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High Signal-to-noise Ratio 
sensitivity to weak absorption
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M E T H O D   Q u a s a r  A b s o r p t i o n  L i n e s

Spectral resolution
ability to separate close and blended components



M E T H O D   Q u a s a r  A b s o r p t i o n  L i n e s

FUSE 
900 - 1180 Å

STIS
1140 - 1750 Å

Dz ~ 0.1

Critical factors for success:
Sensitivity to weak lines, 
Spectral resolution to resolve components, 
Wavelength coverage to build up total pathlength, and
Access to UV wavelengths to measure physical diagnostics. 
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Million degree coronal  
extragalactic gas may 

exist outside galaxies and 
be detectable via UV 

absorption!

ApJ, 124, 20
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QSOALS from Galaxy Halos
Bahcall & Spitzer

1969

M. Burbidge et al. (1968)

Intervening Absorbers



QSOALS / Lya Forest Discovered
Bahcall, Greenstein, Burbidge(s)

1960s

QSOALS from Galaxy Halos
Bahcall & Spitzer

1969

Science Case Built for HST
Spitzer, Bahcall, et al.

late 60s - 1977

Proposed that the QSOALS then known arose in extended galaxy halos: R = 100 kpc versus 
the 10-20 kpc then believed based on optical and radio measurements. 

HST Launched 
(STS-31)

April 1990
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Ground-based work on Lya forest
Palomar, Lick, MMT, KPNO, Keck

80s, early 90s

HST Launched 
(STS-31)

April 1990

HST Key Project 
Quasar Absorption Lines 

1990-1995 (Cycles 1-4)

The HST Key Project on 
Quasar Absorption Lines

PI John Bahcall

250 Orbits with the 
FOS and GHRS

89 QSOs, 1600 - 3200 Å 
at R = 1300. 

Typical limiting equivalent 
width 0.24 Å.

The “Lya forest” becomes a 
clearing, but not as quickly 

as expected!

B. Jannuzi review at HST2 conference Paris

Keck/HIRES

HST/FOS

HST/FOS
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1990-1995 (Cycles 1-4)

STIS Installed in HST
SM2

1997

Morris et al. (1993)

Post-facto galaxy surveys, now routine with modern galaxy redshift 
surveys (e.g. CfA, SDSS), have revealed the distribution of the IGM 

with respect to galaxies.

Stocke et al. (2006) found a median distance ∼200-300 kpc, but 
some metals are found > 1 Mpc from galaxies.
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Accounting from 
Prochaska & Tumlinson 2008 

Danforth & Shull 2008

STIS Installed in HST
SM2

1997

Cosmic Baryon 
Budget Underruns

1998

FUSE Launches
1000-1200 A

1999

COS Selected
for SM4

1997

29.0%

7.4% 2.7%

60.9%

Lya Forest Galaxies Intracluster Missing

95.0%

5.0%

Intervening OVI 
Tripp et al.

2000

z = 3 z = 0



Cen & Ostriker (2006)
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Intervening OVI 
Tripp et al.

2000

From z = 3 to 0, mass 
fraction in 10,000K gas 

ionized by stars and AGN 
declines from 90 to ~35%.

WLya = 29 ± 4 % of Wb ✔
Penton, Stocke & Shull (2004)
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STIS Installed in HST
SM2

1997

Cosmic Baryon 
Budget Underruns

1998

FUSE Launches
1000-1200 A

1999

COS Selected
for SM4

1997

Intervening OVI 
Tripp et al.

2000

From z = 3 to 0, mass 
fraction in 10,000K gas 

ionized by stars and AGN 
declines from 90 to ~35%.

WLya = 29 ± 4 % of Wb ✔
Penton, Stocke & Shull (2004)

While the mass fraction of 
gas at T > 105 - 107 K 

increases to ~40%

“Warm Hot Intergalactic Medium”, or “WHIM”
gas that is shock-heated to 105-7 K by collapse 
into the dense regions of the “cosmic web”.
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CIV

OVI
NeVIII

COS Selected
for SM4

1997

Intervening OVI 
Tripp et al.

2000

Mg X



Tripp, Savage, & Jenkins (2000), Tripp et al. (2000)

Intervening OVI 
Tripp et al.

2000

FUSE Launches
1000-1200 A

1999

Systematic O VI Surveys
STIS+FUSE

2000s

COS Installed
SM4

2009

COS GTO and GO 
IGM Programs

2009+

Dz = 0.1



Intervening OVI 
Tripp et al.

2000

Systematic O VI Surveys
STIS+FUSE

2000s

Danforth & Shull (2008) WOVI / Wb  = 8 ± 1 %
Danforth & Shull (2008)

WOVI / Wb  = 4 ± 1 %
Thom & Chen (2008)

Systematic difference comes 
down to physical state.

How many O VI absorbers arise 
in hot gas, and how many are 

photoionized gas?

COS Installed
SM4

2009

COS GTO and GO 
IGM Programs

2009+



Three Puzzles
1. Why are some galaxies 
“blue and star-forming” 

while others are “red and dead”?

3. Why do galaxies follow a 
mass-metallicity relation?

2. How does the Milky Way fuel 
its ongoing star formation, and do 

other galaxies do it this way?



Puzzle #1 Why are some galaxies “blue and star 
forming” while others are “red and dead”? 
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The Mass-Metallicity Relation Puzzle 2: The Galaxy Mass-Metallicity Relation

Why are small galaxies relatively metal-poor?
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Puzzle 2: The Galaxy Mass-Metallicity Relation

Why are small galaxies relatively metal-poor?
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Puzzle #3 How does the Milky Way fuel its ongoing star formation?
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d = 8-9 kpc
Thom et al (2006)

d ~ 10 kpc
Thom et al (2008)

d = 4-9 kpc
van Woerden et al (1999)

d = 10-15 kpc
Wakker et al (2008)

d = 2-4 kpc
Wakker et al (2008)

d = 5-11 kpc
Wakker et al (2008)

Image: Tobias Westmeier & Chris Thom



FUSE’s Map of “Hot Oxygen” 
Surrounding the Milky Way (2003) 

June 24, 1999

Two-thirds of the sky is covered with ionized gas!
BUT, it is not enough mass to sustain star formation!



M87 - “Red and Dead” Elliptical M81 - “Blue and Star-forming” Spiral

But . . . is this generally true of all galaxies? 
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M87 - “Red and Dead” Elliptical M81 - “Blue and Star-forming” Spiral

T > 500,000 - million °KT > 2-3 million °K

But . . . is this generally true of all galaxies? 



Three Puzzles
1. Why are some galaxies 
“blue and star-forming” 

while others are “red and dead”?

3. Why do galaxies follow a 
mass-metallicity relation?

2. How does the Milky Way fuel 
its ongoing star formation, and do 

other galaxies do it this way?



The Central Problem of the “Circumgalactic Medium”

“Circumgalactic” galaxy halo gas is 

too diffuse to be studied in emission, and 

a random sightline through the IGM is intercepted by 
<1 galaxy halo (they’re just too small!) 

Thus, we need a new approach to direct 
observations of galaxy accretion and outflows and 

their relations to galaxy properties. 



STS125-SM4 launch May 11, 2009



COS Installation 
May 16, 2009

STS125-SM4 launch May 11, 2009

Cosmic Origins Spectrograph



39 galaxies in 134 HST orbits
(13 “red and dead”, 

26 star-forming)
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Three more enabling telescopes: 

SDSS to find the QSOs and galaxies
(and provide the photometric redshifts).  

GALEX to measure the quasar far-UV flux. 

Keck / LRIS to measure spectroscopic redshifts, 
star formation rates, and other galaxy properties.
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DLA: Meiring et al. (2010, in prep)
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Four cases from the “COS-Halos” Survey
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It’s not just a mass effect!
An SFR effect (not just mass!)
>99% KS significance of different NOVI distributions. 

Werk+11
Keck+MagE

Tumlinson+11
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“Green Valley”. . . too few to tell. Get some more data? 

GALEX+SDSS (Schiminovich et al. 2007) 
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M87 - “Red and Dead” Elliptical M81 - “Blue and Star-forming” Spiral

T > 500,000 - million °KT > 2-3 million °K

Gas Halos and Galaxy Bimodality



In our 42 survey galaxies, we find that O VI 
reflects the bimodality of galaxies at large, with 

blue galaxies possessing O VI halos and red 
galaxies far less. 

O VI presence and strength appears closely 
related to star formation. 

This correlation exists even out to 150 kpc. 

Somehow, the extended gaseous halos are 
“aware” of star formation within < 10 kpc. 

A Wayside



Star Forming Galaxy Halos: Lots of Oxygen Mass!

MOVI = πR2 NOVI 16mH M⊙ 

. . . then apply ionization correction fOVI. . . 

MOxygen = 1.2 x 107 (0.2/fOVI) M⊙ 

Mgas = 2 x 109 (Z⊙/Z) (0.2/fOVI) M⊙

R = 150 kpc

HM01 Background+CIE



Star Forming Galaxy Halos: Lots of Oxygen Mass!

A lot of gas too: Mgas = 2 x 109 (Z⊙/Z) (0.2/fOVI) M⊙

The minimum CGM oxygen 
mass, because the 

ionization correction fOVI  > 0.2. 

Tumlinson+11 plot by Molly Peeples

MOxygen = 1.2 x 107 (0.2/fOVI) M⊙ 

Green band = ISM oxygen 
masses for this sample 

(assuming mean gas fraction)  

Yellow band = 

Mhalo x Ωb x (O/H)⊙

(an obvious extreme!)



(Almost) As Much Oxygen in the CGM as in the ISM!

Text

ISM Oxygen from 
mass-metallicity relation
(Peeples & Shankar, arXiv: 1007.3743)
NB: our sample galaxies are on this relation. 

MOxygen = 1.4 x 107 fhit (0.2/fOVI) M⊙ 

Tumlinson+11 plot by Molly Peeples

Our survey has detected at least 10 - 100 % of the mass in metals that 
needs to have been ejected to maintain the mass-metallicity relation, 

and MORE as fOVI declines!
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>70%

>10%

These ratios are for the 
most conservative ionization 
correction fOVI = 0.2. Could 

easily be 10x higher!

Our survey has detected at least 10 - 100 % of the mass in metals that 
needs to have been ejected to maintain the mass-metallicity relation, 

and MORE as fOVI declines!



The large oxygen mass in the ionized halos of galaxies implies at 
least 1 Gyr worth of star formation and oxygen yield, efficiently 

transported out to > 150 kpc. 

All sample.

Impact Parameter [kpc]

O VI in “Galactic Superwinds”?



Tripp et al. 2011
Science, in press

PG1206+459 z = 0.93
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A wind caught in the act
Ten multiphase components, with ions 

ranging from Mg II (104 K) to Ne VIII (106 K).

Cold gas can be photoionized by the 
extragalactic (HM) background. 

The hot gas is probably collisionally ionized, 
but closely tracks components in the colder 

material. 

Total wind mass 108 - 109 M⊙ inferred from 
ionization modeling and a shell geometry.

Tripp et al. 2011
Science, in press

PG1206+459 z = 0.93



STScI

So about that accretion?

We can look for accreting, low metallicity steams via H or metal lines.

16 Fumagalli et al.

Figure 12. Metallicity in the optically thick gas of MW3 at z = 2.3,
weighted by hydrogen column density. Top: galaxies and streams. Bottom:
streams alone. The black and white contours denote log(NHI/cm!2) =
17.2 and log(NHI/cm!2) = 20.3 respectively. A metallicity gradient is
visible. Gas in and around galaxies is more enriched than in the streams
alone.

Here, a = !/(4"!#D), u = (# ! #l)/!#D , y = v/b and
!#D = (#0b)/c. In the above equations, b2 = (2kT/mX + $2)
is the broadening parameter given by that gas temperature and el-
ement mass, ! is the sum over the spontaneous emission coeffi-
cients, # is the observed spectral frequency, and $ = 10 km/s the
turbulent velocity. We assume the central galaxy is at zero velocity
(corresponding to the rest-frame frequency #0) and we compute for
each gas cell the line center frequency #l corrected for the gas ve-
locity along the line of sight. We integrate Equation (14) using the
formalism provided in Zaghloul (2007).

All the spectra are computed at a resolution of 4 km/s. For
Ly%, we assume f = 0.4164 and ! = 6.265"108. For Si II&1260,
we use f = 1.007, and ! = 2.533 " 109 and we derive the Si II
density from the neutral hydrogen density and metallicity, assum-
ing log(Si/H)" + 12 = 7.51 (Asplund et al. 2009). To compen-
sate for the different ionization potential of silicon and hydrogen,
we boost the Si II volume density by a factor of 10 in cells with
xHI < 0.1. The amplitude of this boost depends on the gas and ra-
diation field properties, but it will become clear from our analysis
that a variation of several order of magnitudes in the Si II column
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Figure 13. Distribution of metallicity, column density weighted, in the en-
tire sample for DLAs (red dashed line), SLLSs (green dotted line) and LLSs
(blue dot-dashed line). Also shown are the streams alone (black solid line)
and satellites without centrals (orange long dashed line). The smooth stream
component is more metal poor than the galaxies, with typical Z ! 0.01Z" .
However, gas in streams is not pristine, but already enriched by previous
episodes of star formation.

density is necessary to significantly alter our results. In this simple
model, we also neglect Si II recombination at low temperature and
a lower collisional rate in shielded regions. These effects alter the
Si II column density, but only in regions of small covering factor
with minor consequences on the average absorption lines. A com-
plete analysis of metal lines requires the inclusion of collisional
ionization and photoionization, which is beyond the scope of this
paper.

6.2 Metallicity

The metal enrichment of the gas may help distinguish between
gas that is accreting from the cosmic web and the more enriched
material that is located in proximity to a galaxy or is outflowing
from regions with intense star formation. Production and diffu-
sion of metals is known to be problematic in numerical simula-
tions (Wadsley et al. 2008), but the AMR code used for our sim-
ulations should minimize problems of metal transport typical of
SPH simulations (but see Shen et al. 2010). Caution is advised in
generalizing these comparisons of metallicity between our simu-
lations and observations because our current simulations are lim-
ited to supernova-driven winds which do not reproduce outflows
as massive as suggested by some observations (e.g. Steidel et al.
2010), and also because the specific IMF Miller & Scalo (1979) is
assumed in the simulations.

In Figure 12, the column density weighted metallicity in solar
units (Z" = 0.0134; Asplund et al. 2009) for a projection of MW3
at z # 2.3 is shown. On the top, we display metals in both streams
and galaxies for optically thick gas; on the bottom, we present the
metallicity in the streams alone. Contours are for NHI = 1.6 "
1017 cm!2(black line) and NHI = 2 " 1020 cm!2(white line). A
spatial gradient in metallicity is visible. DLA gas inside the main
galaxy and satellites is significantly enriched, with values close to
1/10 solar (in reasonable agreement with DLA observations; e.g.
Prochaska et al. 2003). The fraction of metals decreases moving
far from the central disks and at lower column densities. The bulk
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component is more metal poor than the galaxies, with typical Z ! 0.01Z" .
However, gas in streams is not pristine, but already enriched by previous
episodes of star formation.

density is necessary to significantly alter our results. In this simple
model, we also neglect Si II recombination at low temperature and
a lower collisional rate in shielded regions. These effects alter the
Si II column density, but only in regions of small covering factor
with minor consequences on the average absorption lines. A com-
plete analysis of metal lines requires the inclusion of collisional
ionization and photoionization, which is beyond the scope of this
paper.

6.2 Metallicity

The metal enrichment of the gas may help distinguish between
gas that is accreting from the cosmic web and the more enriched
material that is located in proximity to a galaxy or is outflowing
from regions with intense star formation. Production and diffu-
sion of metals is known to be problematic in numerical simula-
tions (Wadsley et al. 2008), but the AMR code used for our sim-
ulations should minimize problems of metal transport typical of
SPH simulations (but see Shen et al. 2010). Caution is advised in
generalizing these comparisons of metallicity between our simu-
lations and observations because our current simulations are lim-
ited to supernova-driven winds which do not reproduce outflows
as massive as suggested by some observations (e.g. Steidel et al.
2010), and also because the specific IMF Miller & Scalo (1979) is
assumed in the simulations.

In Figure 12, the column density weighted metallicity in solar
units (Z" = 0.0134; Asplund et al. 2009) for a projection of MW3
at z # 2.3 is shown. On the top, we display metals in both streams
and galaxies for optically thick gas; on the bottom, we present the
metallicity in the streams alone. Contours are for NHI = 1.6 "
1017 cm!2(black line) and NHI = 2 " 1020 cm!2(white line). A
spatial gradient in metallicity is visible. DLA gas inside the main
galaxy and satellites is significantly enriched, with values close to
1/10 solar (in reasonable agreement with DLA observations; e.g.
Prochaska et al. 2003). The fraction of metals decreases moving
far from the central disks and at lower column densities. The bulk

Fumagalli et al. (2011)



Thom et al. (2011)Cold Accretion at z = 0.35 
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More Cold Accretion - a Lyman limit system at 37 kpc 

LLSs and Infall 5

Fig. 4.— The top panel shows the Cloudy-predicted column den-
sities as a function of ionization parameter for the strong compo-
nent with the metallicity of the gas set to [Mg/H]= !1.71. The
bold portions of the curves show where the model column densi-
ties are consistent with the observations. The green band shows
the range of ionization parameter for which the models are consis-
tent with our observations. The lower panel shows the metallicities
and ionization parameters consistent with the observed columns of
the Si and Mg ions. The overlap of these near [X/H]= !1.7 and
logU = !3 to !2.5 is the region allowed by these constraints. The
Mg II region includes the uncertainties in H I since these directly
a!ect the [X/H] measurements. The detection of Mg II absorption
is crucial for determining the metallicity to better than a factor of
" 3.

D560 dichroic with the 600/4000 grism (blue side) and
600/7500 grating (red side). This gave spectral coverage
between 3000 to 5500 Å (blue side) and 5600 to 8200
Å (red side). On the blue side, binning the data 2 ! 2
resulted in a dispersion of 1.2 Å per pixel and a reso-
lution of R" 1070 (FWHM"280 km s!1). On the red
side, the data were binned 2 ! 1, resulting in a disper-
sion of 2.3 Å per pixel and a resolution of "200 km s!1.
For strong nebular emission lines from the galaxies we
achieved S/N# 10 pixel!1 with exposure times of 1!900
s in the blue and 2! 410 s in the red.
The data reduction and calibration (see Werk et al.

2011) were carried out using the LowRedux10 IDL soft-
ware package, which includes flat fielding to correct for
pixel-to-pixel response variations and larger scale illumi-

10 http://www.ucolick.org/"xavier/LowRedux/index.html

nation variations, wavelength calibration, sky subtrac-
tion, and flux calibration using the spectrophotometric
standard star G191-B2B. We also applied a flux cor-
rection to the spectra using SDSS photometry to en-
sure the flux calibrations of the red and blue side spec-
tra were consistent and to correct for light losses in
the 1"" slit. To do this we convolved the LRIS spec-
tra with SDSS ugriz filter response curves using the
IDL code “spec2mag” (see da Silva et al. 2011). We
then compared the spectrally-determined apparent mag-
nitudes with the SDSS catalog apparent magnitudes (see
Werk et al. 2011) to derive the correction. We corrected
the spectra for foreground Galactic reddening using the
maps of Schlegel et al. (1998) and assume an intrinsic ra-
tio of H! to H" of 2.86 to correct for internal reddening,
which corresponds to case B recombination at an e!ec-
tive temperature of 10,000 K and electron density of 100
cm !3 (Hummer & Storey 1987).
We determined the galaxy redshifts by fitting tem-

plate spectra to the LRIS spectra using a modified ver-
sion of the SDSS zfind code. Systematic e!ects (e.g.,
wavelength calibration) dominate the errors, limiting the
accuracy of our measurements to " 25 km s!1. We
eliminate one of the candidate hosts (83 19)11 due to
its low redshift (z " 0.174). The other two galaxies
have redshifts similar to that of the LLS (see Figure 1)
at impact parameters12 of 37 kpc (296 9) and 140 kpc
(75 36). However, the velocity of 75 36 relative to the ab-
sorber is likely too high for it to be the associated galaxy:
"v75 36 $ vabs % vgal = %925 km s!1. The velocity sep-
aration between 296 9 and the LLS is "v296 9 = %26
km s!1. We identify this galaxy as associated with the
LLS. There are a number of other galaxies in the field
without spectroscopic redshifts. However, the identifi-
cation of the LLS with 296 9 is secure for the following
reasons. Most importantly, the velocity separation be-
tween the absorber and this galaxy is extremely small.
It is very unlikely for such a small velocity o!set to occur
randomly. At the very least, the absorber is associated
with the environment with which 269 9 is associated. In
addition, all of the galaxies nearer to the QSO sight line
than the candidate host are extremely faint with very
small angular diameters, consistent with their being high
redshift background systems.
We use the observed H! luminosity of 269 9 with the

Calzetti et al. (2010) relationship to estimate a star for-
mation rate of this galaxy, deriving SFR296 9 = 1.5 M#

yr!1. The stellar mass of 296 9 is M! " 2 ! 109M#,
derived from SDSS photometry. We determined the
oxygen abundance using the R23 metallicity indicator
(Pagel et al. 1979) as calibrated by McGaugh (1991). We
derive an abundance for 296 9 of [O/H] = %0.20± 0.15.
This estimate places the object near the convergence of
the two branches of the R23 diagnostic, thus the system-
atic errors due to the degeneracy in metallicities associ-
ated with the strong line method are small compared to
the factor of 30 di!erence in metallicities seen between

11 The first number in this notation gives the direction in degrees
of the galaxy north of east from this QSO line of sight. The second
number is the angular distance in arcseconds to the galaxy from
the line of sight.

12 In this paper we assume H0 = 72 km s!1 Mpc!1, "m = 0.27,
and "! = 0.73.

LLSs and Infall 3

Fig. 2.— Plots of absorption lines as a function of velocity centered on the LLS at z =0.27395. The H I Lyman series is shown on the
left-hand side, while the right-hand side shows the metal ions. The dashed lines show the low ion integration limits adopted for the strong
([!105,+25] km s!1) and weak components ([+25,+135] km s!1). We do not detect C II, Si II, or Si IV in either component. The O VI
!1031 is largely contaminated by another unrelated absorber and is not reproduced here. Gray portions of the spectra are absorption from
unrelated absorbers. Note the scale of the panels showing the Mg II lines are set to a di!erent scale than the rest of the panels.

Lyman series lines provide a good estimate of the H I col-
umn density. We find logN(H I) = 16.30± 0.02 for the
weak component. The column density of the strong com-
ponent is the di!erence between the total and weak com-
ponent column densities, logN(H I) = 16.98±0.06. As a
consistency check, we have also fitted the H I absorption
profiles with a two component model, wherein a model
absorption profile is convolved with the COS instrumen-
tal spread function to determine the best fit values of the
central velocities, column densities, and Doppler param-
eters of the two assumed components. The columns de-
rived from such profile fitting models are consistent with
the integrated values, while the b-values for both compo-
nents are about 30 km s!1. We emphasize, however, that
the results from profile fitting depend upon the assumed
component structure of the gas. While we have assumed
a two component model, each is quite likely made up of
several blended absorbing components.
To determine the metallicity and physical conditions

of the strong component, we model its ionization using
Cloudy (v08.01, Ferland et al. 1998). We assume the gas
is photoionized, modeling it as a uniform slab in thermal
and ionization equilibrium. We illuminate the slab with
the Haardt & Madau (2011) background radiation field
from quasars and galaxies. We vary the ionization pa-
rameter, U = n!/nH , and metallicity of the gas (assum-

ing solar relative abundances from Asplund et al. (2009))
to match the observed column density constraints (Ta-
ble 1).
We summarize the results of the Cloudy simulations

for the strong component in Figure 4. The ionization
parameter is very well constrained by the adjacent ion-
ization states of Si and C, while the metallicity of the
gas is fixed mostly by Mg II. The observed column den-
sities are reproduced for models with an ionization pa-
rameter logU = !2.80 ± 0.30, which is represented by
the green shaded region in the upper panel. This logU
gives a metallicity of [Mg/H] = !1.71 ± 0.06. For this
range of logU the gas is almost completely ionized, with
a neutral hydrogen fraction, X(H I) = N(HI)/N(H) "
0.001 ! 0.004. The particle density in these models
is nH " 0.001 ! 0.003 cm!3, the total H column is
logN(H) " 19.6, the physical size of the absorbing cloud
is L = NH/nH "2–25 kpc, and the temperature of the
gas is predicted to be T " (2 ! 4) # 104 K. This tem-
perature is consistent with the component fitting where
b(HI) " 30 km s!1 which implies a temperature of
" 3#104 K. We note that the ionization state of this gas
is unusually well constrained by the lack of either Si II
or Si IV absorption and the presence of strong Si III.
The intermediate and low ions in the weak compo-

nent can be described by similar photoionization mod-

2 Ribaudo et al.
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Fig. 1.— A small section of a 2.5 ks LBT g-band image of the PG1630+377 field (left). The dashed circle shows a 100 kpc radius (! 25!!)
about the QSO at z = 0.274. The host galaxy candidate is labeled 296 9 and is a projected 37 kpc from the QSO line of sight (marked
with a +). Other galaxies in the field with spectroscopic redshifts are noted. Foreground stars are marked with a star symbol. The LRIS
spectrum of galaxy 296 9 (upper right) shows the emission lines characteristic of a star forming galaxy. A portion of the COS spectrum
of PG1630+377 (lower right) shows the LLS located at z =0.27395 and the Lyman series lines leading up to the break. The H I column
density of the LLS (logN(H I) = 17.06± 0.05) was calculated by comparing the estimated unabsorbed continuum flux (upper dashed line)
and the estimated mean absorbed flux (lower dashed line).

strained (Chen & Prochaska 2000; Jenkins et al. 2005;
Tripp et al. 2005; Prochaska et al. 2006; Cooksey et al.
2008; Lehner et al. 2009; Tumlinson et al. 2011). To un-
derstand the implications for the statistical evolution of
LLSs in the context of galaxy evolution it is necessary to
better understand the gas-galaxy relationship, including
the frequency with which LLSs trace infall onto versus
outflows from galaxies.
Here we use observations from the Cosmic Origins

Spectrograph (COS), with additional ground-based spec-
troscopic and imaging observations, to analyze a LLS at
z ! 0.274 along the sight line to the UV-bright QSO
PG1630+377 (zem = 1.476). We demonstrate the LLS
has low metallicity (§ 2) and use Large Binocular Tele-
scope (LBT) imaging and Keck spectroscopy of galaxies
in the QSO field to identify a near-solar metallicity, 0.3
L! galaxy at virtually the same redshift (§ 3). We discuss
this gas in the context of cold mode accretion models in
§ 4 and summarize our results in § 5.

2. ABSORPTION FROM THE LOW METALLICITY LYMAN
LIMIT SYSTEM

The UV spectra of PG1630+377 were obtained with
COS on-board the Hubble Space Telescope (PID 11741,
PI Tripp) using the G130M (1150–1450 Å) and G160M
(1405–1775 Å) gratings. The exposure times for these
two configurations were 23.0 and 14.3 ks, respectively,
giving S/N up to 30–40 per resolution element at unab-
sorbed wavelengths. The excellent quality of the UV
spectra is displayed in Figures 1 and 2. The data
were processed using CALCOS (v2.11b) and coadded
following Meiring et al. (2011). The lower-right panel
of Figure 1 shows a small portion of the spectrum ob-
tained from COS, highlighting the presence of a LLS at
z ! 0.274. Optical spectra were obtained with HIRES
at the Keck Observatory on 26 March 2010 and cover
Mg II !!2796, 2803 at z ! 0.274. We acquired 3 HIRES

exposures totaling 2.2 ks under good conditions with the
blue cross-disperser, the C1 decker (0.86"" width giving
FWHM " 6 km s#1), and the CCD mosaic. The data
were processed using HIRedux in IDL.8

Figure 2 shows the normalized absorption profiles of
H I (left panels) and metal ions (right panels) as a func-
tion of velocity relative to zabs = 0.27395, the centroid
of Mg II absorption. At v = 0 km s#1 we detect H I,
C III, Si III, weak Mg II absorption (Wr(2796) = 59± 4
mÅ), and possibly O VI. We refer to this as the strong
component9 due to the strength of the H I absorption.
Near v = +50 km s#1 (z = 0.27416) we detect H I, C III,
Si III, and O VI, but no Mg II. We refer to this as the
weak component. In Figure 3 we show the apparent col-
umn density profiles, Na(v) (Savage & Sembach 1991),
of selected species. This figure demonstrates that the
O VI follows the intermediate ion Si III and H I in the
weak component well and that all of the observed O VI

could be due to the weak component.
The column densities and limits for selected species can

be found in Table 1. We determine the column densities
of metal ions by integrating theirNa(v) profiles. For non-
detections, we quote 3" limits following Lehner et al.
(2008). From the flux decrement at the Lyman limit,
we measure the total optical depth of the system to be
#LLS = 0.73 ± 0.08 (see Figure 1), implying a total H I

column density logN(H I) = 17.06 ± 0.05 (see Spitzer
1978). We determine the H I column density of the weak
component by integrating the Na(v) profiles of the weak,
unsaturated Lyman series lines. The top panel in Fig-
ure 3 shows the constrast in the saturation e!ect between
the two components: for the weak component, the weak

8 http://www.ucolick.org/!xavier/HIRedux/index.html
9 Though we use the term components, the reader should

be aware each is likely an unresolved blend of multiple sub-
components or “clouds.”

Ribaudo, Lehner, Howk, et al. (2011)

[Z/H] = -1.7 ± 0.1
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Figure 2: Aitoff projection Galactic (longitude, latitude) map of the survey directions for the stellar
sample (circles) and extragalactic sample (square). A colored circle/square indicates an HVC in the
foreground of the star/AGN while blank circle/square implies no HVC along the stellar/AGN sightline.
The velocity value is color coded following the horizontal color bar. The positive and negative numbers
indicate the z-height (in kpc) of the stars. The squares with a X are HVCs where H I 21-cm LAB
emission is present at similar velocities seen in absorption. A S near a square indicates a sightline that
passes through the Magellanic Stream.
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Ionized Accretion into the Milky Way

Most accreting ionized gas is within ~ 10 kpc of Sun
accounts for 0.8 - 1.4 M⊙ yr of mass added to disk, 

which can balance the star formation!

Lehner & Howk 2011 
Science, in press



Recycled winds

Metal-poor accretion
from IGM

A hi-fidelity rendering. . . 

Contains much of the metals 
ever produced in the galaxy...

Low metallicity gas falling in, but 
pretty small contribution at low 

redshift.
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COS-Halos has mapped hot ionized gas in ~L* galaxy halos: 

1. Highly ionized gas is as common in star-forming galaxy halos as in the Milky Way. 
90% covering fraction out to 150 kpc, but only 33% for passive galaxies. 

2.  The dichotomy of galaxy mass/SFR appears directly in their gaseous halos.  
Halo gas at > 100 kpc bears some relation to star formation (not just stellar mass). 

3. The ionized halos of star-forming galaxies contain > 107 M⊙ of oxygen and >109 M⊙ of gas.
These oxygen masses are comparable to a
whole galaxy’s ISM and require 109 M⊙ of
star formation over ~1 Gyr. Outflows!?

4. Both metal-enriched and metal-poor infall is
detected, but it’s hard to find. 

The metal-rich component could be recycled
winds, while the metal-poor gas is IGM. 

5. “Superwinds” have been caught in the act!



Unfinished business: COS-Dwarfs
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The End

Thanks!


