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V I C T O R Y  # 1 :   T H E  H O T,  H I G H LY  I O N I Z E D  
I G M  F R O M  T H E  LY M A N  A L P H A  F O R E S T

Kirkman+ 1997



T R E E S  I N  T H E  
F O R E S T

• Lyman Limit Systems  

• Super Lyman Limit Systems 

• Damped Lyman Alpha 
Systems



L L S  A S  T H E  L A B O R AT O R Y  O F  C H O I C E

log(NNHI) > 16, range of ionizations & densities, 
metallicites can be measured













V I C T O R Y  # 2

Burles & Tytler 1998

Testing BBN with D/H + LLS



V I C T O R Y  # 3

Characterization of the ISM of galaxies with the DLA



T H E  D L A

• N(HI) ≥ 2x1020 cm-2 

• The hydrogen is mainly neutral 

• Identified toward QSOs (and GRBs) in absorption 



T H E  D L A

• The dominant neutral hydrogen reservoirs at z~3 

• A significant(?) repository of metals, and a tracer of 
star formation histories 

• ISM of (star forming?) galaxies at high redshift?



V I C T O R Y  # 4

Direct detection of galaxies via the Lyman break
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T H E  G A S - G A L A X Y  C O N N E C T I O N

• How do galaxies transition to quiescence?

• What are the dynamics of flows into and out of 
galaxies?

•  How (and where) does the baryon lifecycle evolve?

We need the last 10 billion years of gas history in,  
around, and in between galaxies



T H E  C I R C U M G A L A C T I C  M E D I U M  A S  
M A I N  S TA G E

image courtesy J.C. Howk
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T H E  C G M  AT  Z  <  1

FOS, STIS, FUSE, COS, HIRES, LRIS 
WFPC2, ACS, WFC3, AO
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H O W  M A N Y  M E TA L S  A R E  I N  T H E  C G M  
AT  Z < 1 ?

Tumlinson
+11
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4 Jason X. Prochaska and Jason Tumlinson

Table 1 Key Baryonic Diagnostic Lines and Features

Line Phase T λrest λz=1 λz=3 λz=9
(K) (Å) (Å) (Å) (µm)

Lyman-Werner Molecular gas 10–100 ∼1000 2000 4000 1
21cm Atomic gas 100–1000 21cm 0.7 Ghz 0.4 Ghz 140 MHz
Lyα Atomic+Ionized gas 100–40000 1216 2400 4800 1.2
Hα Ionized gas 10000–40000 6560 13000 26000 65000
Lyman limit Ionized gas 10000–40000 912 1800 3600 0.9
HeII Ionized gas 10000–40000 304 450 912 0.2
CIV Ionized Gas 20000–40000 1550 3000 6000 1.5
OVI Warm/Hot Gas 20000–106 1030 2000 4000 1
OVII,OVIII Hot Gas 106–108 21.6,18.9 40 8 200
NeVIII Hot Gas 107 775 1550 3100 7750

orders of magnitude lower than the surface density of a typical molecular cloud
in a star-forming galaxy. With coverage of the full Lyman series, one can measure
the surface density of atomic hydrogen across these ten orders of magnitude and
probe the densest material to very diffuse environments. By the same token, one
can study cold H2 (T < 100K) molecules through Lyman/Werner absorption bands
while also probing diffuse, hot (T > 106K) gas via metal-line transitions of O, N,
and Ne. One thereby traces structures in the universe with a wide dynamic range of
sizes: molecular clouds with diameters less than 100 pc in the centers of galaxies to
‘voids’ spanning tens of Mpc.
There are several disadvantages, however, to absorption-line studies: (1) the ma-

jority of key diagnostics have rest-frame UV or X-ray frequencies. At low z, one
requires a space mission with large collecting area and efficient spectrometers to
perform the experiment. This is expensive and often technologically infeasible; (2)
One requires a bright, backgroundUV/X-ray source2 subjecting the final analysis to
biases in the discovery and selection of these sources; (3) Bright UV/X-ray sources
are rare and sparsely distributed across the sky. Therefore, multiplexing has limited
value and observational surveys are relatively expensive. Furthermore, with only a
limited number of sightlines to probe the universe, the densest (i.e. smallest) struc-
ture are at best sparsely sampled; (4) The technique is limited to the most distant
luminous objects detected, currently z ≈ 6; (5) dust intrinsic to the gas under study
may extinguish the background source and preclude the analysis altogether.
Several key aspects of absorption-line research are illustrated in Figure 1 which

presents the echelle spectrum of quasar J133941.95+054822.1 acquired with the
Magellan/MIKE spectrometer [6]. This optical spectrum shows the rest-frame UV
emission of the zQSO = 2.980 quasar. One notes the broad Lyα+NV emission line
superimposed on a underlying, approximately power-law spectrum. All of the ab-
sorption features, meanwhile, are associated with gas foreground to the quasar. The
most prominent is the continuous opacity at λ < 3600Å which marks the Lyman

2 Traditionally, researchers have used quasars although increasingly transient gamma-ray burst
afterglows are analyzed (e.g. [21, 167]).
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T H E  P R O B L E M

1288 M. Fumagalli et al.

Figure 2. Gallery of the HST and ground-based imaging. For each quasar field, we show on the left imaging in the bluest available filter and on the right
imaging in the R-band filter. Each panel is 30 arcsec on a side, with north up and east to the left. The quasar position is marked by a red circle of 1 arcsec in
radius.
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W H AT  D O E S  T H I S  M E A N ?

• The average DLA does not have a large star formation 
rate (in situ) 

• The average DLA is not a bright galaxy at larger 
impact parameters 

• Are the DLA low luminosity LBG-like galaxies?
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AB magnitude 31.8 in 1.2 hours!
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G A L A X I E S  A S  B A C K G R O U N D  S O U R C E S  
R E V E A L I N G  T H E  T R U E  G A S  E X T E N T  O F  T H E  D L A
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LUVOIR could do this for thousands of galaxies
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R E V O L U T I O N I Z I N G  O U R  U N D E R S TA N D I N G  O F  
T H E  G A S - G A L A X Y  C O N N E C T I O N  W I T H  L U V O I R

• Large (12+ m) 
aperture 

• High sensitivity in UV 

• High resolution point 
source spectroscopy 

• Intermediate 
resolution MOS/IFU



R E V O L U T I O N I Z I N G  O U R  U N D E R S TA N D I N G  O F  
T H E  G A S - G A L A X Y  C O N N E C T I O N  W I T H  L U V O I R

• Large (12+ m) 
aperture 

• High sensitivity in UV 

• High resolution point 
source spectroscopy 

• Intermediate 
resolution MOS/IFU

• Factor of 100-1000 increase 
in viable high S/N point 
source probes 

• Millions of galaxies as new 
probes 

• Emission line mapping and 
tomography of the CGM 

• The Unknown Unknowns
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