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forge: v 
 1. to make, fashion, frame, or construct  
  (any material thing) 

2. To fabricate, frame, invent  
  (a false or imaginary story, lie, etc.);  
  to devise (evil).

-Oxford English Dictionary



The Basic Puzzle:  An early Hubble observation



Modern Puzzles in Galaxy Formation

Ωb/Ωm

Why do galaxies appear to 
lack their full share of baryons?
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What quenches galaxies 
and keeps them that way?

Solar Metallicity

Why do galaxies follow a steep 
mass-metallicity relation?
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How is star formation sustained for 10 
Gyr, if only 1 Gyr of gas is present now? 

Fundamental Problems in Galaxy Evolution
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Ωb/Ωm = 0.17



Anderson et al. 2013, 2016

X-Ray Maps  
of Hot Gas

Ωb/Ωm = 0.17
Hot



Strong C IV is associated 
predominantly with star-

forming galaxies.
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Ωb/Ωm = 0.17
Hot

Warm

Low Ions Trace  
“Warm” Gas

Werk et al. 2014

Cool



Hot
Cool

Ωb/Ωm = 0.17

Warm

ColdDust
Zhu & Menard (2013)

Peek et al. (2015)
reddening of “standard crayon” galaxies.

Cold Gas and Dust

Hot
Cool
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Wow!



Wow!
We now have a characterization of 

the mean surface density profile for 
the CGM of L★ galaxies (2010-now).



Baryon Census

Nearly complete at L* Can constrain models,  
but perhaps not very well at  

the current level of precision.Still working on < L*
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Modern Puzzles in Galaxy Formation

Accretion vs. Feedback?



more ISM 
means 

more CGM

Plot by Borthakur et al. (2015; COS-GASS)

Clues to 
Accretion



Clues to 
Accretion

RECYELING!!1

A large mass of  
gas and metals  
at sub-escape  

velocity implies 
RECYCLING

Nearly all the mass 
traced by HI is 

BOUND

Plot by Borthakur et al. (2015; COS-GASS)
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Fraction of present star formation 
powered by gas recycled in last 3 Gyr

80%

60%

Fraction of gas in CGM at 3 Gyr 
ago that will recycle by z = 0



forged connection one 
 1. to make, fashion, frame, or construct  
  (any material thing) 

2. To fabricate, frame, invent  
  (a false or imaginary story, lie, etc.);  
  to devise (evil).

Recycling through the CGM is a big factor!

Plot by Borthakur et al. 

Fraction of present 
star formation 
powered by gas 

recycled in last 3 Gyr

80%
60%

Fraction of gas in 
CGM at 3 Gyr ago that 

will recycle by z = 0



You Are Here
You Were Here



To Understand Feedback, Follow the Metals

a.k.a. “Metals: the cause of, and solution to, all our problems.”
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forged connection two 
 1. to make, fashion, frame, or construct  
  (any material thing) 

2. To fabricate, frame, invent  
  (a false or imaginary story, lie, etc.);  
  to devise (evil).

The CGM tracks with cosmic star formation!



Shen et al. 2012 5

Fig. 3a.— A map of the projected column density in a cube of 500 (proper) kpc on the side from the Eris2 simulation at z = 2.8. The 6
panels show H I, C II, C IV, Si II, Si IV, and O VI. Intervals of column density in the range 1011 −1022 cm−2 for H I and 1011 −1016 cm−2

for all metal ions are marked in the panels with different colors.

Fig. 3b.— The multi-phase nature of Eris2’s CGM. Same as Fig. 3a but for cool (T < 105 K, top panel) and warm-hot (T > 105 K,
bottom panel) gas only, as traced by the high-ionization species C IV, Si IV, and O VI.
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Shen et al.  2012
Eris2

HST/ACS

More clues  
to feedback

strong Mg II  
prefers the semi-minor axis -  
biconical outflows? 
Bordoloi et al. 2011

while O VI occurs along both axes 
Kacprzak et al. 2015



The Metals Census: Real and Mocked

Hot ColdWarm Cool Dust



The Metals Census: Real and Mocked

Hot ColdWarm Cool Dust



forged connection three 
 1. to make, fashion, frame, or construct  
  (any material thing) 

2. To fabricate, frame, invent  
  (a false or imaginary story, lie, etc.);  
  to devise (evil).

The CGM outweighs the ISM in metals!

”outside Rvir”
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Quenching? 
what was supposed to happen

10 D. Kereš et al.

Figure 5. The cold accretion fraction as a function of galaxy baryonic mass (cold gas + stars), at z = 3, 2, 1, and 0. Points show the
cold fractions of individual galaxies, and solid lines show the median values in bins of baryonic mass. Dashed lines show the median hot
fraction; solid and dashed curves sum to one by definition.

that resolves galaxies all the way down to the limit where
their formation is suppressed by the UV background, a
baryonic mass of about Mgal = 108M⊙ (Efstathiou 1992;
Quinn, Katz, & Efstathiou 1996; Thoul & Weinberg 1996;
Gnedin 2000). We have one such simulation, L5.5/128 with
64 times the mass resolution of L22/128, which has been
evolved to z = 3. We first calculate the smooth accretion
rates in L5.5/128 for galaxies above the L22/128 resolution
limit, counting as smooth accretion all the gas in galaxies
below this limit just as we do in our analysis of L22/128
itself. We then calculate the fraction of this inferred smooth
accretion that is actually due to mergers with galaxies be-
tween the 1.1 × 108M⊙ resolution threshold of L5.5/128
and the 6.8 × 109M⊙ threshold of L22/128. We find that
this fraction is less than 7% at z = 3 and less than 3%
at z = 4. Our treatment of photoionization in these sim-
ulations assumes ionization equilibrium (KWH). If we in-
cluded non-equilibrium heating at the epoch of reionization
(Miralda-Escudé & Rees 1994), then our IGM temperature
would be somewhat higher, and galaxy formation would be
physically suppressed at a higher mass scale (Gnedin 2000),
further reducing the sub-resolution merger contribution.

At z < 3 we do not have such a high resolution simula-
tion available, so we must use an indirect method to estimate
sub-resolution merging. Our approach is similar to that of
MKHWD, based on extrapolating the mass distribution of
resolved galaxies that merge with larger resolved galaxies.
This distribution is plotted in Figure 8, for the L22/128 sim-
ulation. We consider all resolved mergers that take place in

four redshift intervals: z ≤ 0.5, 0.5 < z ≤ 1, 1 < z ≤ 2, and
2 < z ≤ 3. We fit a power law dPM/d log M ∝ Mα to the
low mass bins in each panel, where dPM/d log M is the prob-
ability per d log M for a galaxy of mass M to merge with a
larger galaxy. We use the last five bins for the z ≤ 0.5 distri-
bution and the last four bins for the other distributions. We
force the fits to go through the measured value in the fourth
bin, so that we have just one free parameter, α. Best-fit
slopes range from 0.2 (z ≤ 0.5) to −0.3 (2 < z ≤ 3), though
the small number of bins and substantial Poisson error bars
make these estimates uncertain. The mass contributed per
d log M scales as Mα+1, so high mass satellites dominate
merger growth if α > −1, as we find at all redshifts.

Integrating our power law fits from the resolution limit
Mgal = 6.8 × 109M⊙ down to Mgal = 108M⊙ yields an up-
per limit to the amount of sub-resolution merging, since the
merger mass distributions appear to be turning over steadily
and are likely to fall below our extrapolations. With this es-
timate, the ratio of mass added to the galaxy population by
sub-resolution mergers to mass added by resolved mergers
is approximately 0.1 − 0.15 at z = 0 − 0.5, 0.20 − 0.35 at
z = 0.5−1, 0.25−0.45 at z = 1−2, and 0.5−2.0 at z = 2−3.
The quoted ranges reflect the 1σ statistical uncertainties in
the fitted slopes. Sub-resolution merging could thus make a
significant contribution to merger rates at higher redshifts,
but because merger rates are much lower than smooth ac-
cretion rates (see Figure 12 below), it still does not substan-
tially change the inferred accretion rates. The exception is
at z = 2−3, where the maximal correction above could raise

c⃝ 0000 RAS, MNRAS 000, 000–000

“Cold Mode”

“Hot Mode”

R < 30 kpc

R < 100 kpc

R < 50 kpc

Stewart et al. (2010)
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what actually happened



forged connection four 
 1. to make, fashion, frame, or construct  
  (any material thing) 

2. To fabricate, frame, invent  
  (a false or imaginary story, lie, etc.);  
  to devise (evil).

Like Charlie said, nobody understands why 
galaxies turn passive and remain that way.



What we have learned



forged connection five 
 1. to make, fashion, frame, or construct  
  (any material thing) 

2. To fabricate, frame, invent  
  (a false or imaginary story, lie, etc.);  
  to devise (evil).

The CGM is a critical venue for chemical 
evolution: just as important as the ISM!



Outlook



AMIGA: Absorption Maps of Gas In Andromeda 
(PI: N. Lehner, Notre Dame)

93 Hubble orbits with COS 
+ parallel imaging with both WFC3 and ACS to map the stellar halo at 
roughly same locations 

Data still being collected, but preliminary analysis of archival data 
reveal interesting trends within one halo versus what COS-Halos saw 
in aggregate.

COS-Disks 
(PI: S. Borthakur, Arizona State)

99 Hubble orbits with COS 
supporting HI data from Arecibo, with star formation measures from 
SDSS, GALEX, and other sources. 

Key goal is to map CGM gas in absorption as close as possible to the 
disk, address accretion where it happens and feedback where it starts.
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mass resolution 
as low as ~100-500 M⨀ in low density gas

cf. 105-7 M⨀ in typical particle-based 
simulations (such as FIRE/Latte)



Back to stars for a bit 
[just for JB-H]



2025 launch

Hubble resolution 
at 100x FOV



M81 25 kpc

d=100 kpc

4 fields  
cover 
M81 
halo



Large UV / Optical / Infrared Surveyor (LUVOIR) 
A space telescope concept in tradition of Hubble 

● Broad science capabilities 
● Far-UV to Near-IR bandpass 
● ~ 8 – 16 m aperture diameter 
● Suite of imagers and spectrographs 
● Serviceable and upgradable 
● Hubble-like guest observer program

“Space Observatory for the 21st Century” 
Ability to answer questions we have not yet conceived 

LUVOIR: A NASA Study for the 2020 Decadal

Aimed for  
2030 launch.
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T H E  P O W E R  O F  A P E RT U R E :   O L D  S C H O O L  E D I T I O N



PHAT:  J. Dalcanton et al.

G A L AC T I C  A R C H A E O L O G Y



15.1m

9.2m

JWST

HST

= Large Spiral Galaxy = Dwarf Galaxy= Large Elliptical Galaxy

G A L AC T I C  A R C H A E O L O G Y



http://asd.gsfc.nasa.gov/luvoir/
Get involved with LUVOIR

https://asd.gsfc.nasa.gov/luvoir/tools/
ETCs and simulation tools at:

http://asd.gsfc.nasa.gov/luvoir/
http://asd.gsfc.nasa.gov/luvoir/
http://asd.gsfc.nasa.gov/luvoir/
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