
PART II: 
The Universe in the Cloud

Darren Croton 
Centre for Astrophysics and Supercomputing 

Swinburne University 
dcroton@astro.swin.edu.au

mailto:dcroton@astro.swin.edu.au


Let’s recap...



The skeleton                        The flesh









z=0 dark matter



‣ Schmidt law star formation

‣ SFR dependent SN winds

‣ satellite gas stripping

‣ morphological transformation

‣ assembly through mergers

‣ starbursts through mergers

‣ Magorrian relation BH growth

‣ jet & bubble AGN feedback

Croton et al. 2016



Remember: 
Numerical Simulation            +               Analytic Simulation



z=0 dark matter



z=0 galaxy light



Physical consequences
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$300  z=1 
$500  z=2 
$1000 z=3



Understanding the limitations 
of the models



Semi-analytics (mostly) assume:  

‣ the cosmology is correct 
‣ local correlations extend to higher redshift 
‣ the baryon fraction is universal 
‣ halo properties determine galaxy properties 
‣ ...



Semi-analytics are at the mercy of:  

‣ the IMF 
‣ stellar population models 
‣ the quality of constraining observations 
‣ the quality of the underlying simulation 
‣ ...



The exact values of the 
parameter choices are (mostly) 

meaningless



Our model is only as good as the 
questions we ask 

For systems with infinite levels of 
complexity, our model can never be 

“correct”



What can semi-analytics 
actually tell us  

about galaxy formation?



Example 1: Void galaxies



Croton et al. 2005

2dFGRS



Croton & Farrar (2008)

The Millennium Simulation semi-analytic 
galaxy formation model



So what’s special about early-type 
void galaxies?

Halo mass function in different environments

Croton & Farrar (2008)



Example 2: 

BH growth -  
mergers or secular?



Merger driven growth

During the merger some fraction of the 
cold gas is driven onto the black hole

ΔmBH ~ 0.03 mR mcold



merger driven growth

black hole-bulge

Haring & Rix 2005



Secular driven growth

As the stellar disk becomes unstable, 
some fraction of the cold gas is dragged 

inward to accrete onto the black hole

ΔmBH ~ 0.01 mcold



merger driven growth
disk instability 
driven growth

black hole-bulge
Haring & Rix 2005



merger driven growth
disk instability 
driven growth

luminosity function



merger driven growth
disk instability 
driven growth

environment LFs





Example 3: 

Evolution in the  
mBH-mbulge relation



BH-bulge Mass Evolution

Can we isolate the source of this evolution? 
(Croton 2006)



BH-bulge Mass Evolution

BLACK HOLE MASS 
_______________________ 

BULGE MASS



BLACK HOLE MASS 
_______________________ 

BULGE MASS

Progenitor BHs

Progenitor bulges

BH-bulge Mass Evolution



BH-bulge Mass Evolution

BLACK HOLE MASS 
_______________________ 

BULGE MASS

Cold gas accretion 
(~mcold)

Starburst (~mcold)

Progenitor BHs

Progenitor bulges



BH-bulge Mass Evolution

BLACK HOLE MASS 
_______________________ 

BULGE MASS

Cold gas accretion 
(~mcold)

Starburst (~mcold)

Progenitor BHs

Progenitor bulges

Disrupted disks

?



BH-bulge Mass Evolution

Madau plot: star 
formation increases 

until z~1 
-> galaxy disks 

LCDM: merger rate 
increases until low 

redshift 
disks -> bulges



TAO:
Theoretical Astrophysical Observatory 

Bernyk, Croton et al., ApJS, 2016

https://tao.asvo.org.au

https://tao.asvo.org.au




GAVO

parameters

Simulation database

Web form data query

TAO
Image generation

Telescope simulator

Light cone generation

SEDs + Filters
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TAO light-cone 
module



TAO image module



4MOST Consortium Design Reference Survey. 

Will use the VISTA/4MOST facility to spectroscopically 
survey ∼ 2 million galaxies. 

TAO used for predictions and to argue the science 
case.

Usage Case:  
The “Wide Area VISTA Extra-
galactic Survey” (WAVES)



WAVES Survey

Driver et al. 2015

• Ensemble of Milky-Way sized systems to test CDM 
• The low surface brightness and dwarf domains 
• The evolution of galaxy structure (with Euclid) 
• The evolving HI universe (with ASKAP/SKA)



There are massive regions of the Universe almost totally 
devoid of galaxies. 

Where do the “lost” galaxies that do live there come 
from? 

TAO allows access to the latest theoretical modelling.

Usage Case:  
Cosmological-scale holes in 
the local Universe - (GAMA)



GAMA Survey

Penny et al. 2015



Penny et al. 2015

TAO Galaxies

Purple = 
recent 

galaxy-galaxy 
collision

Grey = 
all TAO 
galaxies



Galaxies “conform” over scales much 
larger than their local physics can 
impact. Why? (Hearin et al. 2014)

Usage Case:  
SDSS Cosmic conformity

How many galaxies will ASKAP see? 
What kinds of galaxies? (Duffy et al. 
2012)

Usage Case:  
ASKAP Radio Surveys





CODE: 
git clone https://github.com/darrencroton/sage.git 

TREE FILES: 
http://supercomputing.swin.edu.au/data-sharing-

cluster/mini-millennium-simulation/

https://github.com/darrencroton/sage.git

