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Galaxy Evolution: the 
big picture
• The fundamental question is: why 

do galaxies look and evolve the way 
that they do?


• e.g. red/blue, star-forming/dead, 
disk/spheroid, low-mass or high-
mass? 


• star-formation increased with 
time for 2-3 Gyr, now decreasing

(Bouwens et al. 2015)



We want to use physics to 
understand why and how 
galaxies grow.

• Start with dark matter, usually 
in computer simulations.  


• dark matter halos around 
galaxies have relatively 
simple, well understood 
behavior


• Add gas, dust, stars to the 
simulation


• the physics gets pretty 
complicated, fast.  That  
means there’s a lot to learn 
and room for new research.



What makes the baryons (gas, stars, dust) so 
complicated?  

• Feedback! 

• heating gas so 
that it can’t 
form stars 

• removing gas 
from the disk 
of a galaxy with 
outflows. 

(Mutch et al. 2013)

(Dark Matter)

(Observed Galaxies)



Supernovae and Active Galactic Nuclei (AGN) inject 
energy and momentum into the gas, driving a wind.

• Ejected gas can’t 
form stars, so 
feedback/outflows 
caused by star-
formation slows 
future star-formation.  

• Hence, the galaxies 
self-regulate. 

(M82; ionized gas from outflow = red)

Our goal as galaxy observers is to use many different approaches to test 
our physical understanding of outflows from galaxies. 



One approach to constraining outflows: 
the mass-metallicity relation

Tremonti et al. (2004)



One approach to constraining outflows: 
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• We can set up a “closed-box” model for galaxy formation and learn from 
deviations from the model. 


• M = Mgas + Mstars 


• Ṁ = 0 = Ṁgas + Ṁstars   (no sinks or sources!)


• if metallicity, Z = Mmetals/Mgas


•  y =  yield = mass of metals produced per mass of stars 


• Z(t) = - y  ln (Mgas / Mgas + Mstars) 




We can use simulations to add sinks or sources, and variations with mass/
redshift
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How do we measure the metallicity of gas? 

• The visible 
wavelength spectra 
of star-forming 
galaxies contain 
emission lines from 
ionized gas.   

• Line ratios of certain 
ions e.g.  [OIII]/Hβ, 
[NII]/Hα, are sensitive 
to metallicity.

(SDSS spectrum of a star-forming galaxy)



The cutting edge:  lower masses and higher-
redshifts

1. At low masses, the 
gravitational potential well 
of the galaxy is lower, and 
winds are more effective.  
Therefore, lower masses 
provide more decisive 
tests of theory.  

2. We want to study 
evolution of outflows and 
metals, but Doppler 
shifting the diagnostics to 
the infrared has made the 
observations very hard. 

Tremonti et al. (2004)



The high-redshift mass-metallicity 
relation from Hubble spectroscopy.

Combining G102+G141 grisms measures metallicity from 1.3 < z < 2.3, 
to much lower stellar masses.



The HST mass-metallicity relation at <z> = 1.8

• First result from 29 fields


• We stacked spectra from 83 star-
forming galaxies in four mass 
bins.  


• Selection: secure redshifts from 
more than one line, and no 
contamination from overlapping 
spectra


• No requirement that Hβ be 
detected in individual spectra

Henry et al. (2013, ApJ, 776, 27L ) 



The Low Mass Evolution of the MZ relation

• high-z MZ relation is steep! 
Possibly steeper than 
momentum-driven winds 


• Evolution ~0.3 dex (factor 
of 2 in 10 Gyr)


• Hopkins et al. (2012, 
MNRAS, 421, 3522)-- 
lower gas surface density 
in dwarfs (and disks) leads 
to energy-driven winds?  
evolution from preferred 
momentum driving?  
Larger samples/lower 
masses needed.

Henry et al. (2013, ApJ, 776, 27L) 
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What’s next?  
(tons more Hubble spectroscopy to analyze!)

• The WFC3 infrared parallel 
survey (WISP) keeps 
accumulating fields, and we 
should have 3-4 times as 
many galaxies as we did in 
the 2013 analysis.

• The Grism Lens-Amplified Survey 
from Space uses Hubble 
spectroscopy of galaxy clusters that 
magnify background sources.  This 
magnification helps us get to detect 
fainter, lower mass galaxies at z>1, 
and measure their metallicities.



Conclusions		

• We’ve just begun analyzing Hubble space telescope spectroscopy 
to measure evolution of metals and outflows.    

• Larger samples exist, so we can shrink the error bars on our 
measurements and reach lower masses.  

• Will provide better constraints on theoretical outflow prescriptions.  

• And we can look for secondary correlations (star-formation, galaxy 
size/shape).   

• Beyond Hubble, metallicity science is going to be an important goal 
for JWST, and likely WFIRST.  So cutting our teeth on the HST data 
will be really valuable. 


