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Abstract

The Cosmic Origins Spectrograph Guaranteed Time Observers (COS 
GTOs) have expended 80 HST orbits to investigate the mass, extent, 
metallicity, and kinematics of the "circumgalactic medium" (CGM) of 
low-z late-type galaxies.  We present results from our studies of 13 
very low-redshift QSO/galaxy pairs targeted by the COS GTOs, as 
well as 32 serendipitous QSO/galaxy pairs from the STIS archive, 
focusing on the extent and content of a galaxy's CGM as a function of 
galaxy luminosity.  We use photoionization modeling of individual 
CGM clouds to ascertain that the CGM of low-z galaxies contains a 
large collection of warm, photoionized clouds with a total mass of       
∼ 108 M⊙.  These clouds are likely embedded in a hot diffuse halo, 
which itself has a mass of ∼ 109 M⊙ (~ 30% of the stellar mass in these 
systems).  The combination of this hot and warm gas could account for 
a few percent of the cosmic baryon budget if present around all late-
type galaxies.
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Targeted QSO/Galaxy Pairs

A portion of the orbits allocated to the COS GTOs were used to target 
background QSOs located close on the sky to foreground galaxies.  
These targeted associations predominantly probe very low-redshift    
(z < 0.01), low-luminosity (L < 0.5 L*) galaxies at small impact 
parameters (ρ < 100 kpc).  Some of our targeted QSO/galaxy pairs are 
shown in Figure 1.  

To aid in distinguishing absorption from a galaxy’s CGM from 
absorption originating in the surrounding intergalactic medium 
(IGM), we define a galaxy’s virial radius following the prescription of 
Prochaska et al. (2011, ApJ, 740, 91):

Rvir = 250 (L/L*)0.2 kpc                                       (1)
Theoretical models suggest that the CGM extends to ∼ Rvir.  Our 
targeted QSOs probe their nearby galaxies primarily at ρ < 0.6 Rvir.

The spectra obtained as part of this program have a signal-to-noise of 
15-20 per resolution element (vres ≈ 18 km s−1) throughout the COS 
FUV bandpass (∼ 1135-1800 Å).  We detect H I Lyα absorption at the 
galaxy redshift for all of our targeted QSO/galaxy pairs, and 
associated metal-line absorption for ∼ 75% (10/13) of them. This large 
covering fraction of CGM gas does not require a large volume filling 
factor; a galaxy can accommodate many small clouds without 
“shadowing”.  Photoionization models of  individual CGM clouds 
(e.g., Keeney et al. 2012, ApJ, submitted) detected in our targeted 
survey consistently show them to have total hydrogen columns of       
∼ 1019 cm−2, temperatures of ∼ 15000 K, densities of ∼ 10−4 cm−3,  and 
metallicities comparable to the galaxy’s.  Each galaxy hosts an 
ensemble of these small, photoionized clouds, totaling ∼ 108 M⊙, 

embedded in a hot diffuse halo that is ten times more massive.

The Merged Catalog

The best serendipitous CGM absorber candidates are the 32 QSO/
galaxy pairs with ρ < 1.25 Rvir.  These serendipitous associations 
predominantly probe higher redshift (z ∼ 0.1), higher luminosity (L > 
0.5 L*) galaxies at larger impact parameters (ρ > 100 kpc) than our 
targeted associations.  Thus, the merged catalog of targeted and 
serendipitous CGM absorbers is well-sampled in both L and ρ. 

The top panel of Figure 4 shows that metal-enriched absorbers have 
absorber-galaxy velocity differences of Δv < 200 km s−1 and are mostly 
projected within ∼ 150 kpc of the nearest galaxy.  This conclusion is not 
likely to be the result of ionization effects since we have ignored O VI 
absorbers, which our targeted sample is largely insensitive to given 
the available spectral coverage, for the purposes of these plots.  If we 
identify the metal-bearing absorbers as directly related to the nearby 
galaxy in some way (outflowing wind or galactic “fountain” material) 
then the metal-free absorbers are either infalling intergalactic clouds or 
projected IGM absorbers in an associated galaxy filament.

The bottom panel of Figure 4 is a more theoretical version of the top 
panel, displaying |Δv|/vesc as a function of ρ/Rvir.  This 
representation of the data removes the luminosity dependence to first 
order but introduces a partial correlation between the two coordinates.  
Both axes of this plot are strict lower limits, since a projected quantity 
is divided by a three-dimensional one in each case.  Additionally, the 
escape velocity is an upper limit since it is evaluated at R = ρ, which 
acts to further lower the plotted values of |Δv|/vesc.  Therefore, we 
expect all absorbers with |Δv|/vesc > 1 and many absorbers with         
|Δv|/vesc ∼ 1 to have sufficient velocity to escape if they are outflowing 
from the nearest galaxy.

Serendipitous Absorber/Galaxy Associations

We define a “serendipitous” sample of absorber-galaxy associations by 
cross-correlating the ∼ 350 Lyα absorbers from Danforth & Shull (2008, 
ApJ, 679, 194) having z < 0.2 and NH I ≥ 1013 cm−2 with a database of     
> 1.6 million galaxy positions, magnitudes, and redshifts that was last 
described in Stocke et al. (2006, ApJ, 641, 217).  Using a “retarded 
Hubble flow” model with vret = 400 km s−1, we find ∼ 1350 galaxies 
located within 1 Mpc of an absorber.  Only galaxies with luminosities 
greater than the surrounding galaxy redshift survey completeness 
limit are considered, and ∼ 50% of absorbers located in regions 
complete to L < L* have galaxies within 1 Mpc.

Most absorbers are found > 2 Rvir from the nearest bright galaxy and so 
are classified as IGM rather than CGM absorbers.  Only ∼ 5% of the 
absorbers are found close enough to a galaxy to sample its CGM.  
Figure 2 shows that there is a noticeable difference between the 
column densities of CGM and IGM absorbers.  Over half of all CGM 
absorbers come from the highest column density bin, even though the 
lower column density bins have ∼ 3 times more absorbers between 
them.  Interestingly, we find do not find a similar distinction in the 
luminosity of galaxies associated with CGM and IGM absorbers.

Figure 3 shows the covering fraction of Lyα-absorbing gas as a 
function of absorber-galaxy distance for three different luminosity 
bins.  The covering fraction is defined to be the fraction of all galaxies 
with impact parameters in a given radial bin that have associated Lyα 
absorption.  Given our small-number statistics, we find no significant 
dependence of covering fraction on galaxy luminosity.

Figure 1:  Images of QSO/galaxy pairs targeted by the COS GTOs.  The grayscale image 
shows the edge-on spiral galaxy ESO 157−49, whose CGM is probed by three QSOs, as well as 
a second edge-on spiral whose CGM is probed by one of the QSO sight lines (see Keeney et al. 
2012).   The color images are SDSS five-color images of (clockwise from top):  SBS 1122+594 / 

IC 691, SBS 1108+560 / M 108, PG 0832+251 / NGC 2611, and VII Zw 244 / UGC 4527.  The 
QSO spectra show H I Lyα and metal-line absorption associated with each of these galaxies 
(Stocke et al., in prep).

Figure 3:  Covering fraction of H I Lyα gas as a function of absorber-galaxy distance for three 
luminosity bins, determined from our serendipitous sample of absorber-galaxy associations.  
Symbols and solid lines show the covering fraction values and trends, and the shaded regions 
show the ± 1σ covering fraction errors and radial bin sizes. The covering fraction is high        
(> 50%) within one virial radius, slowly declines with increasing absorber-galaxy distance, 
and shows little dependence on galaxy luminosity (Stocke et al., in prep).

Figure 4:  Observed (top panel) and theoretical (bottom panel) parameters for the merged 
catalog of targeted (squares) and serendipitous (circles) CGM absorbers.  Metal-line absorbers 
are shown in red, and metal-free absorbers are shown in white.  Absorbers with questionable 
metal content due to poor signal-to-noise QSO spectra or insufficient spectral coverage are 
indicated by question marks.  Symbol size is proportional to galaxy luminosity.  Metal-line 
absorbers tend to be located closer to galaxies and have a smaller absorber-galaxy velocity 
difference than metal-free absorbers (Stocke et al., in prep).

Figure 2:  The cumulative distribution function (CDF) of absorber-galaxy associations in our 
serendipitous sample as a function of absorber-galaxy separation.  CDFs are shown for 
several H I column density ranges, with the highest column density bin having a much larger 
fraction of CGM absorbers than the lower column density bins (Stocke et al., in prep).
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