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Driving Questions of Modern Astrophysics

• How did the first stars and galaxies transform the 
Universe?

• What is the nature of dark matter and dark energy?

• How do galaxies form and evolve across cosmic time?

• How do stars and planets form?

• How are elements produced by stars and recycled 
through galaxies?

• What is the nature of matter and gravity at extreme 
densities?
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Square Kilometer Array – Low Frequency Facility
Western Australia (artist impression)
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Cosmic Microwave Background



Baryonic Acoustic Oscillations





Dark Matter
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Use “redshift” of galaxy light to measure distance scale with time



Use “redshift” of galaxy light to measure distance scale with time

Emitted light

Observed lightWavelength

“Redshift”



4MOST – Multi-Object Spectroscopic Telescope

• Dedicated 4m telescope in Chile
• Captures 2400 spectra simultaneously with configurable field of fibers
• Fiber positioner designed and built by AAO



Observations

Simulations

YOU
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Integral Field Spectroscopy

SDSS: image and 
spectrum  

Integral Field Spectrograph

Star formation Gas motion



Anglo-Australian Telescope, NSWMulti - Integral Field Spectroscopy

SAMI multi-IFU fiber feed



SDSS
http://sami-survey.org/edr

Galaxy Image



Ha FluxStellar Fluxhttp://sami-survey.org

Stars and Gas



http://sami-survey.org

Orbital Motion of Stars and Gas





GAIA satellite – launched 2013
Measure distances to 1 billion stars





Clustering in parameter space can be used to reveal the history of how our galaxy formed

Chemistry

Orbital Motions

Finding Galactic Substructure in Multi-Label Data



Helmi+2018

Can we apply these techniques to external galaxies?

Finding Galactic Substructure in Multi-Label Data
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Forming Stars and Planets 
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Recycling of elements in galaxies

Omega Cen

‘Galactic Wind’ of gas driven by intense star-formationGas ‘jet’ driven by supermassive black hole
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Gravitational Waves – A New Window on the Universe

• Nobel prize 2017 – detection of gravitational waves
• First detection was high frequency – 1-100x solar mass black holes



Gravitational Waves – A New Window on the Universe

• Nobel prize 2017 – detection of gravitational waves
• First detection was high frequency – 1-100x solar mass black holes
• Australia is leader in low-frequency detection using pulsars
• Potential to detect supermassive black hole mergers – 109 solar masses 



Australian Data Landscape



LoBES

TYPHOON

› Part of NCRIS-funded 
national astronomy data 
capability, hosted at 
Macquarie / AAO

› Supporting multiple national 
and international 
observational surveys

› Applying international 
standards of FAIR data

› Much more than an archive…



Data Central: Facilitating collaboration



Example: MAGPI Larger Program

In
cr

ea
si

ng
 g

ro
up

 h
al

o 
m

as
s

Redder g-i colour
See overview by Trevor

Each field = 12Gb of 
raw data, plus 100s x 
more calibrations. 60-
field survey > 100TbData Cube

MUSE Spectrograph

ESO Very Large 
Telescope



Courtesy of Caroline Foster

› Easy team roles 
management

Data Central enables:
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› Easy team roles 
management

› Team wiki

› Controlled cloud data storage

› Reduction + analysis on 
remote server-at-data

Data Central enables:

Courtesy of Caroline Foster

Example: MAGPI Larger Program



Observational Facilities



Multi-Wavelength Astronomy

Radio Wavelengths 
= cold gas

Optical = Dust, 
young stars

Infrared = Dust, 
old stars

X-Rays = hot gas

g-Rays = Black 
hole accretion

W
av

el
en

gt
h

Milky Way 
Galaxy



Australian Data Landscape
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Combining SKA and Optical Data Infrastructure

› Through ASTRO 3D Centre of Excellence, Data 
Central and Australian SKA Regional Centre 
(AusSRC) teams meet monthly to discuss DIA
› Gave rise to pilot project on table cross-matching 

based on sky locations
› Uses Table Access Protocol – “TAP”
› Upload your own tables. Cross match with Data 

Central tables. Retrieve results. All from your Python 
script!
› Successfully used by SKA pathfinder missions
› Potential next step is to move to imaging, building on 

Data Central’s “Aggregation Service”
› Long-term goal is to add 3D capabilities

SKA = Square Kilometer Array



Courtesy of Brent Miszalski

› Through ASTRO 3D Centre of Excellence, Data 
Central and Australian SKA Regional Centre 
(AusSRC) teams meet monthly to discuss DIA
› Gave rise to pilot project on table cross-matching 

based on sky locations
› Uses Table Access Protocol – “TAP”
› Upload your own tables. Cross match with Data 

Central tables. Retrieve results. All from your Python 
script!
› Successfully used by SKA pathfinder missions
› Potential next step is to move to imaging, building on 

Data Central’s “Aggregation Service”
› Long-term goal is to add 3D capabilities

Combining SKA and Optical Data Infrastructure
SKA = Square Kilometer Array



Australian Data Landscape



Forward Modelling

SimSpin – “Observing” simulations

https://simspin.datacentral.org.au/app/



Complexity is observed on all scales in the cosmos



Complexity is simulated on all scales in the cosmos



● Dedicated facilities provide multi-wavelength surveys: Big and Complex Data
● Will outstrip institution-scale resources - need ‘compute-near-data’ facilities/methods
● Data accessibility is key for collaboration, and broadening participation / inclusivity

Existing and Future Observational Technologies

SpIRIT

SKA1-LowASKAP

PAF

VLT

ELT

BlueMUSE

GMT

MANIFEST

AESOP

Technology involving Australian leadership



Existing and Future Simulation Methodologies

Vogelsberger+2020
Credit: Salman Habib (Argonne Nat. lab, USA)

● Next-Gen simulations will break sub-grid boundaries, for cosmological volumes
● More focus on forward-modelling of higher-order, multi-probe observations



GADI (NCI)

Slide Credit: Salman Habib (Argonne Nat. 
lab, USA) “Extreme-Scale Cosmological 
Simulations”

= Machine 
Learning and 
Statistics

● Confronting models and observations will need new ways of working
● Dramatically stronger focus on Statistics and Data Science techniques



Training Complex Thinkers

Future Role of Astronomy and Data

● Use astronomy as a training vehicle in complex 
problem solving

● Develop innovative, data-literate, and creative 
scientists

● Build authentic relationships with high-tech and 
data-centric industries

● Provide students and ECRs with experience in a 
non-academic setting, broadening career horizons



Summary

● Astronomy is a data-intensive science, and faces issues of data volumes, 
complexity, physical scales, and skills training

● Major investments in observing facilities need to be matched to data, 
compute, and human capital development

● International leadership will require new skill sets in data science, and 
meaningful partnership with industry (data and technology sectors)

● Multi-disciplinary Centre of Excellence would allow a broad range of science 
goals to be tackled using commonality between these new methodologies

● What is the role of data science, statistics, and computing in such an 
astronomy-driven Centre of Excellence?

● Discussions are currently under way – white papers being written


