac-

teristics, and place it among the classes of known objects.” (p. 24) Among the astrophysical

events thatarepredicted toproduceelectromagnetic signalsalongsidegravitationalwavesare

supernovae, neutron star-neutron star and neutron star-black hole mergers. Prompt optical

detection and follow-upwill be essential for those events.

The LIGO/Virgo Scientific Collaboration (LVC) plans to start taking data in 2015, with the

sensitivity gradually improving over time. The first four gravitational wave triggers will be re-

leased to partners who have signed a Memorandum of Understanding (MoU) with the LVC,

with futurehigh-confidencealerts being releasedpromptly to thewider community. Following

upgravitationalwaveevents todetect their electromagnetic counterpartswill beakeygoal for

the high energy and fundamental astrophysics community. With thewide fields of viewof new

radio facilities such as MWA, ASKAP, SKA1-low and SKA1-survey, the radio community can

make an important contribution, localising candidate counterparts to much greater accuracy

than the 5–20 square degree error boxes provided by the LVC, and allowing detailed follow up

with narrower-field instruments.

Many of the general considerations discussed for the optical counterparts of high-energy

transientsapplyalso toputativeoptical counterpartsofgravitationalwavetriggers: small robotic

telescopes aremore efficient than larger telescopes. In fact, for gravitational wave detections,

the uncertainty in the initial positionmay be of order of one degree,much larger than for X-ray

and Gamma-ray transients. Therefore, a large field of view is also an essential requirement.

Detection of a candidate gravitational wave signal would trigger world-wide alerts to optical

detectors such as the Palomar Transient Factory, Pi of the Sky, QUEST, ROTSE III, TAROT, and

the Liverpool Telescope; inAustralia, SkyMapper and theZadkoTelescopewould be triggered.

QUEST and TAROTare probably the best example of fast, large-area detectors specifically de-

signed for this research. TAROTwas already mentioned in relation to high-energy transients;

the QUEST camera is mounted at the prime focus of the 1.2-m Schmidt telescope at Palomar,

and covers 9.6 sq deg of sky. As for high-energy transients, the consensus among colleagues in

the field (especially at UWA and ANU) is that Australia can be at the forefront of this field by

investing in small, fast-response robotic telescopes.

10.2 TRANSIENT SURVEYS

Excluding follow-up observations, surveys are a key activity to detecting transients. There are

a limited number of dedicated surveys aimed at sources of interest to the high-energy com-
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munity with strong Australian involvement. However, a number of groups are routinely using

high-energydata from internationalhigh-energysurveysorare takingapan-spectral approach

and studying high-energy events observed in lower energy surveys (e.g. optical, radio). Below

we present a brief overview of the current and upcoming surveys focussing on transients.

10.2.1 X-RAY SURVEYS

The X-ray instrument eROSITA64 is set to perform the first all-sky imaging survey in the X-ray

range0.5–10keV65. Set for launch in2015, this instrumentwillmap the large scale structure in

the Universe by observing the hot intergalactic medium of thousands galaxy clusters and the

hot gas in filaments between clusters (10). It should detect all obscured accreting black-holes

in nearby galaxies, up to severalmillion newdistant active galactic nuclei and study the physics

of galactic X-ray source populations, supernova remnants and X-ray binaries.

CAASTRO is set to benefit from an MoU agreement with eROSITA which will allow mem-

bers unique access to eROSITA and CAASTRO data for pre-defined approved projects that

a) require both data sets and b) which pursue unique science programs. This agreement will

present opportunities for joint projects for both postdocs and students.

TheUniversity of Sydney are providing funding to build collaborationswithUS researchers

for radio follow-up of Active Galaxies detected with the NuSTAR X-ray satellite. This instru-

ment,whichhas significantly improvedsensitivity in the3–-80keVoverprevious instruments,

will complement radio observations ofActiveGalaxies and should prove auseful probeof both

the feedbackmechanisms of an active galaxy and the subsequent impact on its surroundings.

10.2.2 GAMMA-RAY SURVEYS

SinceH.E.S.S operations began in 2003 (H.E.S.S. II has functioned since July 2012) 9415 hours

of data have been taken and discoveries include over 80 new VHE γ-ray sources, of which 19

are extragalactic. The H.E.S.S. Galactic Plane survey (GPS) has been a core component of the

observation program since 2004 and has detected 60 galactic objects including pulsar wind

nebulae, supernova remnants and γ-ray binaries (1).

TheCherenkovTelescopeArray (CTA,2) is anextgenerationground-based instrument that

will improve over previous experiments (HESS, VERITAS, MAGIC) with increased sensitivity,

angular resolution (∼ 2
′
at TeV), wider energy coverage (∼ 30GeV – 300TeV) and a larger field

ofview(6◦-8◦). Thisprojectwill consistof twoarrays: a southernhemisphericarray focusingon

Galactic sources and a northern hemispheric array on extragalactic. The wide fields of view of

many CTA telescopes will be highly beneficial for extensive surveys of our galaxy and beyond.

SixAustralianuniversities joinedCTAasanassociatedparty in2013. FullCTAmembershipwill

require some contribution towards construction costs but will provide opportunities for both

64http://www.mpe.mpg.de/eROSITA
65it has a sensitivity 30 times greater than ROSAT in the 0.5-2 keV band
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contribute towards the final array design and subsequent access to observation timewith the

CTA.

At lowerenergies< 400keVthedetectionofgamma-raybursts (GRBs) isa rapidlyemerging

area. It has advanced in recent years by themulti-wavelength observations of Swift and Fermi

detected bursts that have shownGRBs to be themost luminous66 and distant transient events

in the Universe. The accumulation of around 200 redshifts has led to opportunities in using

these bursts as cosmological probes. As part of the France-Italy GAmma Ray burst afterglow

Observation collaboration (FIGARO, 5), UWA involvement has used existing cataloguedata for

a number of statistical population studies including unravelling the selection bias that plagues

the redshift data.

10.2.3 RADIO SURVEYS

Overthenextfiveyears, boththe$50mnlow-frequencyMWAandtheAustralianSKAPathfinder

(ASKAP),under theauspicesof theCommensalReal-timeASKAPFastTransientssurvey (CRAFT67)

collaboration, have the potential to be ground-breaking transient factories by virtue of their

large fields of view and high sensitivity. By 2020 and onwards the SKA itself, particularly its

low-frequency component, will commence operation as a formidable transients detectionma-

chine. The field of view of the low-frequency aperture arrays, namely the MWA and SKA-low

(>>100 sq. deg.), both located inWestern Australia, make these ideal transients detection in-

struments. Additional detection capability at frequencies>600MHz is tobeprovidedbySKA-

mid, which will commence construction in South Africa by 2016. Construction of these tele-

scopes needs to be complemented by investment in back-end computational resources. The

detectionof transients is highly technology-driven, andonly recently have advances in compu-

tational power and I/Obandwidthmade it feasible to exploit these instrumental capabilities at

the high time resolution necessary to detect fast radio transients.

An important newcapability for electronically steered instruments68 such as theMWAand

SKA-low is theability to retroactivelypoint toa locationon the sky in response toanevent trig-

ger generated by the detection of a transient at another waveband (i.e. a high-energy X-ray or

gamma-ray transient). For example, X-ray observations by Swiftof the abrupt endof the platau

phase of some short-duration GRBs suggest evidence of the collapse of a supramassive neu-

tron star 69 to a black-hole; the suggestion that such progenitors are linked with FRBs could

be tested by this capability (3; 12). To allow such triggered follow ups, the provision of a large

amount (ideally >100 PB) of temporary storage co-located with the telescope must be facili-

66In terms of electromagnetic radiation per unit solid angle.
67Similar to the VAST survey, CRAFT is commensal in that it will seamlessly tag on to a larger survey - in this

case ASKAP.
68Telescope functions including pointing are performed by electronic manipulation of dipole signals
69Aneutron star that is supportedwell above themaximumvalue allowed by its equation of state through cen-

trifugal forces
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tated.

ASKAPhas the capability to scan theentire visible skywithin24hours at sensitivities of 0.5

mJy or lower. This capability provides a fantastic opportunity to advance the study of known

transients and variables and to discover new astrophysical objects and classes. VAST, a 1.4

GHz ASKAP Survey for Slow Variables and Transients, will exploit these capabilities focused

to search for variables and transients with timescales as short as 5 seconds.

The Variables and Slow Transients70 (VAST) surveywill provide observations, complemen-

tary to a number of sources routinely observed at high energy (9). For example, the late time

afterglow spectrum of a GRB will be observable at radio energies and the identification of a

GRB ‘orphan afterglows71’ is a tantalising prospect. With a sufficient number of afterglows

eachyear (10ormore), theprospectsof constraining thebeaminganglesofGRBs, and thus, the

trueevent ratewouldencouraging. However, recent studiesbasedon thesampleofSwiftGRBs

suggest that the sensitivity of ASKAP (∼ 0.2mJy 1.4GHz)maynot be sufficient to achieve this

science goal (6; 7); SKA2 (operational by 2015) however, would expected to detect radio after-

glows forall burstsdetectedbyaSwift type instrument (6). VASTcouldmeasureradioemission

from a large number of XRBswhich could be coupled with data from high-energy instruments

such as Swift and Fermi. Suchmulti-wavelength observations could provide a newunderstand-

ing of high-energy phenomena; for example correlated radio and X-ray observations of XRB

systems can yield significant insight into the accretion-disk/jet coupling (4).

10.2.4 GRAVITATIONALWAVES

The advanced network of interferometric gravitational wave detectors (Advanced LIGO, Ad-

vancedVirgo, andGEO-HF)will form a solid basis for the first detectionswith the first science

run due in 2015 (see §8). Detector sensitivity is generally given by the detection range of the

most likelyexpectedevents - the inspiral andmergerof systemsofbinaryneutron stars (BNSs).

By 2017 (2019) this rangewill be sufficient to enable a detection range of 140Mpc (200Mpc),

yielding up to 70 (200) BNSs a year. As BNSs have have been strongly postulated to be re-

lated to short duration γ-ray bursts, the electromagnetic follow-up of GWs candidates should

become routine, firmly establishing the field of multimessenger astronomy. The possible si-

multaneous detection of any combination of photons, neutrinos or high energy particles with

gravity waves from a gamma ray burst would be a landmark event for astrophysics. With the

theworldwidenetworkoperatingatdesignsensitivity, theaccumulatednumbersofdetections

will mean that GWastronomywill have entered the survey arena.

A LIGO-India Observatory running at aLIGO sensitivity will be added to the network by

2022 (at the time of writing - February 2014, this is subject to formal government approval) -

at this time BNSs will be detectable out to 200Mpc and of order 400 events will be expected

70http://www.physics.usyd.edu.au/sifa/vast
71An orphan afterglows can occur from aGRBwhose jet not beamed in our direction
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each year. An Indian detector will increase the resolution to allow at least 20% of sources to

be detected within 5◦.

Achieving good directional sensitivity would be of paramount importance for a scientific

survey. Formany sources, directional sensitivity is determined through triangulation of arrival

times and the angular resolution of a GW network is inversely proportional to the separation

of the detectors in the network. Thus, the addition of anAustralian instrument and a Japanese

observatory (a Japanese detector KAGRA, previously known as LCGT, could begin operation

in 2018; 8)would increase the directional precision by a factor of 2.5 and the detection rate by

a similar factor. Should the era of multi-messenger astronomy live up to its expectations, this

scenario could become a distinct possibility in the forthcoming decade.
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11 MULTI-MESSENGERASTROPHYSICS

Akey capability for observational studies ofmany of the sources of interest to this group is the

ability to search the sky, or make follow-up observations, across the electromagnetic band.

This capability arguably represents a “new wave” of astronomy, which capitalizes on the ex-

plosion of computing power and digitization of observing channels to (for example) carry out

real-time, all-sky surveys at many wavelengths simultaneously for things that go “bump in the
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night”. Australia is emerging as a priority site for a number of next-generation, all-sky instru-

ments which will further change the way we observe the universe around us. Radio transient

factories like ASKAP, Molonglo, and MWA operate in dramatically different ways from most

contemporary radio telescopes, andconsistofanarrayof relatively standardantennascoupled

to a sophisticated computer hardware and software system enabling them to look simultane-

ously in many directions. At the same time, robotic optical telescopes like Skymapper and the

Zadko telescope in Australia, and many others in the northern hemisphere are able to rapidly

respond to triggers fromconventional instrumentsbutalso (within thenextdecade) fromgrav-

itational wave detectors In the X-ray to gamma-ray band, NASA’s Swift satellite and others

provide near all-skymonitoring of the X-ray and gamma ray bursts.

In the 2020s we can expect that we will be monitoring the sky simultaneously across the

electromagnetic spectrum as well as with neutrino and gravitational wave detectors. The fu-

tureofastronomywill increasinglyseetheemergenceofmulti-band,wide-fieldcapabilitywhich,

when coupled with the worldwide gravitational interferometer network, will give us vast new

quantities of information with which to understand the universe around us.

Thiscapability isemergent, havingbenefitedfromcollectiveprogress inspecificwavebands,

as well as (in a broad sense) the increased computing power and digital storage available at a

fraction of the cost in the past. However, it is likely that to support the kind of science inves-

tigations discussed in §10.1, this area can also benefit from a strategic review. In this section

we present some of the science motivators for this multi-messenger approach, as well as pre-

senting some band-specific discussions of current and future capabilities and how to ensure

continuing Australian access to these resources.

11.1 RADIO/SUB-MMOBSERVATIONS

One of the key goals of the “New Horizons” Decadal Plan was for Australia to engage in the

SquareKilometreArray (SKA) at the 10% level. This goal has been realised, withWesternAus-

tralia selected to host both the low-frequency and the survey instruments of the SKA (SKA1-

low and SKA1-survey). The final instrument to be constructed in Phase 1, SKA1-mid, will be

located in South Africa. The telescopes hosted by Australia will build on the radio astronomy

infrastructure that has been so successfully established in Western Australia over the past

decade, not only at the telescope site at theMurchison Radio astronomyObservatory (MRO),

but also including the fast data transport links and the supercomputing facility under construc-

tion at thePawseyCentre inPerth. The low-frequency SKAprecursor instrument, theMurchi-

son Widefield Array (MWA), has recently completed its second semester of science observ-

ing, and the Australian SKA Pathfinder (ASKAP) is undergoing commissioning, with its first six

phased array feed receivers (PAFs) installed on the six-antenna test array, BETA. Australian

teamsareheavily involved inmanyof the consortia responsible for SKApreconstructionwork.

Fast radio bursts: These capabilities have enabled significant advances in the field of high en-
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ergy and fundamental astrophysics. One of the most exciting developments in this area has

been the detection of the so-called Fast Radio Bursts (FRBs); extremely bright, dispersed sin-

gle radio pulses lasting just a few milliseconds in duration. First discovered in a reprocessing

of the Parkes Multibeam Survey (19), the initial controversy over their extraterrestrial origin

has been mitigated by the discovery of several more such bursts (36). Their high dispersion

measures hint at an extragalactic origin, which, if confirmed, would allow a probe of the ion-

ized intergalactic medium (26) (although for suggestions of a Galactic origin, see 18; 4). It is

worthy of note that all except one (35) published burst detections to date are from the Parkes

multibeam survey (19; 23; 36), whose combination of high sensitivity, large field of view and

time on sky allow it to lead the world in this field.

Pulsars: Significant advances have also been made in pulsar research. Pulsar surveys such as

the High Time Resolution Universe (24) have uncovered many exotic new pulsars, of interest

from the perspectives of binary evolution (the “diamond planet (3); the link between pulsars

and low-mass X-ray binaries (29); themillisecond pulsar in a triple system (31) or constraining

thenuclearequationof state (the two-solarmassneutronstar; (9). Pulsar timingatParkesover

a many-year baseline has placed the deepest constraints yet on the gravitational wave signal

in the nHz range (33), and low-frequency radio observations have provided new insights into

the pulsar emissionmechanism (16; 15).

Jets and accretion physics: The detection of radio emission from a tidal disruption event (43)

has uncovered a new class of radio transients and opened up a new approach to understand-

ing the launching of relativistic jets. The recent discovery of HLX-1, a good candidate for an

intermediate-mass black hole (10) has been followed up by a radio detection with the ATCA

(40), showing that the coupling between accretion and ejection is invariant across the black

hole mass scale. Multi-frequency observations, from the radio to the gamma-ray band have

improved our understanding of accretion in both AGN (e.g. 2) and X-ray binaries, and detailed

radio observations have begun to probe the jet launching region (14). Finally, new transient

surveys have begun to place important limits on the rate of radio transients (see 12).

11.1.1 CURRENTRADIO INSTRUMENTS

As envisaged in “NewHorizons”, the ATNF has continued to facilitate the groundbreaking sci-

encebeingcarriedoutat theAustraliaTelescopeCompactArray (ATCA), theParkesandMopra

radio telescopes, and the Australian Long Baseline Array (LBA).While some reprioritisation of

funding has been necessary to support ASKAP and SKA-related activities, the capabilities of

these existing national facilities have been considerably enhanced over the past decade. The

installation of a new broadband backend at the ATCA has increased the sensitivity fourfold,

enhanced the velocity resolution of the telescope, and significantly improved its survey speed

and dynamic range. The incorporation of new stations to the LBA network (fromWA to New

Zealand), coupledwith the increase in recording rates, has improvedboth sensitivity and imag-
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ing fidelity, and the advent of electronic Very Long Baseline Interferometry (e-VLBI), whereby

data are transferred in real time over the internet, has enabled close to real-time imaging at

the highest angular resolutions (e.g. 30).

11.1.2 FUTURERADIO INSTRUMENTS

SKA and precursor facilities: The focus of much of the radio astronomy community over the

coming decade will be the construction of the Square Kilometre Array (SKA). In phase 1, a

low-frequency array (over 250,000 dipoles operating from 50-350 MHz) will be constructed

inWestern Australia. On the same site will be the 96-dish SKA1-survey array, operating from

650-1670 MHz, and using PAF technology to provide an 18-square degree field of view. Fi-

nally, in South Africa, SKA1-mid will consist of 254 dishes operating from 350MHz to 3 GHz.

Pre-construction activities are underway, with construction slated to begin in 2018, and early

science from 2020.

Prior to the completion of SKA1, the large fields of viewof the SKApathfinders,MWA (600

square degrees; 37) and ASKAP (30 square degrees; 22) will usher in the era of radio skymon-

itors, complementing the capabilities of both the Low Frequency Array (LOFAR) in the north,

and ongoing optical transient surveys (e.g. the Palomar Transients Factory) and X-ray all-sky

monitors (Swift, MAXI, Fermi). MWA is already in full operations mode, with a field of view of

up to 1000 square degrees and a confusion-limited sensitivity of a few mJy in Stokes I (which

canbe reached in just a fewminutes). This is already enabling large-area surveys for transients

(e.g. 5). In the next few years, the completion of ASKAPwill provide further newopportunities

for the field of high energy and fundamental astrophysics.

Pulsars and fast transients: Surveys for fast (sub-second) transients (e.g. CRAFT; 25) will un-

veil thenatureof theenigmatic FRBs, probing fundamental physics in extremestates ofmatter

and strong gravity. They will also detect new pulsars, searching for the exotic (fast, massive or

binary)pulsars thatcanconstrain thenuclearequationof stateandtest theoriesof stronggrav-

ity. Since accurate localisation is key to determining the true nature of FRBs, interferometers

have a big advantage over the single-dish studies performed to date by Parkes and Arecibo. A

commensal searchon theVLBA (V-FASTR; 39) has pioneered an interferometric approach, but

suffered from the small fields of viewatGHz radio frequencies. Prior to the completion of SKA

Phase 1, the wide field of view and large collecting area of theMWA provide one possible op-

portunity for FRB localisation, depending on the poorly-constrained source properties (38), as

would the completion of the ongoing upgrade to the SKAMolongloPrototype (SKAMP;Bailes,

priv. comm.).

The next decade also holds the tantalising prospect of the detection of gravitational waves

via Pulsar Timing Array experiments. While the sensitivity and long existing time baseline of

Parkes observations have allowed theAustralian team (the Parkes Pulsar TimingArray; PPTA)

to develop a lead over its European and North American competitors, the three groups are
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now collaborating tomore rapidly achieve a detection. Detection of new candidates for pulsar

timing, or exotic pulsars, can be achieved by continued pulsar surveys, which can discover im-

portant systems for constraining the nuclear equation of state or binary evolution. The steep

spectra of typical radio pulsars imply that the MWA and SKA-low will provide major new op-

portunities for pulsar surveys, as well as permitting detailed studies of the pulsar mechanism.

These new instruments will be complemented by the proposed Parkes ultra-wideband (UWB)

receiver, which is also vital for development of the precision pulsar timing projects at Parkes.

New international instruments providing high sensitivity for pulsar timing and searching are

theMeerKATSouthAfrican SKAPathfinder and theChinese 500-mdiameter FAST radio tele-

scope, bothscheduledtobeginoperations in2017. TheMeerKATSouthAfricanSKApathfinder

will begin operations in 2017, andwith its large gain, wide bandwidth and low system temper-

atures, will be the dominant pulsar timing facility until the completion of SKA1.

Slow transients: The wide field of view of ASKAP, and the high survey speed enabled by the

PAF technology will allow a daily survey of 10,000 square degrees to detect slow radio tran-

sient events via imaging techniques, to a depth of 0.5mJy/beam (28). Such transients are likely

to be powered by either stellar explosions (gamma-ray bursts and supernovae) or accretion

(suchas tidaldisruptionevents, activegalacticnuclei, X-raybinaries, ultraluminousX-raysources,

or cataclysmic variables). Detailedmonitoring and broadband followupof such events can ad-

dress important issues including the rate ofmassive star formation across cosmic time and the

launchingof relativistic jets. Keyscienceprojects todetectnewtransientshavebeenapproved

on both ASKAP (VAST; 28) andMeerKAT (ThunderKAT), and transients form one of the main

science areas forMWA (7).

VLBI:As theonly southernhemisphereVLBI facility, theAustralianLBAprovidesakeycapabil-

ity for transient follow up; imaging supernova expansion to determine the expansion velocity

and geometry of the ejecta (e.g. 6). Resolving relativistic jets fromX-ray binaries and AGN can

probe the launching and propagation of the jets, and their subsequent interaction with their

environments. Coupled with X-ray observations from satellites, this can probe the universal

link between accretion and jet ejection (e.g. 27). VLBI is envisaged as a future capability of

SKA, potentially by phasing up the core of SKA-mid (and potentially SKA-survey) to provide

an extremely sensitive element that can be incorporated in existingVLBI networks such as the

LBA. An array consisting of the current LBA and a phased-up SKA1-survey in Australia, plus

Hartebeesthoek and a phased-up SKA1-mid in South Africa could reach an rms noise level of

1.5microJy/beam in 2 hours of on-source time (assuming a bandwidth of 512MHz), a factor of

15 better than current capabilities. This would enable VLBI studies of fainter objects, includ-

ing the faint AGN population (to help distinguish starbursts from AGN activity), and extend

existing VLBI studies of black hole X-ray binaries to their fainter neutron star andwhite dwarf

analogues.

Adding the sensitivity of SKA as a tied array to existing VLBI networks would also enable
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extremely precise astrometry, at the few microarcsecond level, allowing the measurement of

model-independent parallax distances andpropermotions for objects anywhere in theGalaxy.

Accurate distances and proper motions are critical when using precision pulsar timing to test

theories of gravity. Strong-field gravity tests using the binary pulsar B1913+16 are currently

limited by uncertainties in the differential acceleration of the Earth and the pulsar system to-

ward theGalacticCentre (41), and forotherdoubleneutron-star systemsuncertainties in their

distance and propermotion are limiting factors. Further, by breaking the degeneracy between

position uncertainty and pulsar spin-down, accurate astrometry can reduce the amount of ob-

serving timerequired togetacoherentpulsar timingsolution, therebyassisting in theselection

of pulsars for the Pulsar Timing Array. (34) review the potential of the SKA for pulsar astrom-

etry, and (13) give a detailed overview of the full science case for VLBI with the SKA.

Cosmicrays: ExistingorenhancedAustralianradio facilitiescouldalsoallowsignificantprogress

to be made in the field of high-energy cosmic rays over the next decade. A phased array feed

on Parkes could detect broadband nanosecond-timescale pulses of Cerenkov radiation from

the interaction of 1019 GeV cosmic rays with the lunar regolith (20), and it has been estimated

that the low-frequency component of the SKAcould detect such events at the rate of a fewper

day (21)). With appropriate access to the raw antenna voltages, MWA or SKA-low could also

detect and study cosmic ray-induced atmospheric air showers, as already done with LOFAR

(32).

International facilities: World-class radio facilities are not just being built and operated in

Australia, but across the globe. The expertise of Australian astronomers has led to their be-

ing awarded significant amounts of observing time in competitive proposal rounds for time on

open skies international facilities. The recent sensitivity upgrade to the Karl G. Jansky Very

Large Array (VLA) has allowed it to reach sub-microJansky sensitivity, making it the world’s

most sensitive operational radio telescope. Other key radio facilities with open skies policies

include theVery LongBaselineArray and theGreenBankTelescope, both also run byNRAOat

present, but facing an uncertain future following the recommendations of the NSF’s Portfolio

Review Committee. The Atacama Large Millimeter/submillimeter Array72 (ALMA) has com-

menced operations, providing the world’s largest and most sensitive mm-frequency interfer-

ometer. Although Australia made a decision not to join the ALMA partnership, Australian as-

tronomersmaynonethelessapply for “OpenSkies” time. Over thenextdecade, theEventHori-

zon Telescope collaboration will enable ALMA to be phased up and added to a sub-millimetre

VLBI array in order to directly image the shadowof the event horizon in the nearby supermas-

sive black holes, Sgr A* andM87 (see (11) for more details and other applications).

In Europe, e-MERLIN is now operational, providing sensitive medium-resolution imaging,

down to noise levels of a few microJy/beam, on scales of a few tens to hundreds of milliarc-

seconds. TheEuropeanVLBINetwork has also increased its available bandwidth over the past

72http://www.almaobservatory.org
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decade, and has introduced regular e-VLBI sessions for the study of transient phenomena. The

recently-operational LowFrequencyArray (LOFAR) in theNetherlandsandacrossEuropepro-

vides complementary coverage toMWA for the northern sky, albeit at significantly higher an-

gular resolution. And the Westerbork Synthesis Radio Telescope (WSRT) is being revitalised

with focal planearray technology,with theApertif system increasing itsfieldof viewbya factor

of 25.

Finally, in Asia, the Giant Metrewave Radio Telescope (GMRT) provides coverage from 50

MHz to 1.4 GHz, with a frequency-dependent angular resolution of 2-60”, and a sensitivity of

tens to hundreds of microJy per beam. There are small VLBI networks in China (CVN) and

Japan (VERA), focussing primarily on astrometry. The Korean VLBI Network (KVN) provides

some millimetre-wavelength VLBI capability. Finally, the construction of FAST, the Five hun-

dred metre Aperture Spherical Telescope, has now begun in China. With three times the sen-

sitivity of Arecibo, FAST will be the world’s largest single dish telescope, operating from 0.1–

3GHz and able to observe within 40 degrees of the zenith.

11.1.3 THE FUTUREOFRADIOASTRONOMY

As many of the existing or upcoming facilities have Open Skies policies, at least at some level,

no additional investment is required to take advantage of them, other than fostering scientific

excellence. However, it is critical forAustralia tomaintain its leading role in the SKA,whichwill

not have an Open Skies policy, but will be the major radio/sub-millimetre investment over the

next decade. One issue of concern is the possibility of a change to NRAO’s Open Skies policy.

Should this come about, it will be essential for ATNF and the SKA Organisation to work with

NRAO on a reciprocal access agreement, to ensure that Australian astronomers do not lose

access toNRAO’s suite ofworld-class facilities. Even in the era of SKA, theVLAwill remain the

most sensitive radio facility on theplanet above thehighest possible SKA frequencyof14GHz.

The huge data volumes generated by the new instruments (MWA, ASKAP and phase 1 of

the SKA, but also the new broadband receivers on the Compact Array and the VLA) place sig-

nificant demands not only on compute power and storage space, but also on manpower to re-

duce and analyse the data. Transient work also requires rapid turnaround, to be able to follow

up any newly-detected events and send out triggers to both the internal and external commu-

nities, thereby optimising the science return. The availability of ARC schemes to provide the

necessarymanpower will be critical to ensure the success of these transients programs.

With the wide fields of view available from ASKAP, MWA, SKA1-low and SKA1-survey,

commensal observations can maximise the scientific return of any observing time, increasing

theopportunity for transient detectionby anorder ofmagnitudeormore relative todedicated

transient search time. Appropriate spigots to access the data streams and pipelines to auto-

matically and rapidly process the data will be needed, as will a mechanism such as VOEvent

for communicating to the wider community the anticipated large number of transient alerts
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generated.

Finally, follow up of newly-detected transient events at higher frequency and higher angu-

lar resolution than possible with the wide-field radio instruments coming online over the next

decade (e.g. MWA, ASKAP, SKA1-survey) will be crucial to establish their nature and the un-

derlying physics. While this necessarily implies co-ordination with multi-wavelength facilities

(e.g. optical imaging toprovidehost galaxy redshifts, X-ray satellites to search for accretion sig-

natures), Australia should also leverage its existing suite of world-class facilities – for instance

by following up newly-detected ASKAP transients at higher frequency with the ATCA and at

higher angular resolution with the LBA. However, current budgetary constraints are placing

manyofAustralia’sworkhorse radio facilities (Parkes, ATCA, LBA,Mopra) under stress, threat-

ening some of the current capabilities. Continued operational funding is needed to head off

such a scenario. Furthermore, the continued operation of Parkes for pulsar timing studies is

one of the highest priorities for radio and sub-mmobservations in the field of high-energy and

fundamental astrophysics.

11.2 OPTICAL/IROBSERVATIONS

A key feature of accreting compact objects (including but not limited to quasars and micro-

quasars) is that they release a lot of energy into the surrounding environment. In some cases,

thishasstrongeffectsonthestructureandevolutionof thehostgalaxy, of its interstellarmedium

and of the hot gas in galaxy clusters. Spectroscopic studies of the region around a black hole

is the key to determine plasma properties and stellar dynamics, and ultimately the effect that

black hole power (high-energy photons and jets) has on its environment. Therefore, this area

of research naturally aligns with key science drivers for the SKA.

The most important requirements for a productive synergy between optical observations

and those in other bands, are:

• coordinationwithdetectionandmonitoringofhigh-energy transients (e.g. discoveredby

SwiftandMAXI): requires new, fast-slewing1m-or2m-class telescopesbuilt inAustralia;

also, retain or expand ToO programs on the AAT;

• complementarity with high-resolution imaging studies of X-ray sources in nearby galax-

ies: requires optical sub-arcsec resolution (matchingChandra’s spatial resolution) and 8-

m class telescopes;

• cooperationwithhigh-resolutionspectroscopic studiesofX-rayemittinggas, inflowsand

outflows in galaxies and clusters: integral field units on the AAT and the Giant Magellan

Telescope.

For gravitational wave studies, the ideal optical support at this stage are new Australian

telescopes in the 0.5 m to 1 m class, with a very large field of view (several square degrees)
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and fast slewing. Such instruments will also broadly support general transient detection and

followup programs (see §10). Below we discuss the current capabilities and likely future op-

portunities and requirements in more detail.

11.2.1 CURRENTOPTICAL INSTRUMENTS

The4-mAnglo-AustralianTelescope73 (AAT)has servedas thenationalwork-horse for cutting-

edge areas of research related to high-energy astrophysics (in addition to improving its target-

of-opportunity observation scheme, as discussed above).

The AAT has already pioneered Integral Field Unit (IFU) spectroscopy with SPIRAL, and

multi-IFUspectroscopywithSAMI (Sydney-AAOMulti-object Integral-field-spectrograph). Con-

cept studiesareunderwayat theAAOfor thedesignofanew instrument (HECTOR),whichwill

use an automated robotic system for the deployment of fibre hexabundles to the focal plane.

Although designed for optical galaxy surveys, IFU instruments at the AAT provide important

contributions to research in the high-energy field. For example, such instruments enable stud-

ies of galactic dynamics aimed at estimating their nuclear black holes masses, which can be

combinedwith SKA-based radio and space-based X-ray studies of their accretion power, lead-

ing to a greater understanding of black hole growth and of the physics of accretion.

In the field of X-ray spectroscopy, the Japanese satellite Astro-H (scheduled for launch in

2015) will provide significant progress thanks to its revolutionary calorimeter spectrometer.

In contrast to a grating, the spectral resolution of the calorimeter is unaffected by source size

because it isnon-dispersive; thus,Astro-H’s SoftX-raySpectrometerwill enablehigh-resolution

spectroscopy of extended sources, revealing for example line broadening and Doppler shifts

due to turbulent or bulk velocities of starburst and AGN outflows. Other areas which will be

greatly enhanced by the new spectroscopic capability are the identification of galaxy cluster

mergers, the mapping of kinematics and metal abundance of ejecta in supernova remnants,

the study of abundance gradients in clusters and elliptical galaxies. In most of those fields, it

will be very useful to carry out parallel investigations with integral field spectrographs in the

optical band. For example, only a combination of X-ray and optical spectroscopy of extended

starburst superwinds will enable us to model the temperature, velocity and density structure

of the multiphase gas. In all those cases, the AAT’s IFU capability will be in high demand, and

Australian astronomers are already at the forefront also of the theoretical modelling of such

systems.

11.2.2 FUTUREOPTICAL INSTRUMENTS

In-depth studies of the optical counterparts is a key requirement of most research in high-

energy sources (both thransient and persistent). For accretion onto stellar and (if they exist)

intermediate-mass blackholes, a rule of thumb is that theX-rayflux is∼ 100–1000 timeshigher

73http://www.aao.gov.au/about-us/anglo-australian-telescope
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thantheopticalflux. Thatmeans that8-mclass telescopesareusually required for in-depthop-

tical studies even of accreting sources that appear relatively bright in X-ray telescopes such as

Chandra and XMM-Newton. To use a specific example: in the past decade, the increased spatial

resolution and sensitivity of space-based high-energy detectors has allowed ground-breaking

discoveries of different types of accreting black holes in nearby galaxies, whereas until the

1990s, our knowledge of non-nuclear black holeswasmostly limited to those in theMilkyWay

environment. Over thenext decade, the search formicroquasars and intermediate-mass black

holes will be extended to distances ∼ 100Mpc. Most of this research can only be done with

subarsec optical resolution, ideally withHST and JWST (the former, and hopefully also the lat-

ter, very successfully usedbyAustralianastronomers throughcompetitive timeallocationpro-

cesses) but also with 8-m-class telescopes with adaptive optics (especially for spectroscopic

observations of targets identifiedwithHST).

The strongest recommendation for optical astronomy in the 2006–2015Decadal Plan and

in its Mid-Term Review was that in the period 2013–2015, Australia must secure access to at

least 20 per cent of an 8-m telescope. In 2013, Australia had a nominal 6.66 per cent share of

eachGemini telescope, correspondingto13percentofan8-mtelescope; theover-subscription

ratio for Australian astronomers is only around 2 (in line with the ratio for the other partners

of theGemini consortium; http://www.gemini.edu/node/10771?q=node/11676),whichmakes

it objectively hard to argue for much increased Australian investment in Gemini. In addition,

AstronomyAustralia Limited (AAL) has secured funds from theFederal government’sCollabo-

rativeResearch InfrastructureScheme (CRIS) andNationalCollaborativeResearch Infrastruc-

ture Strategy (NCRIS) to purchase access to 15 nights a year on the twin 6.5mMagellan tele-

scopes (at Las Campanas, Chile); in 2014, the Carnegie Institution for Science and AAL have

extended this agreement until Semester 2017B. This successful agreement is consistent with

the higher demand (mean over-subscription since 2007 ≈ 3.5) by Australian astronomers to

use the Magellan telescopes. Including these nights into the 8-m class share gives a total of

17 per cent of an 8-m telescope, still below the target. On the other hand, suitable collabora-

tive strategies with US or European co-authors have given Australian astronomers additional

access to8-m-class telescopes: a randomscanof recentX-ray/optical studies ledbyAustralian-

based researchers shows extensive use of ESO telescopes (VLT and NTT) as well as Magellan

time not included in the Australian share. Moreover, Swinburne University has access to 15

nights a year on the 10-mKeck (Hawaii).

In summary, access to an equivalent 8-m telescope is now roughly at the 20 per cent level

advocated by theDecadal Plan. Discussion of the future investment strategies (increase in the

Gemini share? Focus investments on the Giant Magellan Telescope? Join ESO?) is beyond the

scope of this high-energy review. However, a very informal survey of a random (and limited)

sample of Australian astronomers involved in X-ray/optical studies suggests a preference for

an ESO strategy. This was alsomentioned in theMid Term Review of the 2006–2015Decadal

plan: “Australia should pursue membership in ESO to gain access to a number of advantages
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including: awider spectrumof 8-metre telescopes and instrumentation, ALMA, and secure in-

volvement in the E-ELT. At the present time, it is unclear which of the world’s three ELTs will

reach completion, but involvement in bothGMTand the European ELT spreads that risk. Part-

nership with ESOwill also ensure that Australia has the portfolio of infrastructure to support

its ambitions for the SKA, both now, and into the future.” (page 18). And: “The astronomy com-

munity’s clear preference is ESOmembership, butwe recognise that funding for this is unlikely

tobeavailablebefore2015andsobothoptions shouldbepursued in theshort term.” (page44).

However, this is by nomeans a unanimous view: a number of otherAustralian astronomers

have expressed (publicly but more often privately) motivated opinions about why ESO mem-

bership would be a bad investment of money, except perhaps for the few institutions that can

benefit from building instruments for ESO, most notably the ANU. A likely drawback of the

expensive ESO membership are cuts to several successful but smaller-scale projects and fa-

cilities, with great damage to the diversity of Australian astronomy. A third (more zen-like)

approach to the ESOquestion is that it is notworthwastingmuch time debating pros and cons

of this hypothetical situation because it is outside the realm of physical possibilities for any

foreseeable future: there is simply not enough taxpayers money available to build the SKA,

support the diversity of successful Australian research (including gravitational wave projects),

and commit to paying at least $10 million of ESOmembership fees each year for an unlimited

number of years.

11.3 X-RAYASTRONOMY

In the past, theAustralian community has had no formal role in amajor X-ray astronomy space

mission. However, the international space science community, notably NASA and ESA, have

generally provided guest observer programmes open to all, giving Australian astronomers ac-

cess to observing time on major X-ray satellites. Satellite data are also generally made public

afteraproprietaryperiod that isoneyear forNASAmissions. PublicX-raydatacanbeaccessed

readily in the NASAHEASARC archive.

Since the 2006Decadal Plan, groups working in observational X-ray astronomy have been

established at the University of Sydney, led by Bryan Gaensler, at Monash University, led by

DuncanGalloway and at Curtin University, with JamesMiller-Jones and Roberto Soria. These

groups represent a major step up in the level of expertise in observational X-ray astronomy in

Australia. Asmultiwavelength astronomy has gained in importance, they represent a valuable

new resource for the Australian community.

Nonewhigh resolution imagingX-ray astronomymissions are planned for the next decade.

The Chandra and XMM-Newton satellites, which have been the workhorses of X-ray observa-

tions since their launches in 1999, are both ageing. The earliest proposed launch date for a

comparable or better X-raymission, the ESAAthenamission (44), is in 2028, beyond the endof

the review decade. The future is more positive for X-ray surveys and spectroscopy of brighter
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X-ray sources, as outlined below.

11.3.1 SYNERGYWITHRADIOASTRONOMY

Many high energy phenomena are more readily observed in the radio and X-ray than at inter-

vening wavelengths. This creates a synergy between radio and X-ray observations that the

Australian community should exploit to maximise the scientific return as new radio facilities

are developed here. For example, a single population of relativistic electrons may produce

synchrotron radiation from the radio through to the X-ray, in which case observations in both

wavelength ranges best constrain the electron energy distribution and acceleration mecha-

nisms. Electrons producing radio synchrotron emission typically Compton scatter photons

from the cosmic microwave background and other sources into the X-ray band. Combining

radio and X-ray observations can then determine the magnetic field strength and other key

properties of a source. Theparameters of shocks in supernova remnants and inmerging galaxy

clusters can be determined from thermal X-ray emission and related to the population of rela-

tivistic electrons accelerated by the shock that is probed by its radio emission.

11.3.2 CURRENTX-RAYMISSIONS

Among current X-raymissions, Chandra (53) and XMM-Newton (48) provide the greatest capa-

bilities for X-ray observations in the 0.3 – 10 keV range. Chandra has better spatial resolution,

at≃ 1′′, while XMM-Newton has greater effective area, notably at higher X-ray energies. Both

satellites have CCD detectors at the focus of X-ray telescopes for imaging spectroscopy, as

well as gratings to provide higher spectral resolution. The Suzakumission (51) also has an X-

ray telescope with CCD detectors with comparable effective area to Chandra. It has poorer

spatial resolution (≃ 1′), but its low internal background and moderately better energy reso-

lution give it an edge for obtaining spectra of faint extended X-ray sources. Suzaku also has a

non-imaging, 10–600keVX-ray detector. Recent problemsdue to degradationof its batteries

suggest that it is nearing the end of its life. Other high energy satellites include lower resolu-

tionor non-imaging, hardX-raydetectors. For example, the Swiftmission includes the15–150

keV coded mask Burst Alert Telescope, with a 2 steradian field of view and CZT detectors, as

well as an 0.2 – 10 keV Wolter I telescope with CCD detectors. While its main purpose was

to study gamma-ray bursts (46), it has also proved useful for observing X-ray transients and

bright, variable X-ray sources (17; 8), as well as more general X-ray observations. The recent

NASA Senior Review has recommended Swift funding continue until 2018 and the satellite is

expected to function until beyond 2025. Perhaps the most significant recent X-ray mission

is NuSTAR, which was launched in June 2012 (47). Its hard X-ray telescope provides imaging

spectroscopy in the energy range 3 – 80 keV, with a spatial resolution of ≃ 1′, dramatically

improving sensitivity in this energy range over previous X-raymissions.
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11.3.3 FUTUREMISSIONS

Noteworthy X-raymissions to be launched in the coming decade include the Japanese Astro H

satellite, which is scheduled for launch in 2015 (52). It will have an array of X-ray calorimeters,

with 7 eVenergy resolution in the energy range0.3 –12 keV, at the focus of anX-ray telescope,

providing imaging spectroscopy with at least an order of magnitude better energy resolution

than any previous instrument. Astro Hwill also includes a hard X-ray telescope with compara-

ble performance toNuSTAR, a soft X-ray telescope and a non-imaging detector for the energy

range 10 – 600 keV. The second significant X-ray mission, with a planned launch date in 2016,

is the Russian-German Spektrum-Roentgen-Gamma. Its payload includes soft and hard X-ray

telescopes to be used for an all-sky X-ray survey. The primary instrument is the soft X-ray tele-

scope, eROSITA, whichwill produce an X-ray cataloguewith∼ 20 times the depth of theROSAT

catalogue (49). It is very significant that CAASTROhas signed aMemorandumofUnderstand-

ing allowing itsmembers access to eROSITAdata for projects that require combining their data

with eROSITAX-raydata. Potentially, thiswill be avaluable resource for theAustralian commu-

nity. It also provides amodel for usingAustralian resources to leverage access to international

facilities, including forthcoming X-ray missions, going into the future. The Indian ASTROSAT

mission is due for launch in 2015 and has a planned lifetime of 5 years. It will carry four X-ray

instruments, an 0.3 – 8 keV X-ray telescope, a large area of collimated proportional counters

for the 3 – 100 keV range, a 10 – 100 keV CZT array with codedmask imager and a 2 – 10 keV

scanning sky monitor. Its payload is well suited to the interests of X-ray astronomers in Aus-

tralia.

Therewill be other, more specialised, X-raymissions, in the coming decade. At present, the

Neutron Star Interior Composition Explorer (NICER) is scheduled for launch in 2016 and may

have a guest observer program. It will carry a non-imaging 0.2 – 12 keV detector with a large

effective area, a time resolution of 300 ns and an energy resolution of order 100 eV.

11.3.4 THE FUTUREOFX-RAYASTRONOMY

The heavy investment in radio astronomy by Australia implies a strong, continuing commit-

ment to research in high energy astrophysics. To fully exploit the opportunities this presents

will require an appreciable level of expertise in observational X-ray astronomy. Although the

necessary expertise can be accessed through international collaboration, the research would

bemore efficient and the return toAustralian science greater through local collaboration. The

openMoUbetweenCAASTROand eROSITA illustrates the issue. Australian researcherswould

bemuchbetter placed to exploit this opportunity if they had ready access to local expertise for

informal discussions of what may be achieved using eROSITA data. To this end, the community

should endeavour, at least, to maintain the current level of expertise in this field.

Fortunately, members of the Australian community continue to be given access to major

X-ray observatories and their data free of charge. In the past, funds have been set aside to
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support Australian astronomers to visit overseas institutions, enabling them to consult with

experts when collecting new satellite data. Although the increase in local X-ray astronomy ex-

pertise has reduced the need for this, there will still be occasions that demand it. Even for ex-

perts, it takes time to become familiar with a new mission and this is done most efficiently in

close consultationwith thepeoplewhodevelopedandoperate it. Also, it is oftenmost efficient

for people new to a field, notably students, to be able to consult a wide range of experts when

they are learning how to exploit unfamiliar data. Continuing to provide funds for “satellite”

observing trips would help tomaximise the exploitation of X-ray data.
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A GRAVITATIONALWAVEASTROPHYSICS

This section contains an abridged version of the scientific opportunities that the next decade

will present in gravitational wave science. More details can be found in the US Astro2010

Decadal Survey74 and the GWIC roadmap75.

A.1 NEWPHYSICS: TESTING EINSTEIN’S THEORY

The successful detection of gravitational waves will mark the start of a major line of discov-

ery focused on the testing of the General Theory of Relativity. In the solar system, the predic-

tions ofGeneral Relativity are so subtly different fromNewton’s theory that it takes extremely

precise measurements to observe differences between the two. Thus the solar system tests

of General Relativity can be characterized as high precision measurements in the weak-field

limit. Even today, after almost a century of experiments, the precision of testing the crucial

“magnetic” component of the gravitational force is no better than about 10% (1) The difficulty

arises because gravity in the solar system is extremelyweak; gravitationally induced velocities

(such as orbital speeds) are very small compared to the speed of light.

Moreover, all of the solar system tests are in the static regime – the equivalent of testing

electromagnetismthroughelectrostaticsandmagnetostaticsonly. Sucha test,withoutanyob-

servations of electromagnetic waves, would be a very limited confirmation of the full Maxwell

Equations. ThedynamicaspectsofGeneralRelativityhaveonlybeentestedthroughtheobser-

vation of the binary pulsars. By monitoring one remarkable system over years, Joseph Taylor

and Russell Hulse were able to demonstrate that the energy loss in the system matched the

prediction of Einstein’s theory for the energy radiated in gravitational waves. This result was

recognized by the Nobel Prize in 1993.

In Einstein’s theory, gravitational waves travel at the speed of light and have two polariza-

tion states. In alternative theories, other possibilities exist, for example if gravitons (carriers of

the gravitational force, analogous to photons) have a non-zero rest mass due to the presence

of a scalar field. Solar system tests currently lack the precision to discriminate between these

alternatives. Gravitational wave detectors will provide new and decisive tests of this theory.

Comparisons of the arrival time of electromagnetic waves and gravitational waves from the

same object will give a precise test of the speed of travel of gravitational waves. Comparisons

of the signals in detectors of different orientations can give information about the polarization

states (2).

74http://sites.nationalacademies.org/bpa/BPA_049810
75https://gwic.ligo.org/roadmap
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Unlike Maxwell’s equations, Einstein’s field equations are inherently non-linear, and thus

exotic new phenomena are expected in the strong field limit, i.e., when space-time is strongly

curved. Blackholes are theextrememanifestationof this nonlinearity, andgravitationalwaves

fromblack holes can also be used for strong field tests of General Relativity. Themost promis-

ing systems for such tests are coalescing binary black holes (3). The Advanced LIGOdetectors

are expected to observe at least a few black hole coalescence events per year, and possibly

manymore. The signal fromsuch a coalescence is a rising tone that sweepsupwards across the

detection band over a period of minutes (a “chirp”), with modulations in intensity determined

by the spin of the individual black holes. When the holes merge, the decaying ringtone of the

newborn hole provides a precise description of the black holemass and angularmomentum. A

majorbreak-through in thepast fewyearshascomefromapplyingmodernsuper-computers to

solve Einstein’s equations numerically to produce predictions for the gravitational waveforms

from such systems (4). Comparing observed and predictedwaveformsmay give a precise con-

firmation that general relativity is correct, but could showdeviations if newphysics comes into

play.

A.2 BLACKHOLE PHENOMENA

General Relativity predicts numerous properties of black holes which were “discovered” the-

oretically in the 1960s to 1980s by Penrose, Hawking, Thorne, Chandrasekhar, Wheeler and

others. These “discoveries” are predictions and consequences of the General Theory of Rela-

tivity. Hawking’s surface area theorem states that in all processes the black hole horizon area

always increases. Wheeler coined the ‘No Hair Theorem’ to emphasise that black holes have

only threeobservational properties,mass, chargeandangularmomentum,witha structurede-

fined by an exact solution of the Einstein equation due to Kerr and Newman. Following from

this is the famousblackholequantum informationparadox thataddresses thequestionofwhat

happens to informationwhenmatter falls into a black hole. Chandrasekhar showed that black

holes should have a spectrum of vibrational modes that depend uniquely on their mass and

spin. Penrose introduced the ‘Cosmic Censorship Conjecture’ which says that the singularity

inside a black hole is always hidden from the outside universe.

All of the above fundamental propositions, predictions and conjectures are amenable to

observational testing by observing gravitational waves emitted during the formation and coa-

lescence of black holes. The ringing of black hole normalmodes tests General Relativity at the

strongest fields. Measurements of the initial and final black hole masses test the surface area

theorem. Systemswith largemass ratios (e.g. whereasmallerblackholecoalesceswitha larger

one) test the no hair conjecture. A smooth transition from the chirp of the inspiral phase to the

ringing normal mode of the final black hole will confirm aspects of general relativity, whereas

departures would reveal new physics or violation of the cosmic censorship hypothesis.

An exciting possibility is the detection of gravitational wave “memory” from black-hole co-
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alescences by Pulsar Timing Arrays (5; 6) This effect is predicted by General Relativity but

has not yet been detected in any experiment. It contributes an increasing fraction of the to-

tal signal-to-noise ratio, as the redshift of the source increases.

A.3 NEUTRONSTARMERGERS

The Advanced LIGO, Virgo, and KAGRA detectors are designed specifically to search for coa-

lescing binary neutron stars because progenitors for such events are known in theMilkyWay

andobservational dataallow lower limits tobeseton their event rate. ThecurrentLIGOdetec-

torsmeasure their performance by the detectability range for neutron star coalescence. They

have achieved a range of∼200Mpc. Advanced detectors are designed to increase this range

10-fold increasing the volume of space beingmonitored by a factor of 1000.

The neutron star coalescence signal can be well modelled in General Relativity up to the

final few cycles, when tidal distortion becomes large. The characteristic chirp signal, which

lasts for more than a minute, is distinctive. It can be extracted efficiently from noisy data by

matched filtering. Best estimates predict about 50 detectable coalescence events per year (7).

These systems are likely to be strong electromagnetic sources and it will be important to ob-

tain prompt follow-up (a) to compare the velocity of gravitational waveswith electromagnetic

waves and (b) to fully understand the source.

A.4 NEWPHYSICS: UNDERSTANDINGNUCLEARMATTER

The theory of quantum chromo-dynamics (QCD) unifies the strong nuclear force (and its asso-

ciated quarks and colour-charge carriers called gluons) with the weak nuclear force and elec-

tromagnetism. QCDhas been tested successfully in the largest particle accelerators on Earth.

However, accelerators only probe the simplest QCD reactions: pairs of particles colliding at

high (TeV)energies. Theycannotprobe the fascinating collectivephenomenawhicharisewhen

multipleparticles interact viaQCD,as theydo insideanatomicnucleus. Indeed, there is noway

to study collective QCD experimentally on Earth in systems larger than a few hundred parti-

cles, because to do sowould require compressingmatter to 1017 times the density of water.

Gravitationalwaveobservationscan investigate this regimebyprobing the interiorsofneu-

tron stars, wherematter exceeds nuclear density, and the physics is dominated byQCD. X-ray

satellitemeasurements of spinning neutron stars in accreting binary systemsoffer indirect ev-

idence that such objects emit persistent, periodic gravitational waves, generated by “moun-

tains” on the solid surface of the star (8). Scorpius X-1, the brightest X-ray source in the sky,

is a prime LIGO target (e.g. 9). Detecting gravitational waves from an object like Scorpius X-

1 will constrain the elasticity and breaking strain of nuclear matter in its crystalline state as

well as its composition. If the mountain arises from nuclear reactions or magnetic funnelling,

the thermal conductivity and electrical resistance of nuclear matter can also be inferred. By

analysing tidal signatures in the gravitational wave signal from coalescing neutron stars, one
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can alsomeasure the pressure in nuclearmatter as a function of density (the equation of state)

to ∼ 10% accuracy, while independently measuring fundamental quantities like the radius of

the neutron to unprecedented accuracy (10)

Rotationalglitches in isolatedneutronstarsareanotherpromisinggravitationalwavesource.

Phenomenological theories predict that the signal from a glitch is of hybrid character, gener-

ated by disparate fluid motions within the star. Detecting gravitational waves from glitches

could provide the first direct proof that bulk nuclear matter is a quantum fluid, as implied by

studies of atomic nuclei. From the polarization and spectrum of the signal, the compressibility

andviscosityofmany-bodynuclearmatter canbeextracted (11). These results canbe linked to

measurements of heavy ions in relativistic heavy-ion colliders such as the US BrookhavenNa-

tional Laboratory. Such studieswill enable stringent new tests ofQCD, including its prediction

of new states of matter like color-flavor locked and two-color superconductors (12).

A.5 NEWASTROPHYSICS:COSMOLOGYWITHGRAVITATIONALWAVES

Moderncosmologypredicts that in itsfirst fractionsof a second theUniverseunderwentphase

transitions, when the structure of spacetime changed suddenly, akin to the change from liq-

uid water to solid ice. Gravitational waves offer the only direct means of observing this pe-

riod. Fundamental theories predict that the phase transitions are accompanied by gravita-

tional wave emission. Various scenarios predict different spectral signatures. Detection of

these primordial signals would represent one of the most exciting discoveries in cosmology,

providing a direct observational tool for understanding the big bang.

Gravitationalwavesalsoprovideapowerful tool forprobing thedistributionsofmatterand

energy in the universe. Modern astronomical observations imply that dark energy contributes

about 73%of the totalmass-energy of the universe, while darkmatter contributes about 23%.

One effective way to probe the nature and distribution of these dark components is to make

precisemeasurements of the distance and the recession velocity (redshift) of distant galaxies.

Currently supernovae are the only “standard candle” that allow suchmeasurements. However

gravitational wave signals from coalescing neutron stars or black holes provide an alternative,

independent tool (13). This is possible because of the remarkable fact that gravitational wave

signals from binary coalescence actually directly encode the distance of the source. This oc-

curs because the relative polarisation amplitudes allow the normally undetectable orientation

of a binary star system to be directly determined. By measuring the gravitational waveform,

one can infer the parameters of the system (the masses and spins of the stars) and accurately

deduce the distance.

The major advantage of coalescing binary black holes or neutron stars is that they elimi-

nate the need to build a cosmic “distance ladder” for estimating cosmological distances. The

signals are free from systematic errors such as dust obscuration, thus providing a completely

independent verification of one of themost perplexing observations in modern cosmology.
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To be able to achieve the abovemeasurements it is essential to be able to identify the host

galaxy in which a coalescence event occurs, so as to measure its redshift. Much theoretical

work is still needed to determine the best way to do this, especially in the case of binary black

hole coalescences, where the electromagnetic signature is likely to arise from the interaction

of associated components like magnetized accretion disks (14; 15; 16). Cosmological exper-

iments of this kind strengthen the case for multi-messenger campaigns along the lines dis-

cussed above.

Pulsar timing trrays are likely to detect a background of gravitational waves from the in-

flationary era, cosmic strings or binary supermassive black holes. The stringent constraints on

such backgrounds are already enablingmodels of black-hole evolution inmerging galaxies and

alsomodels of cosmic strings to be ruled out.

A.6 LISTENING TOTHEMOST ENERGETIC EVENTS IN THEUNIVERSE

ModernastronomyhasrevealedadiverseandexoticUniverse, full ofexplosive, ultra-energetic

phenomenawhich remain enigmatic decades after their initial discovery. Examples include:

• Supernovae: These cosmic explosions arise from the sudden gravitational collapse of a

star, followed by a dramatic explosion, during whichmany of the chemical elements that

make up our human bodies and our planet are synthesized; the mechanism of the explo-

sion is not understood.

• Gamma-ray bursts: These intense bursts of radiation last only a few seconds, yet emit

more energy than a star in its entire life time; themechanism is not understood.

• Magnetar bursts: These ultra-magnetized neutron stars sporadically emit intense bursts

of radiation, so powerful that they can disrupt radio communications and power trans-

mission on Earth.

All theseevents involve stronggravitationalfieldsandarepotential sourcesofgravitational

waves. (1) The visible display of a supernova represents the outer layers of the star being

ejected by the central core collapse. However, these electromagnetic observations carry lit-

tle information about the actual core collapse and themechanism that turns this collapse into

an outgoing explosion. Gravitational waves from the core collapse will carry direct clues to

the motions within the core that drive the supernova. Long gamma-ray bursts have also been

connected with core collapse supernovas, andmay represent themost energetic of a range of

supernova progenitors. (2) Short gamma-ray bursts may arise from coalescing neutron stars,

whichareelectromagnetically invisibleuntil theymerge. Simultaneousgravitational-waveand

gamma-rayobservationswoulddefinitively identify theirprogenitorsandmasses; gravitational

wave polarization datawould reveal the orbital inclination angle and hence the beaming of the

gamma-rays, with important implications for the source physics and electromagnetic census
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of the source population. (3) The gravitational waves from magnetars are intrinsically much

weaker than those from binary black holes or neutron stars, but the comparative closeness

of these galactic sourcesmakes their gravitational wave emissions potentially observable, de-

pending on whether the burst energy source is internal or magnetospheric in origin. Thus,

the gravitationalwindowon thesephenomenawill help astronomers resolvepuzzles that have

persisted for decades.
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B ACRONYMSUSED IN THIS DOCUMENT

2MTF – 2MASS Tully-Fisher (survey) http://ict.icrar.org/2MTF
6dFGS – The 6dFGalaxy Survey http://oldweb.aao.gov.au/local/www/6df

AAL – Astronomy Australia Limited http://astronomyaustralia.org.au
AAO–Australian Astronomical Observatory http://www.aao.gov.au
AAT – Anglo-Australian Telescope http://www.aao.gov.au/about-us/AAT
ACIGA – Australian Consortium for Interferometric Gravitational Astronomy http:
//www.anu.edu.au/physics/ACIGA
AGB – asymptotic giant-branch (star)

AGN – active galactic nucleus

ALMA – Atacama Large Millimeter/submillimeter Array http://www.almaobservatory.
org
AMRFP – Access to Major Research Facilities Program (grant scheme supported

by ANSTO through 2012) http://www.ansto.gov.au/ResearchHub/UserAccess/
MajorResearchFacilitiesProgram
AMS Accelerator Mass Spectroscopy (facility, at ANU) http://physics.anu.edu.au/
nuclear/research/ams
ANITA – Australian National Institute for Theoretical Astrophysics http://anita.edu.au
ANSTO – Australian Nuclear Science and Technology Organisation http://www.ansto.
gov.au
ANU –Australian National University http://www.anu.edu.au
ARA –Askaryan Radio Array http://ara.physics.wisc.edu
ARC –Australian Research Council http://www.arc.gov.au
ASKAP – Australian Square Kilometre Array Pathfinder http://www.atnf.csiro.au/
projects/askap
ATCA –Australia Telescope Compact Array http://www.narrabri.atnf.csiro.au
ATNF – Australia TelescopeNational Facility http://www.atnf.csiro.au

BBN – big bang nucleosynthesis

BETA – Boolardy Engineering Test Array

BNS – binary neutron star

CAASTRO –ARCCentre of Excellence for All-sky Astrophysics http://www.caastro.org
CADOR – Coordination and Data Analysis for Robotic Observatories http://cador.
obs-hp.fr
CALET – CALorimeteric Electron Telescope http://calet.phys.lsu.edu
CASS – CSIROAstronomy and Space Science

CCD – charge-coupled device

CERN – European Council for Nuclear Research http://home.web.cern.ch
CHIME –Canadian Hydrogen IntensityMapping Experiment http://chime.phas.ubc.ca
CNO– carbon, nitrogen, and oxygen (nuclei)

CoGeNT – Coherent Germanium Neutrino Technology experiment http://cogent.pnnl.
gov
CRAFT – Commensal Real-time ASKAP Fast Transients (survey)

CRESST – Cryogenic Rare Event Search with Superconducting Thermometers http:
//www.cresst.deCRIS – Collaborative Research Infrastructure Scheme
CSIRO – Commonwealth Scientific and Industrial Research Organisation http://www.
csiro.au
CSP – Central Signal Processor http://www.skatelescope.org/skadesign/wp/csp
CSU –Charles Sturt University, NSW http://www.csu.edu.au
CTA –Cherenkov Telescope Array http://www.mpi-hd.mpg.de/hfm/CTA/CTA_home.html
CVN – Chinese VLBI Network http://www.astro.sci.yamaguchi-u.ac.jp/eavn/
aboutcvn.html

DAMA–DArkMAtter (observatory) http://people.roma2.infn.it/~dama
DAMPE –DArkMatter Particle Explorer http://dpnc.unige.ch/dampe
DRAGONS –Dark-ages Reionization and Galaxy Formation Simulation

EFT – equivalent full-time (personnel)

EIF–Education InvestmentFundhttps://www.education.gov.au/education-investment-fund
ELT – Extremely Large Telescope

E-ELT – European ELT http://www.eso.org/sci/facilities/eelt
eROSITA – extended Roentgen Survey with an Imaging Telescope Array http://www.mpe.
mpg.de/eROSITA
ESA – European Space Agency http://www.esa.int
ESO – European SouthernObservatory http://www.eso.org
ET – Einstein Telescope http://www.et-gw.eu

FAIR – Facility for Antiproton and Ion Research (GSI) http://www.fair-center.eu
FAST – Five hundredmetre Aperture Spherical Telescope http://fast.bao.ac.cn
Fermi-LAT – Fermi Large Area Telescope http://www-fermi.stanford.edu

FIGARO – France-Italy GAmma Ray burst afterglowObservation

FRB – fast radio burst

FRIB – Facility for Rare Isotope Beams (MSU) http://www.frib.msu.edu

GALAH – GALactic Archaeology with HERMES (survey) http://www.mso.anu.edu.au/
galah/home.html
GBT –Green Bank Telescope http://science.nrao.edu/facilities/gbt
GEO600 – British-German interferometric gravitational-wave detector http://www.
geo600.org
GMRT –GiantMetrewave Radio Telescope, Pune, India http://gmrt.ncra.tifr.res.in
GMT –GiantMagellan Telescope http://www.gmto.org
GPS – (HESS) Galactic Plane Survey

GPU – graphics processing unit

GRACE–GravityRecovery andClimateExperimenthttp://www.csr.utexas.edu/grace/
GRB – gamma-ray burst

GROND – Gamma-Ray Burst Optical/Near-Infrared Detector, La Silla, Chile http://www.
mpe.mpg.de/~jcg/GROND
GSI – Gesellschaft für Schwerionenforschung http://www.gsi.de
GW– gravitational wave

GWIC –GravitationalWave International Committee http://gwic.ligo.org
GZK –Greisen–Zatsepin–Kuzmin (effect)

HAWC – High-Altitude Water Cherenkov Observatory http://www.hawc-observatory.
org
HEASARC –High Energy Astrophysics Science Archive Research Center http://heasarc.
gsfc.nasa.gov
HERMES – High Efficiency and Resolution Multi Element Spectrograph http://www.aao.
gov.au/science/instruments/current/HERMES
HESS/HESS-II – High Energy Stereoscopic System http://www.mpi-hd.mpg.de/hfm/HESS
HIAF –Heavy Ion Accelerator Facility http://physics.anu.edu.au/nuclear/hiaf.php
HLX – hyper-luminous X-ray source

HST –Hubble Space Telescope http://spacetelescope.org
HTRU – High Time Resolution Universe (survey) http://astronomy.swin.edu.au/
pulsar/?topic=hlsurvey
HATNet – Hungarian-made Automated TelescopeNetwork http://hatnet.org

IAC – imaging air Cerenkov (technique)

IAU – International Astronomical Union http://www.iau.org
ICT – CSIROComputational Informatics (division) http://www.csiro.au/ICT
IFU – integral field unit (spectroscopy)

IPTA – International Pulsar Timing Array http://www.ipta4gw.org
ISM – inter-stellar medium

JEM-EUSO – Japanese Experiment Module Extreme Universe Space Observatory http:
//jemeuso.riken.jp
JINA – Joint Institute for Nuclear Astrophysics, NSCL,MSU http://www.jinaweb.org
JPL – Jet Propulsion Laboratory, CalTech http://www.jpl.nasa.gov
JWST – JamesWebb Space Telescope http://www.jwst.nasa.gov

KAGRA –Kamioka GravitationalWaveDetector http://gwcenter.icrr.u-tokyo.ac.jp
KAT – Karoo Array Telescope, South Africa (precursor toMeerKAT)

KVN –Korean VLBI Network http://kvn-web.kasi.re.kr

LBA – Long Baseline Array http://www.atnf.csiro.au/vlbi
LCGT – Large-scale Cryogenic Gravitational wave Telescope http://gw.icrr.u-tokyo.
ac.jp/lcgt/
LIEF – Linkage, Infrastructure, Equipment and Facilities (grant program) http://www.arc.
gov.au/ncgp/lief/lief_default.htm
LIGO – Laser Interferometer Gravitational-WaveObservatory http://www.ligo.org
LISA – Laser Interferometer Space Antenna http://lisa.nasa.gov
LOFAR – Low-frequency Array http://www.lofar.org
LOFT – LargeObservatory For X-ray Timing http://www.isdc.unige.ch/loft
LOOC-UP – Locating and Observing Optical Counterparts to Unmodeled Pulses http://
cgp.anu.edu.au/research-streams/research-datatheory/looc-up
LUNASKA – Lunar Ultra-high-energy Neutrino Astrophysics using SKA http://www.
physics.adelaide.edu.au/astrophysics/lunaska
LUX – Large Underground Xenon (darkmatter experiment) http://lux.brown.edu
LVC – LIGO-Virgo Scientific Collaboration

MAGIC – Major Atmospheric Gamma Imaging Cherenkov (telescope) http://magic.mpp.
mpg.de
MAXI –Monitor of All-sky X-ray Image http://maxi.riken.jp
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MeerKAT–extensionof theSouthAfricanKAT telescope (“moreofKAT”)http://www.ska.
ac.za/meerkat
MERLIN – Multi-Element Radio Linked Interferometer Network http://www.merlin.ac.
uk
MILAGRO –water Cherenkov EAS detector located near Los Alamos, NM http://umdgrb.
umd.edu/cosmic/milagro.html
MIT –Massachusetts Institute of Technology, Boston, USA

MOST – Molonglo Observatory Synthesis Telescope http://www.physics.usyd.edu.au/
sifa/Main/MOST
MRO–Murchison Radio astronomyObservatory,WA, Australia

MWA–MileuraWidefield Array http://www.mwatelescope.org

NASA –National Aeronautics and Space Administration http://www.nasa.gov
NCI –National Computational Infrastructure http://nci.org.au
NCRIS – National Collaborative Research Infrastructure Strategy https://www.
education.gov.au/national-collaborative-research-infrastructure-strategy-ncris
NICER – Neutron Star Interior Composition Explorer http://heasarc.gsfc.nasa.gov/
docs/nicer
NRAO – National Radio Astronomy Observatory, US http://heasarc.gsfc.nasa.gov/
docs/nicer/
NSF –National Science Foundation (US) http://www.nsf.gov
NTT – New Technology Telescope, La Silla, Chile (ESO) http://www.eso.org/sci/
facilities/lasilla/telescopes/ntt.html
NuSTAR –Nuclear Spectroscopic Telescope Array http://www.nustar.caltech.edu

OPAL –On-line Proposal Applications & Links http://opal.atnf.csiro.au

PAF – phased-array feed

PPTA – Parkes Pulsar Timing Array http://www.atnf.csiro.au/research/pulsar/ppta
PTA – Pulsar Timing Array

PWN– pulsar wind nebula(e)

QCD – quantum chromo-dynamics

RIKEN – Japan’s largest and most comprehensive research organization http://www.
riken.jp
ROSAT – ROentgen SATellite (X-raymission) http://www.mpe.mpg.de/xray/wave/rosat
ROTSE – Robotic Optical Transient Search Experiment http://www.rotse.net

SAMI – Sydney Australian Astronomical Observatory Multi-object Integral Field Spectro-

graph survey http://sami-survey.org
SKA – Square Kilometre Array https://www.skatelescope.org
SKAMP – SKA Molongolo Prototype http://www.physics.usyd.edu.au/sifa/Main/

SKAMP
SMARTS – Small & Moderate Aperture Research Telescope System http://www.astro.
yale.edu/smarts
SN – supernova

SNR – supernova remnant

SSimPL – Survey Simulation PipeLine

TAO – Theoretical Astrophysics Observatory https://tao.asvo.org.au
TAROT – Télescopes à Action Rapide pour les Objets Transitoires http://tarot.obs-hp.
fr/tarot
TeVCat –Online catalog for TeV astronomy http://tevcat.uchicago.edu

UHE – ultra-high energy

UWA–University ofWestern Australia http://www.uwa.edu.au
UWB– ultra wide-band

VAST – Variables and Slow Transients http://www.physics.usyd.edu.au/sifa/vast
VERA – VLBI Exploration of Radio Astrometry http://www.miz.nao.ac.jp/en/content/
project/vera-project
VERITAS – Very Energetic Radiation Imaging Telescope Array System http://veritas.
sao.arizona.edu
V-FASTR – VLA Fast Radio transients experiment https://safe.nrao.edu/vlba/vfastr
VHE – very high-energy

VLA – Very Large Array, Socorro, NM http://www.vla.nrao.edu
VLBA – Very Long Baseline Array https://science.nrao.edu/facilities/vlba
VLBI – very-long baseline interferometry

VLT – Very Large Telescope http://www.eso.org/public/teles-instr/vlt
VO–Virtual Observatory

VOEvent – IVOA standard for transmitting information about transient events; see http:
//wiki.ivoa.net/twiki/bin/view/IVOA/IvoaVOEvent
VPAC –Victorian Partnership for Advanced Computing https://www.vpac.org

WALLABY – ASKAPHI All-Sky Survey http://www.atnf.csiro.au/research/WALLABY
WHT – William Herschel Telescope, La Palma, Canary Is. http://www.ing.iac.es/
Astronomy/telescopes/wht
WIMP –weakly-interactingmassive particle

WNSHS –Westerbork Northern Sky HI survey http://www.astron.nl/~jozsa/wnshs
WSRT – Westerbork Synthesis Radio Telescope http://www.astron.nl/
radio-observatory/astronomers/wsrt-astronomers

XMM-Newton – X-rayMulti-Mirror mission http://xmm.esac.esa.int
XRB – X-ray binary
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