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Let’s recap...



The skeleton                        The flesh









‣ 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. 2006



z=0 dark matter



z=0 galaxy light



Physical consequences

AGN

SN

AGN

C
roton et al. 2006

(∝mBHσ3)

(∝SFR)



Alien invasion

height & shape, 
density, pressure, 
gravity, ...

flexibility, running, 
jumping, ...

(human)



all 1011Msun halos

earliest forming 20%latest forming 20%

Do we understand dark matter 
halos? Gao et al. 2005 

(Croton et al. 2007)

Assembly bias...



Why study environment?



1. Gas accretion
2. Gas removal 

Environment shapes the physics of galaxy 
formation

1. Galaxy mass and luminosity
2. Galaxy colour
3. Baryon (inc. metal) abundance
4. ...



Defining environment

Melbourne Berkeley

Munich



Melbourne

Munich



Group finders

Close pairs

N’th nearest 
neighbour

Fixed aperture

Background 
density field

Galaxy 
clustering

Halo mass

Void finders

Shape statistics

Intra-halo 
processes



Can we find agreement 
between different 
environment methods?

apply multiple environment measures to a 
common mock catalogue:

1. How do different measures of environment compare?
2. How are our end results coloured by the environment 

measures we use? 







Skibba & Sheth 2009
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Croton et al. 2005
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n’th nearest neighbour, n=9

Cowan & Ivezic 2008
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Baldry et al. 2006
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cylinder, R determined by n’th nearest neighbour, n=5

Li et al. 2011
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Wilman et al. 2011



Different environment measures predict 
different abundances for group sized halos

red=20% most dense, blue=20% least dense



halo mass correlates with colour, 
smoothed DM density doesn’t
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environments of 10 most 
massive halos



Is there agreement?

NO!
See: Measures of galaxy environment - I. What is “environment”?

Muldrew, Croton, Skibba, Pierce et al. 2011



Environment dependent quenching?



When I say “environment”, this is what I 
mean ... 2dFG

RS

Millennium Simulation 
semi-analytic model



When I say “environment”, this is what I 
mean ...

Local (number) density is determined in top-hat spheres 

of radius 8h-1Mpc:

δ8 = ρg  / <ρg> - 1





Croton et al. 2005

2dFGRS



In voids, there exists a population of early-type (red) 
galaxies

Furthermore, the brightest galaxies in voids are an equal 
mix of early and late-type galaxies

This is somewhat surprising given what we think we know 
about the nature of the void environment

Let’s use a galaxy formation model to help understand 
this...



AGN

SN



C
roton et al. 2006

Model galaxy luminosity function - global



C
roton et al. 2006

Model galaxy luminosity function - global



Croton & Farrar (2008)

Galaxy formation model in voids only...



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

Halo mass function in different environments

Croton & Farrar (2008)



The red/blue void galaxy abundance can be 
accounted for by the shift of the halo mass 

function with environment and an 
environment independent critical threshold 

for star formation quenching



Outstanding Problems



What really shuts down 
star formation?

(or: how do galaxies evolve across the CMD?)
(or: to what degree is AGN even needed?)

‣ Important, why?

‣ Current understanding?

‣ Solutions?

Cattaneo et al. 2006



C
roton in prep.

What really shuts down 
star formation?

(or: how do galaxies evolve across the CMD?)
(or: to what degree is AGN even needed?)

‣ Important, why?

‣ Current understanding?

‣ Solutions?



The assembly of massive 
galaxies?

(or: at what point does DM & baryon growth de-couple?)
(or: monolithic or hierarchical? a problem for CDM?)

‣ Important, why?

‣ Current understanding?

‣ Solutions?

De Lucia & Blaizot 2007



Brown et al. 2007

The assembly of massive 
galaxies?

(or: at what point does DM & baryon growth de-couple?)
(or: monolithic or hierarchical? a problem for CDM?)

‣ Important, why?

‣ Current understanding?

‣ Solutions?



Moore et al. 1999

(or: do central and satellite galaxies evolve differently?)
(or: merging vs. ICL?)

(or: is sub-structure still a problem?)

‣ Important, why?

‣ Current understanding?

‣ Solutions?

Satellite galaxy evolution?



Gao et al. 2005

The role of environment?

(or: how important for cosmological measures?)
(or: is halo mass the fundamental property?)

‣ Important, why?

‣ Current understanding?

‣ Solutions?



The role of environment?

(or: how important for cosmological measures?)
(or: is halo mass the fundamental property?)

‣ Important, why?

‣ Current understanding?

‣ Solutions?

C
roton et al. 2007



And finally ...

w



Weak & strong lensing

BOA’s

Cluster counts

Supernova

Probing dark energy



๏ DES: ~300 million galaxies across 5,000 sq-

degrees out to z~1.3 in 4 bands (r<24.1).

๏ LSST: billions of galaxies across 20,000 sq-

degrees out to z~4 in 6 bands (AB<29.0).

๏ Other surveys/instruments: PanSTARRS, SKA, JWST, GLAST, SNAP, ... 
will provide equivalent multi-wavelength data sets.



Statistics:
SDSS volume limited catalogue of ~50k galaxies can at 
most be sub-divided 1-2 more times

Next generation catalogues can be sub-divided multiple 
times on any property of interest

What can you do with 
millions/billions of 

galaxies?



Objects:
Multi-wavelength catalogues can be cross-correlated and 
studied together

Rare objects will become commonplace and will be analyzed 
with statistical confidence

What can you do with 
millions/billions of 

galaxies?



Extra-galactic astronomy 
covers a vast range of 

disciplines.

These data sets will 
produce vast amounts of 

science.



Summary

(1) Galaxy nature vs. nurture - what shapes the evolution of 
galaxies?

(2) Are all environment measures equal?  We should know 
before we compare results!

(3) Is halo mass more fundamental than environment?

(4) Next generation surveys will open up new science and 
provide great opportunities


