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Galaxy formation – the grandest of all 

environmental sciences

CLUES collaboration (Nuza+ 2014)

Hot (>105 K) Warm (<105 K) HI (21cm)

M3

1Galaxy



Baryon census (z~0)

WARNING:

fixed cosmic abundances

This is a real problem since 

we don’t know how metals 

vary between ISM and IGM

Most recent summary 

from Shull+ 2013



COLD GAS (1.7%)

corrected for cold He I, H2 (FP04)

Confirmation:  ALFALFA survey (Darling+11)



GALAXIES (7% + 1.7%)

Large galaxy surveys of the local 

universe – 2dFGRS (Colless+ 2001), 

SDSS (Blanton+ 2001), GAMA (Driver+ 

2012) 

GF favours disks over spheroids 

2:1 (Driver+ 07; cf. FHP 96)



Galaxy LFs are 

composites

GAMA survey

(Kelvin+ 2014) 



Sersic profile (1963)

• How are we able to separate spheroids from disks for all 

galaxies ?

What is n=½ ?

Einasto profile: 

mathematically identical 

except I is replaced by local 

density, and projected R is 

replaced by r, true radius.

disk-like, n ~ 1

spheroid-like, n ~ 4



Edge-on 

disk

Face-on disk

GAMA Survey

Driver+ 2015



Collapsed baryons (18%)

Uncollapsed baryons (82%)

2013 baryon census

• Galaxies

• Cold gas

• ICM

• CGM

• LyaF

• WHIM

• ? missing ? 

Baryon census - overview

collapsed

uncollapsed

transition



Today, the correct context for 

disk formation is within ΛCDM.

>95% stars in disk+bulge

with trace amount in halo:

What about the gas?
Kafle+ 2014



Leo Ring

(Schneider+81)

All cold gas is 

associated 

(<100 kpc) with 

galaxies 

i.e. dark matter

COLD GAS (1.7%)

e.g. tidal tails like Magellanic 

Stream.

If you can find a truly isolated 

cloud, it will be named after 

you!



The Galaxy – classic paper (followed by Kahn & Woltjer 1959 for the LG)



4x1010 M


(106.3 K)

CGM – hot gas (5%)



Cooling hot gas in the halo 

cannot easily account for 

ongoing star formation in 

stellar disks



NGC 4565

Stellar disks seem to 

truncate but do they?

This was the general view 

until recently.



What does truncation mean ?

Matter moves in ~ circular orbits, and angular 

momentum increases outwards,  so the surface 

brightness cut-off represents stars moving with the 

highest specific angular momentum  j in the stellar 

disk.

This may reflect the maximum value of  j for 

baryonic material in the original “protocloud”. 

That would be interesting.



What does truncation mean ?

Mestel (1963); van der Kruit (2001)



1990s: stacked plates can get to fuzz @ <28 mag arcsec-2



2010s: 

Deep CCD imaging

from CFHT 

(Duc et al 2014)

Can get to fuzz @ <30 mag 
arcsec-2 but sky problem



major
problem

Galactic cirrus (dust)

Need to fit to individual stars to be sure 

of trends at low stellar densities!



Swinburne 2012

Continuously exponential disks

NGC 300:      JBH+ 2005 Vlajic+ 2009

NGC 7793:    Vlajic+ 2011

i.e. no sign of break !



Swinburne 2012

www.aao.gov.au/astro/GalaxyCount

Ellis & JBH (2007), MNRAS, 377, 815

b = 110 +/- 20 gals arcmin-2

Now includes:

Large-scale structure

All N(z) surveys to 28 mag

Most UV-IR filters

Different telescopes (HST incl.) 

Window functions

Incompleteness

Redshift bounds



Swinburne 2012

Minor axis of M31

Exponential disk to > 50 kpc

Irwin+ 2005



NGC 2841

D25

The traditional view 

was that the cold gas 

went at least twice as 

far as the stars.

But you can often trace 

stars and faint star 

formation (Hα, XUV) to the 

edge of the HI.



Not to be outdone, radio astronomers are 

now pushing much deeper than 

“traditional” limits of 1019 atoms cm-2 at 21 

cm.



So what of the HI gas?

Swinburne 2012

M83:
Koribalski et al, in prep.



The ASKAP PAF – a new radio camera

Front view & rear view of the ASKAP PAF

 PAF = Phased Array Feeds (checkerboard array: 188 elements)

 Beamformer: creates up to 36 beams, each 1.2 degr FWHM

 resulting field of view is 30 square degrees (5.5 deg  × 5.5 deg)



Not to be outdone, radio astronomers are 

now pushing much deeper than 

“traditional” limits of 1019 atoms cm-2 at 21 

cm.

Is there a limit to how far you can reach 

with cool gas ? Surely there must be.



‘Dramatic Edge’ in NGC 3198

• Disk galaxies display sharp truncation at critical 
column density in HI

Maloney (1993); Dove & Shull (1994)

NE SW



HI edge in NGC 253

HI

JBH, Freeman & Quinn (1997)

H+

Hα detections 
~70 mR



So why?

• Like all HI disks, NGC 3198 is warped beyond optical disk

• Stellar disk creates galactocentric ionizing radiation field

• Warped parts of disk ‘see’ ionizing radiation creating HI 
edge and weak H+ in outer disk

• This may assist in detecting outer accreting gas in future 
deep observations

JBH (1998)



Warp model

Self ionization:
1D vs. 3D case

Exponential 
HI disk (i.e. 
total gas 
column)

JBH (1998)



Surface photometry makes a comeback 

from an unexpected source thanks to 

arrays of high quality Canon cameras!



DRAGONFLY PROJECT



Dragonfly imaging of M101

(van Dokkum et al 2015)

No evidence for a break !



NGC 2841

The archetype for the class of flocculent spirals

A curious effect is coming into focus at the edges of 

disks in the stellar abundance gradients (e.g. Vlajic+ 

2009, 2011)



Stellar abundance gradients in outer disks: 

Milky Way

Flattening of abundance gradient observed in the Galactic outer 

disk

Yong et al. 2006Pedicelli et al. 2009

Carraro et al. 2007Andrievsky et al. 2004

Transition at ~8 kpc Transition at 10-12 kpc



Stellar abundance gradients in outer disks: 

external galaxies

M83: Bresolin et al. 2009 NGC 300: Vlajic et al. 2009aM31: Worthey et al. 2005

M33: Barker et al. 2007

Flattening of the abundance 

gradient appears to be a 

property of (large) spiral 

disks

NGC 7793: Vlajic et al. 2009b

Flattening of abundance gradient in external 

galaxies

Lack of flattening in the abundance 

gradient

Single slope negative 

gradient observed in some 

spirals

gas



“U” shaped color profile 

observed in SDSS stacked 

galaxies reflects age (and not 

metallicity) behaviour

Radial migration – age gradients in outer disks 

Roskar+ 2008,  

Radburn-Smith+ 2012

Bakos et al. 2009

Sanchez-Blazquez et al. 2009

These models would solve the 

high Q problem, but not the 

metallicity floor?
Q = csκ/πGΣ ≤ 1 to form stars 



So how deep must we go to see outer 

material?

Nuza+ (2014)

Hot (>105 K) Warm (<105 K) HI (21cm)

Optical: > 34 mag arcsec-2 (Hα, continuum; warping will 

help!)

Radio: < 1018 cm-2 (can survive if clumpy)

EUV: ? (currently impossible)

X-ray: ? (currently impossible beyond 

halo)



There is no evidence that the collapsed baryons 

terminate at some critical radius.

Radial migration in the plane may be blurring 

the outer stellar disks (subject to dynamical 

evolution).

Most of what we need to understand outer disks 

and disk formation is below our detection levels 

(but there is hope for the future).

Summary


