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Galaxy formation: The classical view
Planck collaboration

Illustris

Formation of the 
large-scale structure



The interstellar medium 
(ISM): gas and stars 

Non-linear processes: 
mechanical & radiative 
feedback, turbulence, 
magnetic fields

Galaxy formation: The classical view

HST

Gastrophysics
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Cosmologists

NASA
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Extragalactic
Astrophysicists

NASA



Classical view: 
gas collapse and 
disk formation

Baugh (2006) 

Galaxy formation: The classical view

Baugh (2006)



Galaxy formation: The classical view

Gas          Stars 

The Schmidt-Kennicutt 
relation

Kennicutt 98



Galaxy formation: The classical view

What do we mean by “gas”?

Atomic hydrogen does not form stars!



Galaxy formation: The classical view

Blue: molecular gas 
Yellow/red: optical (stars)

PAWS Team/IRAM/NASA HST/T. A. Rector

Cold molecular 
hydrogen DOES 
form stars!

(see also Bigiel+08, 
Schruba+11)
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High-redshift: a different paradigm

The universe was 
forming stars more 
rapidly in the past

Madau & Dickinson 14



High redshift

Gonçalves+10

Local universe
HST

High-redshift: a different paradigm

Galaxies were different back then…

~ 30 kpc

~ 3 kpc



High-redshift: a different paradigm

The “main sequence” of galaxies: relation 
between stellar mass and star formation 

The main sequence evolves!

Noeske+07



High-redshift: a different paradigm

Maiolino+08

Galaxies had more gas and 
lower metallicity in the past!



High-redshift: a different paradigm

Dekel & Birnboim 06

Cold flows?

Mergers and interactions?
HST



High-redshift: a different paradigm

BUT: studies at high-z are hard!!

• Luminosity distances are large 
• Cosmic surface brightness dimming 

Wouldn’t it be great to have local galaxies 
that resembled the ones at high-z?
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Analogs at low redshift
208 OVERZIER ET AL. Vol. 706

Figure 1. False-color HST images of the LBA sample showing the (rest-frame) UV in blue/purple and optical in yellow/red. The images measure 6′′×6′′. The UV
images were rebinned (2×2) to match the pixel scale of the optical images, and convolved with a Gaussian kernal with 0.′′1 (FWHM). Although most objects are
highly compact in both the UV and optical, a small subset consists of a very bright unresolved component in the middle of an extended, low surface brightness disk.
The images demonstrate a wide range of complex morphologies often suggestive of interactions and (post-)merging. See the text for details.
(A color version of this figure is available in the online journal.)

Figure 2. Stellar mass vs. the half-light radius measured in the UV (left panel)
and optical (right panel) images. Solid squares mark the subset of DCOs in
anticipation of results obtained in Section 5.2.

3.3. Clump Sizes

It is clear from simple visual inspection of the HST images
that the DCOs are marginally resolved at best (note the strong

diffraction spikes associated with the DCOs in Figure 3). Many
of the other clumps appear either as faint point-like sources or
larger spatially resolved regions (see examples in Figure 3).

To obtain the best constraints on the sizes of the DCOs, we
have first examined the radial flux profile of the three brightest
examples, using the ACS UV images as they have smaller pixels
and a sharper PSF compared to the optical images. The result is
shown in Figure 7. Each panel shows the measured count rate
(plus signs) compared to the measured profile of a model PSF
(dashed line) modeled using the TinyTim 3.0 software (Krist
1995). We also simulated a range of two-dimensional Gaussian
models having a FWHM of 0.′′005–0.′′125 and convolved them
with the model PSF. The results are shown using colored lines.
In all three cases, the data are most consistent with an object no
larger than ≈0.′′075 (FWHM), corresponding to effective radii
no larger than ≃70–160 pc at z = 0.1–0.3).

In order to be consistent across our entire clump sample and
with our earlier definition of the clumps, we have measured the
physical sizes of the brightest clumps in each LBA by measuring
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• z ~ 0.2 
• Selected by ultraviolet luminosity 

and surface brightness

Hoopes+07 
Overzier+09
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Metal enrichment in the UVLGs 

● Mass – metallicity relation using 

Tremonti et al. (2004) method.

– Local relation: more massive 

objects have greater metalicities.

● One explanation for this 

relationship is the stellar winds – 

produced by supernovae.

● Low-mass galaxies → small 

potential well → enriched material 

ejected from the galaxy → lower 

metallicities.

● Our sample of compact and 

supercompact UVLGs are found 

below the local relation.

Mass – metallicity relation

Overzier+11 Santos-de-Oliveira+ in prep

Low extinction Low metallicities

Lyman break analogs (LBAs)



Analogs at low redshift
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Gonçalves+14

Lots of gas, similar to 
high-z galaxies

Local universe



Observing molecular gas

H2, invisible CO, visible

x

Analogs at low redshift



M
mol

= ↵COLCO
CO abundance:

1:104

X

Analogs at low redshift



Analogs at low redshift

The conversion factor?

Schruba+12



Analogs at low redshift

The conversion factor in turbulent, hot galaxies: 
excited molecules, high CO luminosities

Downes & Solomon 98, Narayanan+11

Metal poor galaxies: destruction of CO molecules
Low aCO High aCO

Bolatto & Leroy 13
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What if a galaxy is 
turbulent AND metal-poor?

Gonçalves+14
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Conclusions

• Stars form in galaxies from cold, molecular gas 

• ISM at high redshift is complicated: dense and 
turbulent, low extinction and metal-poor 

• Lyman break analogs can help clarify some 
questions regarding star formation in extreme 
conditions 

• Can we reliably measure gas reservoirs at high 
redshift? How is gas converted into stars under 
these conditions?


