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• Basics of the IGM
‣ Definitions
‣ Diagnostics

• Where are we?
‣ HST (mainly pre-COS)
‣ FUSE, GALEX

• What are the open questions?
‣ Science driven

• Where will we be in 5 years?
‣ HST/COS

• What will the future bring?
‣ UV focused, of course

2

Outline

The focus here will be empirical
Others will present the theoretical side
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The Intergalactic Medium (IGM)

Non-Expert:   Any absorption lines in QSO spectra

a.k.a:   The “Cosmic Web”
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The Intergalactic Medium (IGM)

Non-Expert:  Everything outside of the Interstellar Medium

Non-Expert:   Any absorption lines in QSO spectra

a.k.a:   The “Cosmic Web”

X-ray Cluster Crowd:  Everything outside of the ICM
                                 Or is it the ICM??
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The Intergalactic Medium (IGM)

A Strict(er) Definition:  The diffuse and highly ionized gas 
that permeates the volume between galaxies.

a.k.a:   The “Cosmic Web”
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Defining the IGM (and its cousins)
Part of the challenge in studying the IGM lies in 

confusion over its definition(s)

Hot HaloWHIM

CondensedDiffuse

Dave+ 10
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The Interstellar Medium (ISM)

ISM:  The gas, metals, and dust that fill the space 
between stars in a galaxy.

T < 104 K

δρ/ρ > 103

ΔR < 10 kpc
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The Interstellar Medium (ISM)

ISM:  The gas, metals, and dust that fill the space 
between stars in a galaxy.

T < 104 K

δρ/ρ > 103

ΔR < 10 kpc

What about the WIM?
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The Circumgalactic Medium (CGM)

CGM:  The gas, metals, and dust that fills the space 
in (and around) a dark matter halo.

Simulated Gaseous Halos 3

star formation and feedback:

• we use the more common Chabrier (2003) IMF
which creates more massive stars for a given stellar
mass;

• the star formation density threshold is increased to
9.3 cm!3;

• the energy input from supernovae is increased to
1051 ergs;

• we include energy from radiation released by the
massive young stars before they explode as super-
novae.

Radiation pressure from massive stars can have signif-
icant e!ects on the scales that are resolved in our simu-
lations (Nath & Silk 2009; Murray et al. 2011). Massive
stars typically produce 1050 ergs of energy per M",
yet this couples only weakly to the ISM (Freyer et al.
2006). To mimic this ine"ciency, we inject a fraction
of the energy as thermal energy in the surrounding gas,
and do not turn o! cooling (for details see Brook et al.
2011b). Such thermal energy injection is highly ine"-
cient at the spatial and temporal resolution of cosmo-
logical simulations, and is rapidly radiated away(Katz
1992) This feedback is even less e"cient at low resolu-
tion. Following a parameter search designed to match
the stellar mass - halo mass resolution from halo
abundance matching (Moster et al. 2010), we in-
ject 17.5% of radiation pressure to the surrounding gas
as thermal energy in the lower resolution (HM) simula-
tion, but only 10% in the higher resolution runs(LM).
The overall coupling of energy to the ISM is minimal,
but su"cient to reduce star formation in the region im-
mediately surrounding a recently formed star particle.
HM LF and HM MF use the same initial conditions

and each simulated galaxy has an absolute V -band mag-
nitude MV ! "20.8 implying a luminosity L ! 0.8L#.
This is somewhat surprising given that the two runs yield
very di!erent stellar masses for the galaxy; this di!er-
ence is compensated by the fact that each galaxy fol-
lows a very di!erent star formation history (see Figure
7) such that the di!erent stellar ages result in compa-
rable V-band luminosity, but B " V colours of 0.37 for
HM MF and 0.55 for HM LF. HM MF was analysed in
Macciò et al. (2012). LM LF and LM MF use di!erent
initial conditions of similar halo mass. They are selected
because each has MV ! "19. The LM LF initial condi-
tions run with MaGICC feedback have MV ! "16.2.
To summarize the internal properties of the galaxies,
the lower feedback galaxies su!er from the problems of
angular momentum loss that have long plagued galaxy
formation simulations: dense central stellar bulges, cen-
trally peaked rotation curves, dark matter cusps and too
many stars relative to halo mass compared to observa-
tions. The MaGICC feedback simulations result in galax-
ies which match the stellar mass-halo mass relation, have
slowly rising rotation curves, and dark matter cores. The
MaGICC feedback simulations provide significantly bet-
ter matches to internal properties of observed disc galax-
ies.

Figure 1. Column density maps of HI (top) and OVI (bottom)
of the low (left) and high (right) feedback simulations. The maps
are all aligned so that the discs of the galaxies are edge on to
the viewer. The results on scales greater than 10 kpc are
relatively independent of viewing angle.

3. RESULTS

To study the CGM properties of the simulated galaxies,
we find the galaxy using the Amiga Halo Finder (Knoll-
mann & Knebe 2009) and define its center and systemic
velocity by the position and velocity of the particle with
the lowest potential. We may then sample the CGM at a
range of impact parameters !. To generate surface den-
sity maps of the CGM, we sum each box over 1 Mpc
along the line of sight. The maximum velocity of the
material in the box is |"v| < 200 km s!1. To estimate the
specific column densities of HI and OVI, we must esti-
mate the ionization state of the gas along each sightline.
Under equilibrium conditions, which we assume apply,
the ionization state is determined by the incident radi-
ation field (photoionization) and temperature of the gas
(collisional ionization). A proper handling of radiative
transfer e!ects are beyond the scope of this present pa-
per. Instead, we examine the simulations in regions ex-
pected to correspond to optically thin material, i.e. where
the HI column density is low because the gas is expected
to be highly ionized.
We calculated the ionization states for hydrogen and

oxygen throughout the zoomed region assuming optically
thin conditions and the Haardt & Madau (2011) UV radi-
ation field evaluated at z = 0. With the Cloudy software
package (v10.0) last described in Ferland et al. (1998),
we generated a suite of models varying the density, tem-
perature, and metallicity of the medium and used the
output to find the OVI and HI fractions for all the gas
in the simulation.
In Figure 1 we present column density maps for HI

and OVI for the LF and MF runs of galaxy HM. Both
simulations predict a CGM extending to at least 100 kpc
traced by cool HI gas and the more highly ionized OVI
gas. Figure 2 presents three phase-diagrams of the CGM
material in each galaxy. The top phase diagrams include
the total halo gas mass in the simulations. The middle

Stinson+11

T = 104 - 106 K

δρ/ρ = 10 - 103

ΔR = 10 - 300 kpc

Chynnoweth+08
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The Circumgalactic Medium (CGM)

CGM:  The gas, metals, and dust that fills the space 
in (and around) a dark matter halo.

Should we require E<0 (i.e. bound)?

Simulated Gaseous Halos 3

star formation and feedback:

• we use the more common Chabrier (2003) IMF
which creates more massive stars for a given stellar
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• the star formation density threshold is increased to
9.3 cm!3;
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The Intracluster Medium (ICM)

ICM:  The gas, metals, and dust that fills the space 
between galaxies in a cluster.

T  > 106 K

δρ/ρ = 10 -103

ΔR = 0.1 - 1 Mpc
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The Intracluster Medium (ICM)

ICM:  The gas, metals, and dust that fills the space 
between galaxies in a cluster.

T  > 106 K

δρ/ρ = 10 -103

ΔR = 0.1 - 1 Mpc

Is the CGM of a BCG actually the ICM??
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The Intergalactic Medium (IGM)

T  < 105 K

δρ/ρ < 10

ΔR > 300 kpc

IGM:  The diffuse and highly ionized gas that permeates 
the volume between (and far from) galaxies.

Norman+10
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The Warm-Hot Ionized Medium (WHIM)

T  > 105 K

δρ/ρ < 10

ΔR > 1 Mpc

WHIM:  The heated and highly ionized gas that 
permeates the volume between (and far from) galaxies.

Smith+ 11

The Astrophysical Journal, 731:6 (21pp), 2011 April 1 Smith et al.

Figure 18. Projections through the full simulation box of run 50_1024_2 at z = 0 of mass-weighted mean baryon overdensity (top left), mass-weighted mean
temperature (top right), and O vi number density, with fO vi calculated assuming CIE (bottom left) and including photoionization (C+P, bottom right). Projections are
constructed by summing the values in all grid cells along the line of sight. For weighted projections, each pixel in the image is calculated as

!
i

miwi/
!
i

wi , where

mi is the projected quantity and wi is the weighting quantity. For more information, see Turk et al. (2011).
(A color version of this figure is available in the online journal.)

we find nH ! N0.5
O vi. The slope of this increase is signif-

icantly steeper with the CIE model. At the minimum col-
umn density measured, the average gas density associated
with O vi absorbers from the CIE model is approximately
1.5 orders of magnitude lower than with the C+P model. For
NO vi > 1015 cm"2, the associated gas density is roughly similar
for both models, with nH # 4.5$10"5 cm"3 or !H # 240. With
WMAP-7 parameters, !bh

2 = 0.02260 ± 0.00053, the baryon
density "b and corresponding hydrogen number density nH can
be written as

"b = (4.26 $ 10"31 g cm"3)(1 + z)3 !H,

nH = (1.90 $ 10"7 cm"3)(1 + z)3 !H , (6)

where !H is the overdensity factor.

The spatial difference between O vi in the CIE model and
the C+P model is made clear in Figure 18, where we show
projections through the full simulation box at z = 0 of mass-
weighted mean baryon density and temperature, along with O vi
column density, using both fO vi models for run 50_1024_2.
With the CIE model, O vi exists spatially much further from
collapsed structures, where the gas temperature is in the optimal
range for O vi. However, with the C+P model, gas that would
have a high fO vi in CIE is instead photoionized to higher
ionization states. In this case, O vi is confined primarily to IGM
filaments.

With the CIE model, the metallicity of O vi absorbers is
relatively independent of column density and consistent with
Z = Z% up to NO vi # 1015 cm"2. With the C+P model
the metallicity rises with column density from &10"1 Z% at

16
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(UV) IGM Diagnostics
ΔE ~ 1 Ryd
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(UV) IGM Diagnostics
ΔE ~ 1 Ryd

Lyman Series
  Radiatively excited
  Also follow recomb.

Lyman Limit
  Photoionization

Lyβ 1025Å
Lyα 1215Å

LyC 912ÅHI
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(UV) IGM Diagnostics
ΔE ~ 1 Ryd

Lyman Series
  Radiatively excited
  Also follow recomb.
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  Photoionization
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Absorption Line Basics
Curve of Growth (HI Lyα)

1012 1014 1016 1018 1020 1022

NHI

0.001

0.010

0.100

1.000

10.000

100.000

W
! (

A
ng

)

b =  10km/s
b =  30km/s
b = 100km/s

N: Column density

Wλ: Equivalent 
  width

b: Doppler param.

1213 1214 1215 1216 1217 1218
Wavelength (Ang)

0

1

In
te

ns
ity

LLS
HI Ly!
NHI = 1017.0 cm!2

1210 1215 1220 1225
Wavelength (Ang)

0

1

In
te

ns
ity

DLA
HI Ly!
NHI = 1020.5 cm!2

1213 1214 1215 1216 1217 1218
Wavelength (Ang)

0

1

In
te

ns
ity

Ly! Forest
HI Ly!
NHI = 1013.0 cm!2

Monday, July 2, 2012



f(N, X): Definition
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• N frequency distribution
‣ Characterization of absorption lines
‣ Normalized to an “absorption path”

f(N, X): Definition
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• N frequency distribution
‣ Characterization of absorption lines
‣ Normalized to an “absorption path”

• f(NHI, X)
‣ # of systems with NHI per dNHI 

per absorption path length
‣ Akin to a Luminosity function
✦ Counting lines per pathlength

f(N, X): Definition
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l(z) and l(X) Defined (Zeroth Moment)
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• l(z)  [a.k.a. dN/dz]
‣ Number of lines per unit 

redshift
✦ Integrated over an NHI interval
‣ Simple observable
✦ akin to ‘number counts’
✦ Zeroth moment of f(NHI, z)

l(z) and l(X) Defined (Zeroth Moment)
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• l(z)  [a.k.a. dN/dz]
‣ Number of lines per unit 

redshift
✦ Integrated over an NHI interval
‣ Simple observable
✦ akin to ‘number counts’
✦ Zeroth moment of f(NHI, z)

• l(X)  [a.k.a. dN/dX]
‣ Number of lines per unit 

pathlength
✦ dX = [H0/H(z)] (1+z)2 dz
‣ Defined to maintain a 

constant   nc * Ap
✦ nc: Comoving number density
✦ Ap: Physical (effective) area
‣ Evaluated over an NHI range

l(z) and l(X) Defined (Zeroth Moment)

l(X) ~ nc Ap
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• Basics of the IGM
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• Where are we?
‣ HST (mainly pre-COS)
‣ FUSE, GALEX
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‣ Science driven
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Our Sponsors: UV Missions

HST FUSE

GALEX

Moos+98

Martin+03

FOS Team
GHRS Team
Woodgate+ 00
Green+12
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The Lyα Forest (IGM in HI)
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• FOS Spectra
‣ EW measurements only
✦ Sufficient for counting lines
‣ Excellent redshift coverage

• Key Results
‣ Thinning of the Lyα forest
✦ Expanding (accelerating?) universe
‣ Break in the l(z) evolution
✦ EUVB decline
‣ Is this even the IGM?

19

The Lyα Forest (IGM in HI)
FOS Key Project

Bachall+ 96
Jannuzi+ 98
Weymann+ 98
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• GHRS Spectra
‣ High resolution
✦ Well resolved Lyman lines
‣ Minimal redshift coverage

• Key Results
‣ Discovery and 

characterization of weak lines
✦ Far from any galaxy (i.e. IGM)
‣ First results on f(N)
✦ Doppler parameters too
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The Lyα Forest (IGM in HI)
GHRS Survey of z~0

Penton+ 00,01,02
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The Lyα Forest (IGM in HI)
GHRS Survey of z~0

Penton+ 00,01,02
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• STIS Spectra
‣ High resolution
✦ Modest S/N
‣ Wide wavelength coverage
✦ Multiple Lyman series lines
✦ FUSE helped too

• Key Results
‣ ρ-T relation
✦ Cool medium (T < 105 K)
‣ Well-characterized f(N) 

with z
✦ Estimates of IGM mass
‣ BLAs revealed

21

The Lyα Forest (IGM in HI)
STIS Survey of z~0

Dave & Tripp 01
Richter+04
Williger+05

Lehnher+07
Danforth&Shull 08
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The Lyα Forest (IGM in HI)
STIS Survey of z~0

Dave & Tripp 01
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(2002) propose that UGC 08146 may be loosely associated
with two other dwarf galaxies, DDO 123 and UGC 07544. If
these galaxies are part of a loose galaxy group, the detected H i
and the possible O vi absorption at z ! 0:00229 may sample
one or more filaments in the hot intragroup gas. The feature
that we have (tentatively) identified as O vi k1031.9 absorption
in the z ! 0:00229 absorber (see x 3.2.1 and Fig. 3a) is very
broad, ranging from "100 to +120 km s"1. This is much
broader than what would be expected for pure thermal broad-
ening for O vi based on the H i b-value of #42 km s"1. For
pure thermal broadening one expects b(O vi) ! b(H i)=4 $
10:5 km s"1 because of the 16 times higher atomic weight of
oxygen. However, the (very uncertain) width for O vi rather
corresponds to b >150 km s"1. Thus, if real, the O vi might
trace very hot intragroup gas with a large velocity dispersion,
while the H i samples somewhat cooler gas that is more con-
fined. A value of b >150 km s"1 for hot intragroup gas would
be in good agreement with typical line-of-sight velocity dis-
persions observed in loose groups of galaxies (e.g., Tucker
et al. 2002). Additional UV and optical data would be very
helpful to further investigate the possible connection between
the z ! 0:00229 absorber and UGC 08146.

3.6.3. Galaxies and Galaxy Groups near z ! 0:009

Six objects listed by NED (four galaxies and two galaxy
groups) have redshifts between 0.00858 and 0.00953. They all
could be related to the absorption system at z ! 0:00760,

which is detected in H i and possibly O vi (see x 3.2.2). Impact
parameters for the z ! 0:00760 system and these objects vary
between 491 kpc (the galaxy UGC 08046) and 622 kpc (the
galaxy group Mahtessian 185). The absorption at z ! 0:00760
thus may arise in the intragroup medium of WBL 425 or
Mahtessian 185 (see Table 7), and/or it is related to the in-
tergalactic environment of one of the individual galaxies listed
in Table 7.

3.6.4. 1259+5920 (+0270"0313)

The elliptical or S0 galaxy 1259+5920 (+0270"0313) at
z ! 0:19670 lies only #0A7 away from the line of sight toward
PG 1259+593 (Chen et al. 2001) and most likely is associated
with the two-component Ly! /Ly" absorber at z ! 0:19620
(see Table 3). The impact parameter is #75 ! 120 kpc, sug-
gesting that the z ! 0:19620 absorption occurs in the halo
of 1259+5920 (+0270"0313) or in its nearby intergalactic
environment.

3.6.5. 1259+5920 ("0234+0685)

The late-type spiral galaxy 1259+5920 ("0234+0685) lies
close to the direction of PG 1259+593 (angular separation
#1A2) and has a redshift (z ! 0:24120) very similar to that
of the broad Ly! absorber at z ! 0:24126 (see also Chen et al.
2001). We derive an impact parameter of #75 ! 248 kpc. The
weak but very broad Ly! absorption [b(H i) ! 89:1% 6:9 km
s"1] thus may arise in an extended halo of 1259+5920

Fig. 5.—Examples for Voigt profile fits of broad Ly! lines toward PG 1259+593 (see Table 6). For this plot, the data have been binned to 30 km s"1 wide pixels.
Note that the fitting was performed using unbinned data. Other identified absorption lines are labeled in the plot or are indicated with tic marks.
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FIG. 13.ÈSame as but including all galaxies with impactFig. 12,
parameters of 2100 kpc or less. The best-Ðt power law is indicated with a
solid line. The best-Ðt power law from which is shown with aFig. 12,
dotted line, is very similar. There are only Ðve galaxy-absorber pairs with
500 \ *v \ 1000 km s~1 ; these are encased in squares. The open stars on
the right side of the plot are Lya lines from our sight lines and some of the
Lya lines from the et al. sight lines that do not have associatedChen (1998)
galaxies and consequently are excluded by the selection criteria. These may
not have associated galaxies because the appropriate redshift survey is
incomplete, but if these excluded lines are matched with galaxies at large
values of o, then they will signiÐcantly weaken the anticorrelation.

it is important to emphasize that there are some potential
selection biases, which could artiÐcially tighten the anti-
correlations shown in Figures and For example, the12 13.
current galaxy redshift surveys probe only relatively bright
galaxies (see so there could be fainter galaxies atTable 3),
smaller impact parameters than those plotted in Figure 13
that might be revealed by a deeper redshift survey. Dis-
covery of such galaxies would modify the appearance of

and weaken the anticorrelation by moving pointsFigure 12
from the lower right corner of to the lower leftFigure 13
corner of the plot. Going deeper might also reveal close
galaxies that do not have corresponding Lya absorption.
Along these lines, has used simulations toLinder (1998)
argue that most Lya absorbers could be due to faint gal-
axies rather than the observable luminous galaxies at the
same redshift. Some deep searches near the lowest redshift
Lya lines have not found such faint galaxies (see, e.g.,

et al. Gorkom et al.Morris 1993 ; van 1993 ; Rauch,
Weymann, & Morris but Gorkom et al.1996), van (1996)
and et al. have located faint dwarf galaxiesHo†man (1998)
at the redshifts of a few low-z Lya lines. It will be important
to do more deep searches for faint galaxies to establish
whether or not the anticorrelation in is real.Figure 12

Another potential bias in (and in the analysesFigure 13
of Lanzetta et al. and Chen et al.) may be introduced by the
selection of only Lya lines that are known to be within a
certain projected distance and velocity of a galaxy. Because
of these selection criteria, there are many Lya lines in our
sight lines and in the et al. sight lines that areChen (1998)
not plotted in In some cases, these unplotted LyaFigure 13.
lines may not have known galaxies nearby simply because
the appropriate galaxy redshift survey is incomplete. Alter-
natively, these lines may not have known nearby galaxies

because the nearest galaxy is outside of the angular extent
of the redshift survey. If this is the case, then these missing
galaxy-absorber pairs would have relatively large impact
parameters and would Ðll in the upper right-hand corner of

and this would weaken the anticorrelation. ToFigure 13,
illustrate the possible impact of this selection e†ect, we plot
on the far right-hand side of some of the missingFigure 13
lines from the et al. sample (using equivalentChen (1998)
widths reported by et al. and et al.Jannuzi 1998 Bahcall

and the missing lines from our sight lines. From this1993)
we see that the missing lines could indeed substantially
dilute the anticorrelation. To check to see if this selection
bias is occurring, more galaxy redshift measurements are
needed.

SpeciÐc Galaxy Structures.-A visual inspection of Figures
and and Tables and yields the following infor-9, 10, 11 7 8

mation on the relationship between the Lya clouds and
galaxy structures.

First, there are no unambiguously detected Lya lines in
the vicinity of the prominent galaxy clusters at z B 0.050
and 0.190 in the direction of H1821]643. The galaxy
survey of et al. revealed a similar cluster ofMorris (1993)
galaxies at z B 0.08 with no associated Lya absorbers in the
direction of 3C 273. This may indicate that Lya absorbers
are destroyed (or are not created in the Ðrst place) in this
type of environment. However, do we expect to see
absorbers in these clusters based on the impact parameters
of the nearest galaxies? As already noted above, in the
cluster at z B 0.190, there is a galaxy at a projected distance
of 635 kpc, and we should see an absorber there based on

In the cluster at z B 0.050, the nearest galaxyequation (3).
has an impact parameter of 590 kpc, so we might expect a
Lya line at that redshift with In this case aW

r
B 100 mÓ.

line with the right strength is well detected at the expected
wavelength, but its identiÐcation is ambiguous since this
absorption may be due to C I in the Milky Way ISM (see

& van den Bergh have shown that a° 3.1.1). Morris (1994)
substantial fraction of Lya lines at low z could be due to
material stripped out of galaxies in tidal interactions, and
they point out that in this model Lya absorbers would be
less likely to be found in rich clusters because (1) there are
fewer gas-rich spirals and (2) tidal debris should be less
common because of the higher velocity dispersion of rich
clusters. Furthermore, rich galaxy clusters contain hot
intracluster media, so Lya clouds may be fully ionized in
this environment. Therefore it is not necessarily surprising
to Ðnd that Lya absorbers may avoid rich clusters.
However, more sight lines crossing rich clusters must be
studied to give this suggestive result statistical signiÐcance.
We note that there is a strong Lya cloud in the rich cluster
that hosts H1821]643, but since this is a z

abs
B z

emabsorber, this is a special case. This cloud may be quite
close to the QSO nucleus or gas ejected by the QSO, for
example (see et al. Given the very largeSavage 1998).
number of galaxies in this rich cluster (see it isFig. 9),
noteworthy that the Lya absorption shows only one strong
component, albeit at the FOS G130H resolution
(FWHM B 250 km s~1).

Examination of Figures and reveals other9, 10, 11
smaller galaxy groups that do not have associated Lya lines
within *v \ 1000 km s~1, such as the group at z \ 0.072
toward H1821]643. However, such inspection also shows
several galaxy groups which do have associated Lya
absorbers, e.g., the group at z \ 0.121 toward H1821]643
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No. 1, 2005 IGM-GALAXY CONNECTION TOWARD PKS 0405!123. II. L27

Fig. 2.—Galaxy-Lya absorber cross-correlation function yga( ) vs. velocity separation of each pair along the line of sight for Lya absorbers of different N(H i)v v
(top three rows) and galaxy-galaxy autocorrelation function ygg( ) vs. (bottom row). We note that the limits on the y-axis for weak absorbers has been rescaledv v
for better visibility of the cross-correlation signal at ! 500 km s!1. For yga, we consider all 61 galaxies found within r p 1 h!1 Mpc comoving radius of thev
sight line in the left panels, and 15 absorption-line–dominated and 46 emission-line galaxies at r ! 1 h!1 Mpc in the middle and right panels, respectively. For ygg,
we consider all pairs of different spectral type with a comoving impact separation of less than 1 h!1 Mpc.

lection function of a galaxy survey impacts both yga and ygg in
the same way and is therefore canceled out in the calculation.
In principle, the correlation function is multivariate. It de-

pends on the velocity separation between galaxy-absorber orv
galaxy-galaxy pairs along the line of sight, the comoving pro-
jected distance of a pair r, and the underlying halo mass of
the source, for which we use the spectral properties of the
galaxies as a proxy. In agreement with previous findings of
Lanzetta et al. (1998), who considered yga as a function of v
and r, we find that yga( ) measured from the sample of 112v
Lya absorbers and 482 galaxies identified along the sight line
toward PKS 0405!123 weakens toward larger r and shows
no signal beyond r p1 h!1 Mpc. Here we focus on a one-
dimensional correlation function measured versus and con-v
sider only pairs at r ! 1 h!1 Mpc. We compare yga( ) measuredv
for Lya absorbers of different N(H i) with ygg( ) measuredv
separately for all galaxies, absorption-line–dominated galaxies,
and emission-line–dominated ones (Fig. 2). Error bars in each
velocity separation bin are estimated assuming Poisson sta-
tistics.

3.2. Clustering of Lya Absorbers with Galaxies of Different
Spectral Morphology

Three distinct features are qualitatively apparent in the left
panels of Figure 2. First, a strong cross-correlation signal in
yga( ) for Lya absorbers of log N(H i) 1 13.5 is present overv
velocity separations ! 250 km s!1. The signal is above thev
4 j level of significance when compared with random galaxy
and absorber pairs found at large velocity separation along the
sight line, confirming that these absorbers are not randomly
distributed with respect to galaxies. Second, this cross-corre-
lation signal in yga( ) becomes weaker for absorbers of lowerv
N(H i), suggesting a correlation between N(H i) and the mass
scale of the underlying dark matter halos traced by these
absorbers. In addition, the absence of a cross-correlation signal
for Lya absorbers with log N(H i) ! 13.5 indicates that these
weak absorbers do not trace the spatial distribution of galaxies.
Third, we find that when considering all galaxies together, the
amplitude in ygg is more than 50% stronger than the amplitude
in yga, even for the strong absorbers in the top panel. This is
consistent with previous findings, which have been interpreted
as Lya absorbers tracing large-scale filamentary structures
rather than individual galactic halos (e.g., Grogin & Geller
1998; Tripp et al. 1998).

To examine the nature of Lya absorbers, we repeat the analy-
sis including galaxies of different spectral properties. We divide
the galaxies into two subsamples depending on whether their
spectra are dominated by absorption or emission features. Our
choice is guided by the fact that absorption-line–dominated
galaxies are more strongly clustered than emission-line–
dominated galaxies (e.g., Madgwick et al. 2003). The results
of the correlation analysis including only absorption-line–
dominated and only emission-line–dominated galaxies are pre-
sented respectively in the middle and right panels of Figure 2.
We find that yga( ) measured using only absorption-line–v
dominated galaxies is consistent with zero on all velocity sep-
aration scales for the entire Lya absorber sample, contrary to
the enhanced ygg measured for absorption-line–dominated gal-
axies only. In addition, we find that yga( ) p 6.2!1.9 for Lyav
absorbers with log N(H i) " 14 and emission-line galaxies are
consistent with ygg( ) p 6.6! 0.8 for emission-line galaxiesv
to within 1 j uncertainties, indicating that these strong Lya
absorbers and emission-line–dominated galaxies found in our
redshift survey trace the same halo population. The weaker
yga( ) at lower N(H i) observed in the right panels also suggestsv
that weaker absorbers may originate in still lower mass halos
that are loosely clustered with these known galaxies.

3.3. N(H i)–dependent Clustering Strength of Lya
Absorbers with Galaxies

Much of the past dispute regarding the nature of Lya
absorbers originates in the different N(H i) regimes considered
by different authors. It appears that while most strong absorb-
ers, with N(H i) " 14, can be explained by the known galaxy
population (see, e.g., Chen et al. 1998, 2001), the majority of
weaker absorbers remain a poor tracer of galaxies (e.g., Penton
et al. 2002, 2004). This is also observed in the declining cross-
correlation amplitude with N(H i), as presented in Figure 2.
We perform a maximum likelihood analysis to obtain a quan-
titative estimate of the N(H i) threshold below which the Lya
absorbers no longer trace known galaxies.
We first formulate the cross-correlation function as

1b 2y (v) p A[N(H i)/N ! 1] exp [! (v/v ) ] (1)ga 0 2 0

if N(H i) " N0 and yga( )p 0 otherwise. We model the velocityv
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Fig. 1.—Portion of the STIS E140M spectrum of H1821!643 showing the
strong O vi absorption lines at and the weaker O vi absorberz = 0.22497abs
at . The calibrated flux is plotted vs. observed heliocentric wave-z = 0.22637abs
length, and the solid line near zero is the 1 j flux uncertainty. The line at
1266.9 Å is an unrelated C iii line from the absorption system at z =abs

. In this figure, the spectrum has been binned 2 pixels into 1 pixel for0.2967
display purposes only (all measurements in the text were made using the
unbinned full resolution data).

TABLE 1
Equivalent Widths and Integrated Column Densities

lobs
a Species

l0
b

(Å)
Wr

c

(mÅ)
Na

d

(1013 cm"2)

z = 0.21326abs

1474.93 . . . . . . H i 1215.67 471 ! 14 119.4e
1244.47 . . . . . . H i 1025.72 134 ! 9 24.7 ! 2.0
1252.07 . . . . . . O vif 1031.93 38 ! 9 3.55 ! 0.81

z = 0.22497abs

1488.97 . . . . . . H i 1215.67 852 ! 22 134.4e
1256.41 . . . . . . H i 1025.72 503 ! 14 1155e
1191.27 . . . . . . H i 972.54 340 ! 17 1266e
1264.09 . . . . . . O vi 1031.93 185 ! 9 19.9 ! 1.2
1271.05 . . . . . . O vi 1037.62 110 ! 10 21.0 ! 2.0

) Si ii 1260.42 !47g !0.31g
1477.93 . . . . . . Si iii 1206.50 108 ! 9 0.73 ! 0.07

) Si iv 1393.76 48 ! 23h !1.3h
) C iii 1036.34 !40g !3.6

1196.79 . . . . . . C iii?j 977.02 319 ! 16 !8.9e
) N v 1238.82 !52g !2.5g

z = 0.22637abs

1490.57 . . . . . . H i 1215.67 168 ! 15 3.7 ! 0.3
1265.53 . . . . . . O vi 1031.93 25 ! 5 2.4 ! 0.5
1272.49 . . . . . . O vi 1037.62 21 ! 5 3.7 ! 1.0

z = 0.24531abs

1513.86 . . . . . . H i 1215.67 45 ! 9 1.0 ! 0.2
1285.07 . . . . . . O vi 1031.93 55 ! 6 5.2 ! 0.6
1292.15 . . . . . . O vi 1037.62 39 ! 6 7.0 ! 1.1

z = 0.26659abs

1539.75 . . . . . . H i 1215.67 177 ! 12 4.2 ! 0.3
1307.04 . . . . . . O vi 1031.93 55 ! 8 5.1 ! 0.8
1314.26 . . . . . . O vi 1037.62 32 ! 8 5.8 ! 1.3

a Observed vacuum heliocentric wavelength of the line centroid.
b Rest-frame vacuum wavelength from Morton 1991. Oscillator strengths

used for these measurements were also obtained from Morton 1991 except for
the Si ii l1260.42 f-value, which is from Dufton et al. 1983.

c Rest-frame equivalent width integrated across all components.
d Integrated apparent column density .N = N (v)dv!a a
e Saturated absorption line. Lower limits are derived from integrated ap-

parent column densities with pixels with flux "0 set to their 3 j upper limits.
f This line is probably the stronger line of the O vi doublet. However, the

line identification is less secure than the other O vi lines in this table because
the weaker O vi line at 1037.62 Å is blended with Milky Way S ii l1259.52
absorption. With higher a signal-to-noise ratio, it should be possible to confirm
or refute this identification.

g 4 j upper limit.
h A 2 j feature is detected at the expected wavelength, but we do not consider

this significance adequate to claim a reliable detection. Consequently, we set
an upper limit on Na which is the measured column density of the marginal
line plus 2 j.

i The somewhat stronger C ii l1334.53 line falls in a gap between orders.
j The strength and velocity extent of this line is surprising compared to the

strength and velocity extent of the Si iii l1206.5 line. However, it is difficult
to find convincing alternative identifications of this strong feature. The line
may be a blend.

. Both of these O vi absorbers are discussed inz = 0.22637abs
§ 3.1. In addition to the O vi systems in Figure 1, the STIS
echelle spectrum shows new O vi absorbers at z =abs

and 0.26659 which have small equivalent widths; these0.24531
systems are briefly discussed in § 3.2 along with a possible
O vi system at . The system is az = 0.21326 z = 0.21326abs abs
strong H i Lya/Lyb absorber with a greater than 4 j line de-
tected at the expected wavelength of O vi l1031.93. However,
the corresponding O vi l1037.62 line is blended with Milky
Way S ii l1259.52 absorption due to two high-velocity clouds,
so we consider this a probable but not definite O vi detection.
The component structure establishes that this blend is mostly
due to Milky Way S ii, but it is possible that an O vi l1037.62
line of the right strength is present as well. In principle this
could be proved by comparing the S ii l1259.52 line strengths
to the S ii ll1250.58, 1253.81 line strengths. However, this
does not yield a clear result at the current signal-to-noise ratio
(S/N) level due to ambiguity of the continuum placement near
1259 Å.
Rest-frame equivalent widths ( ) of absorption lines de-Wr

tected in the O vi systems, measured using the software of
Sembach & Savage (1992), are listed in Table 1. Note that the
quoted errors in equivalent width include contributions from
uncertainties in the height and curvature of the continuum as
well as a 2% uncertainty in the flux zero point. Integrated
apparent column densities (Savage & Sembach 1991) are also
found in Table 1 with error bars including contributions from
continuum and zero-point uncertainties. To measure line
widths, we used the Voigt profile fitting software of Fitzpatrick
& Spitzer (1997) with the line spread functions from the Cycle
9 STIS Handbook.

3. ABSORBER PROPERTIES

Four of the five absorption systems in Table 1 are within a
projected distance of 1 Mpc or less of at least one galaxy"1h 75
with km s"1, andFDvF = Fc(z " z )/(1! z )F " 300gal abs mean
some of them are close to multiple galaxies (see Table 1 in
Tripp et al. 1998). These absorbers are also displaced from the
QSO redshift by 7100 ( ) to 17,100 km s"1z = 0.26659abs
( ). Finally, the O vi profiles are relatively narrow.z = 0.22497abs
Therefore, these are probably intervening systems that trace
the large-scale gaseous environment in galaxy envelopes and

the intergalactic medium rather than “intrinsic” absorbers (Ha-
mann & Ferland 1999).

3.1. O vi Absorbers at z = 0.22497 and 0.22637

Since the O vi doublets at and 0.22637 shownz = 0.22497abs
in Figure 1 are separated by only #340 km s"1, they are prob-
ably related and we discuss them together. Two emission-line
galaxies are known at heliocentric redshifts of 0.22560 and
0.22650 at projected distances of 105 and 388 kpc from"1h 75
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targeted search after including additional FUSE spectra does not
satisfy the criterion for establishing a statistically unbiased sample,
and has therefore been excluded in our random sample.

In addition, there areO vi absorbers reported in the literature but
not confirmed by our search. Along the same redshift path length
covered by our survey, 16 foreground O vi systems have been
reported in the literature by other authors toward seven QSOs
(HE 0226!4110, PKS 0405!123, PG 0953+415, PG 1116+215,
PG1259+593, H1821+643, and 3C 273; see Table 2 for corre-
sponding references); four are not confirmed in our survey. An
example is shown in Figure 1d, where we show the spectral re-
gion of an O vi doublet along the sight line toward PG 1259+593
reported by Richter et al. (2004). The putative O vi k1031 mem-
ber is blended with the Si iii k1206 transition of a Ly! absorber
at z " 0:0461 (the feature at v " !30 km s!1) and the C iii tran-
sition of a Ly! absorbers at z " 0:2924 (the feature at v "
#100 km s!1). Our search routine did not accept this absorber
due to discrepant line strengths. Our random sample does not
include this possible absorber. Along the same sight line, Richter
et al. (2004) also reported the presence of an O vi absorber at
z " 0:3198, which is not confirmed by our routine due to dis-
crepant absorption profiles and an inconsistent line ratio.

Along the sight line toward HE 0226!4110, Lehner et al.
(2006) reported five O vi absorbers with Wr(1031) > 50 m8.
We cannot confirm the presence of their identification for a z "
0:4266 absorber. In particular, the putative feature identified as
the O vi k1037member is not present in our own reduction of the
echelle spectra. Inspections of individual exposures showed that
the broad feature are predominant in two of the 12 exposures, but
the discrepancy may be due to different treatment in the hot pixels
in echelle spectra (T. Tripp, private communication). Additional
spectra obtained using the Cosmic Origin Spectrograph (COS) or
STIS will be valuable for confirming the presence of the doublet.
Consequently, this absorber is not included in our random sample.

6. DISCUSSION

6.1. The Ionization State of the O vi Gas

Various studies of individual O vi absorbers that consider both
kinematic signatures of the absorption profiles and abundance

ratios between different ions have concluded that a large fraction
of these absorbers can be explained by a simple photoionization
model (e.g., Tripp et al. 2000; Prochaska et al. 2004; Sembach
et al. 2004; Lehner et al. 2006). These results are in contradiction
to the expectation of aWHIMorigin, under which the bulk of the
O5# ions originate in the shocks created as the gas accretes onto
the large filamentary structures. However, it is often difficult to
rule out a collisional ionization scenario for these absorbers. Ad-
ditional uncertainties arise, if O vi absorbers arise in postshock
gas that is undergoing radiative cooling and a simple ionization
equilibrium assumption does not apply (Gnat & Sternberg 2007).

The comparison of the absorption column densities in Figure 6
between Ly! and O vi transitions for the O vi selected sample
( filled circles) demonstrates that the N (H i) associated with these
O vi absorbers spans nearly 5 orders of magnitude. In addition,
stronger O vi transitions have on average stronger associated Ly!
transitions. The null hypothesis in which Ly! and O vi column
densities are randomly distributed among each other can be ruled
out at >97% confidence level based on a generalized Kendall test
that considers the nondetection of Ly! for the O vi absorber at
z " 0:32639 toward HE 0226!4110. We note that the STIS
echelle sample is sensitive to O vi absorbers of Wr > 80 m8
over the entire redshift path length allowed by the data, and O vi
absorbers of Wr > 50 m8 over $80% of the sight lines. The
echelle spectra therefore allow us to uncover O vi absorbers of
log N (O vi) > 13:5 over the majority of the sight lines. The
correlation is therefore unlikely due to a selection bias. Including
measurements from known O vi absorbers at low redshift (open
squares and crosses), we find that the correlation remains at
>80% significance level.

The broad range of N (H i) spanned by theseO vi absorbers also
makes it difficult to apply a simple collisional ionization equilib-
rium model for explaining their origin. Furthermore, the correla-
tion betweenN (O vi) andN (H i) indicates that the O vi absorbers
appears to track closely H i gas in overdense regions, while the
opposite does not apply (e.g., Danforth& Shull 2005). This trend
can be understood under a simple photoionization scenario, and
the slope inN (O vi) versusN (H i) implies a declining ionization
parameter (defined as the number of ionizing photons per gas par-
ticle) with increasing gas column density (see Fig. 31 of Paper II).

Fig. 5.—(a) Frequency distribution function of O vi absorbers from our random sample. The bin size is chosen for each bin to contain roughly the same number of
absorbers. Error bars represents 1 " Poisson fluctuations. (b) Observed incidence of O vi absorbers from different studies. Stars are from this work, open circles are from
Danforth & Shull (2005), and open squares are from Savage et al. (2002), Prochaska et al. (2004), Tripp et al. (2006), and Cooksey et al. (2008). Note that we have slightly
offset the data points in the horizontal direction for clarification. The curves are recentWHIM predictions based on numerical simulations (Cen & Fang 2006) that account
for nonequilibrium ionization conditions. The top curve further includes galactic wind feedback. [See the electronic edition of the Journal for a color version of this figure.]
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targeted search after including additional FUSE spectra does not
satisfy the criterion for establishing a statistically unbiased sample,
and has therefore been excluded in our random sample.

In addition, there areO vi absorbers reported in the literature but
not confirmed by our search. Along the same redshift path length
covered by our survey, 16 foreground O vi systems have been
reported in the literature by other authors toward seven QSOs
(HE 0226!4110, PKS 0405!123, PG 0953+415, PG 1116+215,
PG1259+593, H1821+643, and 3C 273; see Table 2 for corre-
sponding references); four are not confirmed in our survey. An
example is shown in Figure 1d, where we show the spectral re-
gion of an O vi doublet along the sight line toward PG 1259+593
reported by Richter et al. (2004). The putative O vi k1031 mem-
ber is blended with the Si iii k1206 transition of a Ly! absorber
at z " 0:0461 (the feature at v " !30 km s!1) and the C iii tran-
sition of a Ly! absorbers at z " 0:2924 (the feature at v "
#100 km s!1). Our search routine did not accept this absorber
due to discrepant line strengths. Our random sample does not
include this possible absorber. Along the same sight line, Richter
et al. (2004) also reported the presence of an O vi absorber at
z " 0:3198, which is not confirmed by our routine due to dis-
crepant absorption profiles and an inconsistent line ratio.

Along the sight line toward HE 0226!4110, Lehner et al.
(2006) reported five O vi absorbers with Wr(1031) > 50 m8.
We cannot confirm the presence of their identification for a z "
0:4266 absorber. In particular, the putative feature identified as
the O vi k1037member is not present in our own reduction of the
echelle spectra. Inspections of individual exposures showed that
the broad feature are predominant in two of the 12 exposures, but
the discrepancy may be due to different treatment in the hot pixels
in echelle spectra (T. Tripp, private communication). Additional
spectra obtained using the Cosmic Origin Spectrograph (COS) or
STIS will be valuable for confirming the presence of the doublet.
Consequently, this absorber is not included in our random sample.

6. DISCUSSION

6.1. The Ionization State of the O vi Gas

Various studies of individual O vi absorbers that consider both
kinematic signatures of the absorption profiles and abundance

ratios between different ions have concluded that a large fraction
of these absorbers can be explained by a simple photoionization
model (e.g., Tripp et al. 2000; Prochaska et al. 2004; Sembach
et al. 2004; Lehner et al. 2006). These results are in contradiction
to the expectation of aWHIMorigin, under which the bulk of the
O5# ions originate in the shocks created as the gas accretes onto
the large filamentary structures. However, it is often difficult to
rule out a collisional ionization scenario for these absorbers. Ad-
ditional uncertainties arise, if O vi absorbers arise in postshock
gas that is undergoing radiative cooling and a simple ionization
equilibrium assumption does not apply (Gnat & Sternberg 2007).

The comparison of the absorption column densities in Figure 6
between Ly! and O vi transitions for the O vi selected sample
( filled circles) demonstrates that the N (H i) associated with these
O vi absorbers spans nearly 5 orders of magnitude. In addition,
stronger O vi transitions have on average stronger associated Ly!
transitions. The null hypothesis in which Ly! and O vi column
densities are randomly distributed among each other can be ruled
out at >97% confidence level based on a generalized Kendall test
that considers the nondetection of Ly! for the O vi absorber at
z " 0:32639 toward HE 0226!4110. We note that the STIS
echelle sample is sensitive to O vi absorbers of Wr > 80 m8
over the entire redshift path length allowed by the data, and O vi
absorbers of Wr > 50 m8 over $80% of the sight lines. The
echelle spectra therefore allow us to uncover O vi absorbers of
log N (O vi) > 13:5 over the majority of the sight lines. The
correlation is therefore unlikely due to a selection bias. Including
measurements from known O vi absorbers at low redshift (open
squares and crosses), we find that the correlation remains at
>80% significance level.

The broad range of N (H i) spanned by theseO vi absorbers also
makes it difficult to apply a simple collisional ionization equilib-
rium model for explaining their origin. Furthermore, the correla-
tion betweenN (O vi) andN (H i) indicates that the O vi absorbers
appears to track closely H i gas in overdense regions, while the
opposite does not apply (e.g., Danforth& Shull 2005). This trend
can be understood under a simple photoionization scenario, and
the slope inN (O vi) versusN (H i) implies a declining ionization
parameter (defined as the number of ionizing photons per gas par-
ticle) with increasing gas column density (see Fig. 31 of Paper II).

Fig. 5.—(a) Frequency distribution function of O vi absorbers from our random sample. The bin size is chosen for each bin to contain roughly the same number of
absorbers. Error bars represents 1 " Poisson fluctuations. (b) Observed incidence of O vi absorbers from different studies. Stars are from this work, open circles are from
Danforth & Shull (2005), and open squares are from Savage et al. (2002), Prochaska et al. (2004), Tripp et al. (2006), and Cooksey et al. (2008). Note that we have slightly
offset the data points in the horizontal direction for clarification. The curves are recentWHIM predictions based on numerical simulations (Cen & Fang 2006) that account
for nonequilibrium ionization conditions. The top curve further includes galactic wind feedback. [See the electronic edition of the Journal for a color version of this figure.]
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Fig. 6.— Cumulative dN (> N)/dz for O VI absorbers compared
to simulation results of run 50 1024 2 from Smith et al. (2011) fea-
turing collisional and photoionization (C+P - solid line) and CIE
cooling (dashed line).

species with |!v| ! 50 km s!1, yielding “systemic” col-
umn densities and velocity displacements. We then cor-
related the two set of absorbers, counting any O VI ab-
sorption with a redshift within several !v o"sets of the
redshift of the H I as being associated with that H I
absorber. The resulting distributions are plotted as his-
tograms as a function of column density in Figure 8. The
strongest H I absorption systems nearly always have as-
sociated O VI. In all but a handful of cases, O VI has
associated H I absorption. We found four cases of O VI
absorption without apparent associated H I absorption
within |!v| ! 100 km s!1 and only one case without
H I absorption within |!v| ! 300 km s!1. This kine-
matic association confirms that H I and O VI often arise
in spatially associated, multiphase systems, as predicted
by simulations (Cen & Ostriker 1999; Davé et al. 2001;
Smith et al. 2011) and observed (Danforth & Shull 2008;
Tripp et al. 2008; Savage et al. 2011b).

C IV and N V.— The Li-like C IV and N V ions have
also been suggested as possible tracers of WHIM gas,
although photoionization probably also plays a role for
these species. We report 29 C IV absorbers, shown
in Figure 5 (middle row), but our survey is sensitive
to C IV over a much shorter total redshift pathlength
(!z = 2.52) compared to other ions. The distribution
yields a power-law index of ! = 1.77 ± 0.16 and an ab-
sorber frequency integrated down to 30 mÅ ("1548.2;
logNCIV " 12.87) of dN/dz = 12+4

!2. Our C IV catalog
has changed little since DS08, so, unsurprisingly, these
results are in good agreement with the results from that
study and its discussion of the ion. As in the O VI distri-
bution, we see a turnover in the dN/dz column density
distribution of C IV at logNCIV " 13.2, but it is not
significant at the 95% confidence level. We invoke all of
the same caveats in ascribing meaning to this feature as

we did for the O VI results.
Despite having more than double the redshift path-

length of C IV, the N V ion has only 25 absorbers,
shown in Figure 5 (bottom row), yielding a power-law
index of ! = 2.00 ± 0.24 and an absorber frequency in-
tegrated down to 30 mÅ ("1238.2; logNNV " 13.15) of
dN/dz = 10+5

!3. The low frequency of detections likely
is attributable to the low abundance of nitrogen com-
pared to oxygen or carbon. As a result, most detections
are weak, and it will remain di#cult to draw many con-
clusions from N V absorption until a systematic survey
in more sensitive COS data is undertaken. The slight
turnover apparent in the dN/dz column density distri-
bution is not statistically significant.

C III, Si III, Si IV, Fe III and other ions.— C III and Si III
are expected to arise in photoionized conditions, and they
are well characterized by the high-resolution STIS data,
owing to their relatively narrow line widths and strong
absorption features. Our catalog’s primary di"erences
from that of DS08 arise from a more careful treatment
of the narrow subcomponents seen in many of these ab-
sorbers. We report 50 C III absorbers, shown in Figure 9
(top row), yielding a power-law index of ! = 1.86± 0.09
and an absorber frequency integrated down to 30 mÅ
(logNCIII " 12.67) of dN/dz = 14.4+4.7

!2.2. We find 57
Si III absorbers, shown in Figure 9 (second row), yield-
ing a power-law index of ! = 1.74±0.10 and an absorber
frequency integrated down to 30 mÅ (logNSiIII " 12.14)
of dN/dz = 7.4+2.1

!1.2. We see no significant turnover in
their dN/dz column density distributions.
We report 30 Si IV detections, shown in Figure 9 (third

row), which follow a distribution quite similar to that
found in DS08. They found a power-law index of ! =
1.92± 0.17 that was somewhat steeper than that of the
other low-ionization state species. Our catalog yields an
index of ! = 1.73 ± 0.13, bringing it more in line with
the other ions. We find an absorber frequency integrated
down to 30 mÅ ("1393.8; logNSiIV " 12.53) of dN/dz =
9.2+4.5

!2.8.
DS08 made an ambitious attempt to characterize Fe III

absorption in the IGM, reporting 14 detections compris-
ing a steep distibution with ! = 2.2±0.4. However, they
expressed some caution about the validity of these re-
sults, owing to the high Fe III abundance ratios. Our re-
analysis of the data suggests that all Fe III results should
be treated with skepticism. Although we report 11 de-
tections at the nominal 4 # level, nearly all detections for
which COS data were available were revealed as misinter-
preted noise features. It is thus likely that a significant
number of those 11 absorbers may vanish, too, if ob-
served at a higher S/N with COS. In reporting our Fe III
statistics for this species in Table 6, we tentatively note
that they are poorly constrained. Table 6 further reports
our detections of several other low-ionization species. As
with Fe III, we mark them as poorly constrained owing to
the paucity of detections. No statistics are presented for
N II ("1084.0, "915.6) or N III ("989.8) because no sys-
tematic search was made for these species. The listed de-
tections were primarily serendipitous corrections of past
misidentifications in the literature, and they are primar-
ily associated with high column density H I absorption
systems.
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tograms as a function of column density in Figure 8. The
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in spatially associated, multiphase systems, as predicted
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(top row), yielding a power-law index of ! = 1.86± 0.09
and an absorber frequency integrated down to 30 mÅ
(logNCIII " 12.67) of dN/dz = 14.4+4.7
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ing a power-law index of ! = 1.74±0.10 and an absorber
frequency integrated down to 30 mÅ (logNSiIII " 12.14)
of dN/dz = 7.4+2.1
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found in DS08. They found a power-law index of ! =
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down to 30 mÅ ("1393.8; logNSiIV " 12.53) of dN/dz =
9.2+4.5

!2.8.
DS08 made an ambitious attempt to characterize Fe III

absorption in the IGM, reporting 14 detections compris-
ing a steep distibution with ! = 2.2±0.4. However, they
expressed some caution about the validity of these re-
sults, owing to the high Fe III abundance ratios. Our re-
analysis of the data suggests that all Fe III results should
be treated with skepticism. Although we report 11 de-
tections at the nominal 4 # level, nearly all detections for
which COS data were available were revealed as misinter-
preted noise features. It is thus likely that a significant
number of those 11 absorbers may vanish, too, if ob-
served at a higher S/N with COS. In reporting our Fe III
statistics for this species in Table 6, we tentatively note
that they are poorly constrained. Table 6 further reports
our detections of several other low-ionization species. As
with Fe III, we mark them as poorly constrained owing to
the paucity of detections. No statistics are presented for
N II ("1084.0, "915.6) or N III ("989.8) because no sys-
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that up to 36% of C iv absorbers at zabs ! 2:5 with 5000 " vdsp "
75;000 km s#1 arise in ejectedmaterial intrinsic to the background
QSO. More recently, Misawa et al. (2007) have searched for par-
tial coverage in narrow metal-line absorbers detected in high-
resolution Keck spectra of 37 high-z QSOs, and they conclude
that 10%Y17% of narrow C iv absorbers are intrinsic (associated
with the QSO) in the 5000 " vdsp " 75;000 km s#1 interval.

Evidently, displacement velocity might not provide a straight-
forward means of distinguishing between intervening and in-
trinsic absorbers. The absorbers that are usually referred to as
associated systems are a mixture of intervening and intrinsic ab-
sorbers. To avoid the confusing connotations of the term ‘‘asso-
ciated,’’ in this paper we follow recent papers (e.g., Ellison et al.

2002; Russell et al. 2006; Hennawi & Prochaska 2007) and refer
to any absorber with vdsp " 5000 km s#1 as a ‘‘proximate’’ ab-
sorber regardless of its nature/origin, but we use ‘‘intrinsic’’ to
connote that the system is physically close to the QSO. It is im-
portant to bear in mind the possible confusion that intrinsic sys-
tems could cause in samples of intervening systems defined based
on vdsp. Because nearby galaxy redshifts are more straightfor-
wardly measured, an advantage of low-z samples is that if 10%Y
30% of the systems in the 5000Y75,000 km s#1 interval are
intrinsic/ejected, we should find that this fraction of the metal
systems are randomly distributed with respect to the foreground
galaxies. Studies of correlations between metal systems and fore-
ground galaxies so far have not found any evidence of randomly

Fig. 4.—Examples of continuum-normalized absorption profiles (black lines) of H i and O vi absorption lines detected in intervening absorbers. Voigt-profile fits are
overplotted with a gray line. The bottom panel in each stack shows the apparent column density profiles (see x 2.3) of the O vi k1031.93 transition (gray histogram + dots)
and O vi k1037.62 line (black histogram). The panels show the following systems: (a) the 3C 273.0 absorber at zabs $ 0:12003, (b) the 3C 351.0 absorber at zabs $
0:31658, (c) the H1821+643 absorber at zabs $ 0:26656, and (d ) the PG 1216+069 absorber at zabs $ 0:12360. [See the electronic edition of the Supplement for a color
version of this figure.]
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• Key Results
‣ Surveyed to Wr ~ 50 mA
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✦ Ω(CIV,SiIV) increase with 

decreasing z
‣ Primarily CGM gas
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Figure 9. f (N (C+3)) and f (Wr,1548) 1! ellipses from the maximum likelihood
analysis of the G = 1 sample. The sample was divided by redshift: z < 1 (black
ellipse and points), z < 0.6 (light gray, dashed), and 0.6 ! z < 1 (gray, dotted).
The plus signs indicate the best-fit values (see Tables 6 and 7). The diamonds
indicate the coefficient and exponent that define the 1! error on the integrated
!C+3 and/or dNC IV/dX. The coefficient k14 and the exponent "N were not
highly correlated for f (N (C+3)) (top panel) due to the treatment of saturated
absorbers in the maximum likelihood analysis (see Appendix B). The values
were highly correlated for f (Wr,1548) (bottom panel).

where N0 = 1014 cm!2 and Wr,0 = 400 mÅ and the sub-
scripts on the coefficients k indicate the normalization (e.g.,
k14 = k/1014 cm2). We used the conjugate gradient method to
maximize the likelihood function L and to simultaneously fit
for the coefficient k and exponent ". From the 1! error ellipse
where lnL ! lnLmax ! !1.15,16 we estimated the errors in k
and " (see Figure 9).

We derived L in a similar manner to that outlined in
Storrie-Lombardi et al. (1996) and detailed in our Appendix B.
The main difference was to include the observed number of
strong, saturated absorbers, where we only had a lower-limit
estimate of N (C+3), as a constraint in L. The best-fit power
law must allow for a number of strong (saturated) absorbers
consistent with the observed number. We set the saturation
limit to log N (C+3) = 14.3, which we determined empirically
(see Figure 4). In the maximum likelihood analysis, the un-
saturated doublets with log N (C+3) ! 14.3 were counted as
saturated absorber, and the two saturated (G = 1+2) doublets
with log N (C+3) < 14.3 were excluded. Without the saturation

16 We empirically determined the lnL ! lnLmax " !1.15 constraint. This
limit defines a contour that contains 68.3% of the likelihood surface. For a
Gaussian distribution, the 1! contour would be defined by
lnL ! lnLmax " !0.5.
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Figure 10. Column density frequency distribution for the full z < 1 sample.
The G = 1 observations are the black diamonds, and the long-dash line indicates
the best power-law fit. The observed and fitted G = 1+2 f (N (C+3)) agrees very
well. The AODM column densities are lower limits for saturated systems; our
adopted saturation limit log N (C+3) = 14.3 is indicated (vertical, dotted line).

term in L, the best-fit " would have been significantly steeper,
depending on the integration limits, since it would have been a
strong statistical statement to not detect any strong absorbers.

For the same reason, the choice of integration limits in the
maximum likelihood analysis influenced the result. We set the
lower integration limit to the smallest observed value less 1!
for the sample analyzed, e.g., Nmin !!N,min. For f (N (C+3)), the
saturation limit was 1014.3 cm!2 and the upper limit “infinity”
was 1016 cm!2. For f (Wr,1548), the upper limit was the largest
observed value plus 1!Wr,max + !Wr ,max.

The best-fit power-law f (N (C+3)) for the G = 1 and the
G = 1+2 samples are shown in Figure 10 and enumerated in
Table 6. For the results of the maximum likelihood analysis of
f (Wr,1548), see Table 7. They were consistent within the errors.
To examine the temporal evolution of C iv absorbers in our
survey, we divided the G = 1 sample into two redshift bins,
defined by, approximately, the median redshift: z1548 < 0.6 and
0.6 " z < 1 (see Figure 11).

We performed a jack-knife re-sampling analysis to estimate
the errors of and correlation between k and " from our maximum
likelihood analyses. For the jack-knife, each C iv doublet i
was excluded from the full sample of N absorbers. Then, the
frequency distributions f (N (C+3)) and f (Wr,1548) were re-fit
with integration limits set as described previously. This was
done for the G = 1 and G = 1+2 samples for all three redshift
cuts (z1548 < 1, < 0.6, and ! 0.6; see Table 8). The variance in
the, e.g., coefficient distribution ki from the jack-knife is

! 2
ki

= 1
N ! 1

N!

i

(ki ! "k#)2, (15)

where "k# is the mean of the best-fit values from the re-sampling
analysis. The same applies to the exponent distribution "i . The
mean coefficients and exponents from the maximum likelihood
analyses to the various redshift samples agreed with the results
from the analyses of the full samples (i.e., compare Tables 6
and 7 with Table 8).

The correlation between the parameters ki and "i is the ratio
of the covariance to the product of !ki

and !"i
:

rki ,"i
= N ! 1

N

"N
i (ki ! "k#)("i ! ""i#)

!ki
!"i

. (16)
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Figure 9. f (N (C+3)) and f (Wr,1548) 1! ellipses from the maximum likelihood
analysis of the G = 1 sample. The sample was divided by redshift: z < 1 (black
ellipse and points), z < 0.6 (light gray, dashed), and 0.6 ! z < 1 (gray, dotted).
The plus signs indicate the best-fit values (see Tables 6 and 7). The diamonds
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absorbers in the maximum likelihood analysis (see Appendix B). The values
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where N0 = 1014 cm!2 and Wr,0 = 400 mÅ and the sub-
scripts on the coefficients k indicate the normalization (e.g.,
k14 = k/1014 cm2). We used the conjugate gradient method to
maximize the likelihood function L and to simultaneously fit
for the coefficient k and exponent ". From the 1! error ellipse
where lnL ! lnLmax ! !1.15,16 we estimated the errors in k
and " (see Figure 9).

We derived L in a similar manner to that outlined in
Storrie-Lombardi et al. (1996) and detailed in our Appendix B.
The main difference was to include the observed number of
strong, saturated absorbers, where we only had a lower-limit
estimate of N (C+3), as a constraint in L. The best-fit power
law must allow for a number of strong (saturated) absorbers
consistent with the observed number. We set the saturation
limit to log N (C+3) = 14.3, which we determined empirically
(see Figure 4). In the maximum likelihood analysis, the un-
saturated doublets with log N (C+3) ! 14.3 were counted as
saturated absorber, and the two saturated (G = 1+2) doublets
with log N (C+3) < 14.3 were excluded. Without the saturation

16 We empirically determined the lnL ! lnLmax " !1.15 constraint. This
limit defines a contour that contains 68.3% of the likelihood surface. For a
Gaussian distribution, the 1! contour would be defined by
lnL ! lnLmax " !0.5.

13.0 13.5 14.0 14.5 15.0
log N(C+3)

!16

!15

!14

!13

!12

lo
g

f(
N

(C
+3
))

G = 1: !N = !1.50
k14 = 0.67 cm2

Figure 10. Column density frequency distribution for the full z < 1 sample.
The G = 1 observations are the black diamonds, and the long-dash line indicates
the best power-law fit. The observed and fitted G = 1+2 f (N (C+3)) agrees very
well. The AODM column densities are lower limits for saturated systems; our
adopted saturation limit log N (C+3) = 14.3 is indicated (vertical, dotted line).

term in L, the best-fit " would have been significantly steeper,
depending on the integration limits, since it would have been a
strong statistical statement to not detect any strong absorbers.

For the same reason, the choice of integration limits in the
maximum likelihood analysis influenced the result. We set the
lower integration limit to the smallest observed value less 1!
for the sample analyzed, e.g., Nmin !!N,min. For f (N (C+3)), the
saturation limit was 1014.3 cm!2 and the upper limit “infinity”
was 1016 cm!2. For f (Wr,1548), the upper limit was the largest
observed value plus 1!Wr,max + !Wr ,max.

The best-fit power-law f (N (C+3)) for the G = 1 and the
G = 1+2 samples are shown in Figure 10 and enumerated in
Table 6. For the results of the maximum likelihood analysis of
f (Wr,1548), see Table 7. They were consistent within the errors.
To examine the temporal evolution of C iv absorbers in our
survey, we divided the G = 1 sample into two redshift bins,
defined by, approximately, the median redshift: z1548 < 0.6 and
0.6 " z < 1 (see Figure 11).

We performed a jack-knife re-sampling analysis to estimate
the errors of and correlation between k and " from our maximum
likelihood analyses. For the jack-knife, each C iv doublet i
was excluded from the full sample of N absorbers. Then, the
frequency distributions f (N (C+3)) and f (Wr,1548) were re-fit
with integration limits set as described previously. This was
done for the G = 1 and G = 1+2 samples for all three redshift
cuts (z1548 < 1, < 0.6, and ! 0.6; see Table 8). The variance in
the, e.g., coefficient distribution ki from the jack-knife is

! 2
ki

= 1
N ! 1

N!

i

(ki ! "k#)2, (15)

where "k# is the mean of the best-fit values from the re-sampling
analysis. The same applies to the exponent distribution "i . The
mean coefficients and exponents from the maximum likelihood
analyses to the various redshift samples agreed with the results
from the analyses of the full samples (i.e., compare Tables 6
and 7 with Table 8).

The correlation between the parameters ki and "i is the ratio
of the covariance to the product of !ki

and !"i
:
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= N ! 1
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Figure 12. Absorber line density as a function of N (C+3) and Wr,1548. The
summed dNC IV/dX from the G = 1 and 1+2 groups are shown with the
solid black and gray crosses, respectively (see Equation 17). The dashed lines
show the integrated dNC IV/dX from the fits to f (N (C+3)) and f (Wr,1548) (see
Equation (18)).
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Figure 13. C+3 mass density relative to the critical density over age of universe.
The integrated !C+3 (see Equation 22) for the G = 1 sample, divided by
redshift, are the (orange) stars. The value from Danforth & Shull (2008) is
the (green) triangle and is not an independent measurement of !C+3 . The
gray boxes indicate the binned, cosmology-adjusted !C+3 from several high-
redshift studies: Songaila (2001); Pettini et al. (2003); Boksenberg et al. (2003);
Scannapieco et al. (2006); Becker et al. (2009); and Ryan-Weber et al. (2009)
(see Appendix C). The horizontal extent of the boxes indicate the bin size.
The vertical extent represents the maximum range spanned by !C+3 ± !! (the
published errors were adjusted to be 1! , as necessary). The average time and
error-weighted !C+3 per bin are shown with black asterisks.
(A color version of this figure is available in the online journal.)
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Figure 14. dNC IV/dX as a function of redshift. The number density of C iv
absorbers has not changed significantly since z = 5. The (orange) stars
are our summed z < 1 values for log N (C+3) ! 13.2 (see Equation 17).
The solid and dashed horizontal lines are the integrated dNC IV/dX and 1!
error, respectively, from the best-fit f (N ) from Songaila (2001). She only
fit her 2.9 " z " 3.54 observations, but the result agreed with the full
1.5 " z " 5 sample. For reference, dNC IV/dX ! N /"X from the tabulated
N and "X in Songaila (2001, 12 " log N (C+3) " 14.9) and Pettini et al.
(2003, 12.5 " log N (C+3) " 14) are shown with the gray pluses and cross,
respectively; the error bars assume Poisson counting statistics on N . We have
adjusted "X for differences in cosmology (see Appendix C).
(A color version of this figure is available in the online journal.)

was defined by the error ellipse in the maximum likelihood
analysis. However, the extrema in dNC IV/dX allowed by the
1! ellipse did not occur at the extrema of k14 and "N . As shown
in Figure 9 (bottom panel), the extrema in the 1! -allowed values
of dNC IV/dX occurred on the sides of the ellipse where k14 and
"N were maximized (or minimized). Again, the equations are
similar for line density as a function of equivalent width.

5.3. C+3 Mass Density

In principle, !C+3 is the ratio of the mass in C+3 ions
relative to the critical density #c,0. In practice, the observations
limit !C+3 to include only C iv absorbers within a range of
column densities. The lower N (C+3) bound reflects the limit
where the observations can confidently detect and identify C iv
doublets, typically Nmin " 1013 cm#2. The upper bound is
usually Nmax = 1015 cm#2. Doublets with log N (C+3) > 15 are
rare and often associated with galaxies (for example, the DLA
C iv doublet toward PG1206+459 with log N (C+3) > 15.4). In
addition, there has been no observed break in f (N (C+3)), so the
integrated !C+3 is infinite.

The metallicity and ionizing background of the intergalactic
medium affect the C+3 mass density, and the observed evolution
of !C+3 over time (or redshift) add a constraint to the changes
in the cosmic metallicity and ionizing background. While one
expects that the former increases monotonically with time, the
latter is believed to be decreasing since z " 1. !C+3 is the
integrated column density-“weighted” frequency distribution
f (N (C+3)):

!C+3 = H0 mC

c #c,0

! Nmax

Nmin

f (N (C+3)) N (C+3) d N (C+3), (19)

where H0 = 70 km s#1 Mpc#1 is the Hubble constant today;
mC = 2 $ 10#23 g is the mass of the carbon atom; c is the speed
of light; and #c,0 = 3H 2

0 (8$G)#1 = 9.26 $ 10#30 g cm#3 for
our assumed Hubble constant.
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show the integrated dNC IV/dX from the fits to f (N (C+3)) and f (Wr,1548) (see
Equation (18)).
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(A color version of this figure is available in the online journal.)

0 1 2 3 4 5
z1548

0

2

4

6

8

dN
/d

X
 (l

og
 N

(C
+3
) >

 1
3.

2)

Figure 14. dNC IV/dX as a function of redshift. The number density of C iv
absorbers has not changed significantly since z = 5. The (orange) stars
are our summed z < 1 values for log N (C+3) ! 13.2 (see Equation 17).
The solid and dashed horizontal lines are the integrated dNC IV/dX and 1!
error, respectively, from the best-fit f (N ) from Songaila (2001). She only
fit her 2.9 " z " 3.54 observations, but the result agreed with the full
1.5 " z " 5 sample. For reference, dNC IV/dX ! N /"X from the tabulated
N and "X in Songaila (2001, 12 " log N (C+3) " 14.9) and Pettini et al.
(2003, 12.5 " log N (C+3) " 14) are shown with the gray pluses and cross,
respectively; the error bars assume Poisson counting statistics on N . We have
adjusted "X for differences in cosmology (see Appendix C).
(A color version of this figure is available in the online journal.)

was defined by the error ellipse in the maximum likelihood
analysis. However, the extrema in dNC IV/dX allowed by the
1! ellipse did not occur at the extrema of k14 and "N . As shown
in Figure 9 (bottom panel), the extrema in the 1! -allowed values
of dNC IV/dX occurred on the sides of the ellipse where k14 and
"N were maximized (or minimized). Again, the equations are
similar for line density as a function of equivalent width.

5.3. C+3 Mass Density

In principle, !C+3 is the ratio of the mass in C+3 ions
relative to the critical density #c,0. In practice, the observations
limit !C+3 to include only C iv absorbers within a range of
column densities. The lower N (C+3) bound reflects the limit
where the observations can confidently detect and identify C iv
doublets, typically Nmin " 1013 cm#2. The upper bound is
usually Nmax = 1015 cm#2. Doublets with log N (C+3) > 15 are
rare and often associated with galaxies (for example, the DLA
C iv doublet toward PG1206+459 with log N (C+3) > 15.4). In
addition, there has been no observed break in f (N (C+3)), so the
integrated !C+3 is infinite.

The metallicity and ionizing background of the intergalactic
medium affect the C+3 mass density, and the observed evolution
of !C+3 over time (or redshift) add a constraint to the changes
in the cosmic metallicity and ionizing background. While one
expects that the former increases monotonically with time, the
latter is believed to be decreasing since z " 1. !C+3 is the
integrated column density-“weighted” frequency distribution
f (N (C+3)):

!C+3 = H0 mC

c #c,0

! Nmax

Nmin

f (N (C+3)) N (C+3) d N (C+3), (19)

where H0 = 70 km s#1 Mpc#1 is the Hubble constant today;
mC = 2 $ 10#23 g is the mass of the carbon atom; c is the speed
of light; and #c,0 = 3H 2

0 (8$G)#1 = 9.26 $ 10#30 g cm#3 for
our assumed Hubble constant.
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Figure 7. Time evolution of Si+3 mass density relative to the critical density. The integrated !Si+3 , for 13 ! log N (Si+3) ! 15 for the G = 1 sample, is the (orange)
star. The value from Danforth & Shull (2008) is the (green) triangle and is not an independent measurement of !Si+3 . We compared our z " 1 measurement only to
those from Songaila (2001, black crosses) and Scannapieco et al. (2006, black, open square). The median, and its “errors” (see Section 4.3), of the 2 ! z ! 4.5 values
are shown on the left with the (blue) solid and dashed lines, respectively. The simple linear fit to !Si+3 over tage is shown on the right by the (red) solid line, where the
dashed lines are the 1! range of the fit. For reference, we also show the values from Songaila (1997, gray circles) and Songaila (2005, gray, filled squares), the latter
of which uses a pixel-optical depth method to measure !Si+3 .
(A color version of this figure is available in the online journal.)

measured in Paper I. A linear fit to only the 2 ! z < 5.5
observations indicated no temporal evolution in !Si+3 (i.e.,
d!Si+3/dtage = (0.10 ± 0.56) ! 10"8 Gyr).

Modeling !Si+3 as evolving linearly with time was not
a physically motivated exercise but one method to evaluate
whether our !Si+3 indicated a significant increase compared to
the high-redshift observations. Since the inclusion of our z " 1
value resulted in a statistically significant rate of increase for
!Si+3 , we likely have detected a true increase of the Si+3 mass
density at low redshift, though proof must await a larger z " 1
survey.

Our results indicate that any increase in !Si+3 at z " 1 is
likely due to an increase in the number of high-column-density
absorbers (i.e., shallower "N compared to high redshift), since
dNSi iv/dX is nearly constant from z # 3 $ 0. In general, the
Si+3 mass density is dominated by the high-column-density
absorbers, so even a small increase in their frequency will
significantly change !Si+3 .

4.4. N (Si+3)/N (C+3)

As mentioned previously, the ionic ratio N (Si+3)/N (C+3)
has been used to study the shape and/or evolution of the UVB.
In order to construct a complete sample of systems with coverage
of both doublets, we measured the upper limit for N (C+3) (or
N (Si+3)) when the doublet was not detected in association with
the targeted Si iv (or C iv, from Paper I) doublet but the spectral
coverage existed. Due to how the S/N changed throughout any
spectrum, a Si iv-targeted survey was not sufficient to define a
complete C iv sample and vice versa. Ultimately, there were 12
detections and 12 lower limits for z < 1N (Si+3)/N (C+3), with
log N (Si+3) > 11.9 and log N (C+3) > 13.37.

In Figure 8, we compare our N (Si+3)/N (C+3) sample
with that from Boksenberg et al. (2003). We reproduced their
Figure 16 (bottom panel) by summing the column densities of
all components per system as given in their Tables 2–10. If
there were components with upper limits for column densities,
we set the total system column density to an upper limit if
the components with upper limits were more than 30% of the
total. If there were components with lower limits for column
densities, we set the total column density to a lower limit.
There was no case when these criteria conflicted. For the high-

redshift sample, there were 39 detections and one upper limit for
N (Si+3)/N (C+3), for doublets with the observed low-redshift
column density limits.

Since both high- and low-redshift samples contained at least
one upper limit, we used survival analysis to enable those limits
to contribute statistically. We used the Astronomy SURVival
Analysis package (ASURV Rev. 1.3, last described in Lavalley
et al. 1992) to compare the two N (Si+3)/N (C+3) data sets.
First, we tested whether the low-redshift N (Si+3)/N (C+3)
distribution shared the same parent population as the high-
redshift ratios. From several univariate ASURV statistics,13 we
conclude that the two populations are statistically similar (i.e.,
the null hypothesis cannot be ruled out with high confidence).

Next we measured the median ratio of the parent popula-
tion with the Kaplan–Meier estimator.14 The estimated me-
dian of the combined low- and high-redshift data sets was
%N (Si+3)/N (C+3)& = 0.16, and the 25th and 75th percentiles
were 0.09 and 0.26, respectively.

Though the estimated means of the high- and low-redshift
samples indicated that there should be no evolution of the ratio
with redshift, we checked for a correlation.15 Once again, the
null hypothesis (i.e., that there is no correlation) cannot be ruled
out with high confidence.

4.5. Nature of Systems with Si iv and C iv Absorption

We concluded that there has been no evolution in
N (Si+3)/N (C+3) from z = 4.5 $ 0, based on our sample
and that from Boksenberg et al. (2003). Next we explored what
the lack of evolution means, and we began by disentangling the
physics involved in the ratio N (Si+3)/N (C+3):

N (Si+3)

N (C+3)
=

!
LSi

LC

"!
nSi

nC

"!
#Si+3

Si

#C+3

C

"

, (5)

13 For more information about the univariate analyses used here (the two
Gehan’s, the Peto–Peto, and Peto–Prentice generalized tests), see Feigelson &
Nelson (1985).
14 For a useful description of the Kaplan–Meier estimator in a context similar
to that used here, see Simcoe et al. (2004).
15 For more information about the bivariate (Cox proportional hazard model,
generalized Kendall’s tau, and Spearman’s rho) and linear regression analyses
(EM algorithm and Buckley–James method) used here, see Isobe et al. (1986).
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Figure 7. Time evolution of Si+3 mass density relative to the critical density. The integrated !Si+3 , for 13 ! log N (Si+3) ! 15 for the G = 1 sample, is the (orange)
star. The value from Danforth & Shull (2008) is the (green) triangle and is not an independent measurement of !Si+3 . We compared our z " 1 measurement only to
those from Songaila (2001, black crosses) and Scannapieco et al. (2006, black, open square). The median, and its “errors” (see Section 4.3), of the 2 ! z ! 4.5 values
are shown on the left with the (blue) solid and dashed lines, respectively. The simple linear fit to !Si+3 over tage is shown on the right by the (red) solid line, where the
dashed lines are the 1! range of the fit. For reference, we also show the values from Songaila (1997, gray circles) and Songaila (2005, gray, filled squares), the latter
of which uses a pixel-optical depth method to measure !Si+3 .
(A color version of this figure is available in the online journal.)

measured in Paper I. A linear fit to only the 2 ! z < 5.5
observations indicated no temporal evolution in !Si+3 (i.e.,
d!Si+3/dtage = (0.10 ± 0.56) ! 10"8 Gyr).

Modeling !Si+3 as evolving linearly with time was not
a physically motivated exercise but one method to evaluate
whether our !Si+3 indicated a significant increase compared to
the high-redshift observations. Since the inclusion of our z " 1
value resulted in a statistically significant rate of increase for
!Si+3 , we likely have detected a true increase of the Si+3 mass
density at low redshift, though proof must await a larger z " 1
survey.

Our results indicate that any increase in !Si+3 at z " 1 is
likely due to an increase in the number of high-column-density
absorbers (i.e., shallower "N compared to high redshift), since
dNSi iv/dX is nearly constant from z # 3 $ 0. In general, the
Si+3 mass density is dominated by the high-column-density
absorbers, so even a small increase in their frequency will
significantly change !Si+3 .

4.4. N (Si+3)/N (C+3)

As mentioned previously, the ionic ratio N (Si+3)/N (C+3)
has been used to study the shape and/or evolution of the UVB.
In order to construct a complete sample of systems with coverage
of both doublets, we measured the upper limit for N (C+3) (or
N (Si+3)) when the doublet was not detected in association with
the targeted Si iv (or C iv, from Paper I) doublet but the spectral
coverage existed. Due to how the S/N changed throughout any
spectrum, a Si iv-targeted survey was not sufficient to define a
complete C iv sample and vice versa. Ultimately, there were 12
detections and 12 lower limits for z < 1N (Si+3)/N (C+3), with
log N (Si+3) > 11.9 and log N (C+3) > 13.37.

In Figure 8, we compare our N (Si+3)/N (C+3) sample
with that from Boksenberg et al. (2003). We reproduced their
Figure 16 (bottom panel) by summing the column densities of
all components per system as given in their Tables 2–10. If
there were components with upper limits for column densities,
we set the total system column density to an upper limit if
the components with upper limits were more than 30% of the
total. If there were components with lower limits for column
densities, we set the total column density to a lower limit.
There was no case when these criteria conflicted. For the high-

redshift sample, there were 39 detections and one upper limit for
N (Si+3)/N (C+3), for doublets with the observed low-redshift
column density limits.

Since both high- and low-redshift samples contained at least
one upper limit, we used survival analysis to enable those limits
to contribute statistically. We used the Astronomy SURVival
Analysis package (ASURV Rev. 1.3, last described in Lavalley
et al. 1992) to compare the two N (Si+3)/N (C+3) data sets.
First, we tested whether the low-redshift N (Si+3)/N (C+3)
distribution shared the same parent population as the high-
redshift ratios. From several univariate ASURV statistics,13 we
conclude that the two populations are statistically similar (i.e.,
the null hypothesis cannot be ruled out with high confidence).

Next we measured the median ratio of the parent popula-
tion with the Kaplan–Meier estimator.14 The estimated me-
dian of the combined low- and high-redshift data sets was
%N (Si+3)/N (C+3)& = 0.16, and the 25th and 75th percentiles
were 0.09 and 0.26, respectively.

Though the estimated means of the high- and low-redshift
samples indicated that there should be no evolution of the ratio
with redshift, we checked for a correlation.15 Once again, the
null hypothesis (i.e., that there is no correlation) cannot be ruled
out with high confidence.

4.5. Nature of Systems with Si iv and C iv Absorption

We concluded that there has been no evolution in
N (Si+3)/N (C+3) from z = 4.5 $ 0, based on our sample
and that from Boksenberg et al. (2003). Next we explored what
the lack of evolution means, and we began by disentangling the
physics involved in the ratio N (Si+3)/N (C+3):

N (Si+3)

N (C+3)
=

!
LSi

LC

"!
nSi

nC

"!
#Si+3

Si

#C+3

C

"

, (5)

13 For more information about the univariate analyses used here (the two
Gehan’s, the Peto–Peto, and Peto–Prentice generalized tests), see Feigelson &
Nelson (1985).
14 For a useful description of the Kaplan–Meier estimator in a context similar
to that used here, see Simcoe et al. (2004).
15 For more information about the bivariate (Cox proportional hazard model,
generalized Kendall’s tau, and Spearman’s rho) and linear regression analyses
(EM algorithm and Buckley–James method) used here, see Isobe et al. (1986).
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892 D. Reimers et al.: He ii absorption in HE 2347!4342

Fig. 1. Combined low-resolution optical spectrum observed with the ESO 2.2 m telescope and ultraviolet spectra obtained with the FOS and
GHRS onboard the HST. Flux is given in units of 10!15 erg s!1 cm!2 Å!1. The feature at 2800 Å is an artefact.

Fig. 2. Section of the GHRS spectrum and error spectrum (dotted curve) of HE 2347!4342 with the flux given in 10!15 erg s!1 cm!2 Å!1. The
expected position of the He ii 303.78 Å edge for a QSO redshift of z = 2.885 is indicated by the vertical dashed line.
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Fig. 2. Section of the GHRS spectrum and error spectrum (dotted curve) of HE 2347!4342 with the flux given in 10!15 erg s!1 cm!2 Å!1. The
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Fig. 1.— FUSE spectrum of HE2347–4342 (binned to 0.05 Å pixels) is shown in black. Bins at the
peak fluxes have a signal-to-noise ratio of !7. A portion of the contemporaneous STIS spectrum is
shown in green. The red line is the extrapolation of the power law plus extinction of E(B-V)=0.014
fitted to the STIS spectrum. The position of He II Ly! at the redshift of HE2347–4342 is marked.
Gaps in the FUSE spectrum due to excised terrestrial airglow lines are marked with green ". The
broad gap from 1072 to 1089 Å is due to gaps between the FUSE detector segments.
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Figure 1. Overview of the COS/G130M and G140L data. Data are smoothed
by three resolution elements and shown as observed (uncorrected) flux. The
de-reddened data were fitted to a power law, F! = F0(!/!0)!"s , with
"s = 3.0 ± 0.1. Error bars below !0 = 1215 Å reflect ±2% uncertainty in
continuum level and ±0.1 uncertainty in "s . This continuum is extrapolated
below the He ii edge (1186 Å) to derive He ii optical depths. Red curve shows
continuum fit of Kriss et al. (2001) with "s = 2.4. Our steeper fit arises primarily
from the higher quality COS data (1200–2000 Å) and, to lesser extent, from our
larger adopted extinction, E(B ! V ) = 0.022 rather than 0.014, extrapolated to
the far-UV.
(A color version of this figure is available in the online journal.)

resolution element, sufficient to detect narrow absorption fea-
tures near 1200 Å down to equivalent widths W! ! 10 mÅ at
4# significance. The G140L observations were originally pro-
cessed with CALCOS 2.11b. However, the ! < 1200 Å data
from this processing are not appropriate for scientific analysis.
We describe our custom processing in Section 2.2.

Figure 1 shows the G130M/G140L continuum from 1200 Å
to 2000 Å, which we have fitted and extrapolated below the
He ii edge at 1186.2 Å. The G140L wavelengths were shifted
to match G130M, with no corrections needed to match G130M
and G140L fluxes. These curves were de-reddened using color
excess, E(B ! V ) = 0.022, corresponding to column density
log NH i = 20.06 derived by fitting interstellar Ly" absorp-
tion. We adopted a standard interstellar ratio, NH i = (5.3 "
1021 cm!2 mag!1) E(B ! V ), from Shull & Van Steenberg
(1985) and Diplas & Savage (1994) and used the UV selec-
tive extinction curve of Fitzpatrick (1999). Our derived ex-
tinction, E(B ! V ) = 0.022, lies intermediate between pre-
vious values of E(B ! V ) = 0.0387 (Reimers et al. 1997)
and E(B ! V ) = 0.014 (Smette et al. 2002). Figure 2 shows
the G130M spectrum (! < 1208 Å) with prominent He ii ab-
sorption troughs, numerous flux-transmission windows short-
ward of the He ii edge, and the two proposed QSO systemic
redshifts, zQSO = 2.885 ± 0.005 (Reimers et al. 1997) and
zQSO = 2.904 ± 0.002 (this paper). This issue is discussed fur-
ther in Section 3.1.

The strong He ii features are listed in Table 2, with the He ii
optical depths calculated from the depth of flux transmission,
$He ii = ln(F0/F!), relative to the extrapolated continuum F0.
Uncertainties in $He ii were computed as rms averages over
redshift bins, !z, ranging from 0.004 to 0.05 at wavelength
centroids !c. We conservatively rounded errors to the nearest
0.25 in $He ii, using uncertainties arising from converting errors
in flux transmission to errors in optical depth. In regions of lower
S/N in the G140L grating (z " 2.6), we smoothed over two

Figure 2. Detail of the G130M data showing He ii absorption and transmission
windows. The two proposed QSO systemic redshifts (zQSO = 2.885 and 2.904)
and our extrapolated continuum are marked. Milky Way interstellar lines of
N i, Si ii, and Si iii appear longward of 1190 Å, and strong He ii absorption is
seen shortward of 1186.26 Å. We use the C iii (z = 2.0921) IGM absorption
line to align the COS and VLT spectra. Windows of flux transmission appear
at 1138, 1144, 1154, 1160, 1174, 1179, 1183, and 1184 Å. At 1174 Å we see
essentially 100% transmission, and yet we also observe three troughs of strong
He ii absorption ($He ii ! 5) over large redshift intervals (and comoving radial
distances) between z = 2.751–2.807 (61 Mpc), z = 2.823–2.860 (39 Mpc),
and z = 2.868–2.892 (25 Mpc).
(A color version of this figure is available in the online journal.)

Table 2
HE 2347!4342 Sight Line He ii Absorption Systems

zc !z !c (Å) $He ii
a COS Mode Notesb

2.90151 0.00400 1185.20 ! 5 G130M · · ·
2.89765 0.00800 1184.03 ! 5 G130M · · ·
2.88721 0.00823 1180.86 ! 5 G130M · · ·
2.87445 0.01317 1176.98 ! 5 G130M Z04-3A
2.84700 0.03456 1168.64 ! 5 G130M Z04-3CDE
2.77471 0.05267 1146.68 ! 5 G130M Z04-3HIJ
2.71324 0.00823 1128.01 3.3 ± 0.25 G140L · · ·
2.69082 0.01646 1121.20 3.0 ± 0.50 G140L · · ·
2.66414 0.00494 1113.09 1.8 ± 0.25 G140L · · ·
2.65061 0.00494 1108.98 1.5 ± 0.25 G140L · · ·
2.63785 0.01317 1105.11 2.3 ± 0.25 G140L · · ·
2.61814 0.00988 1099.12 1.3 ± 0.50 G140L · · ·
2.59804 0.00988 1093.01 2.0 ± 1.0 G140L · · ·
2.57059 0.01317 1084.67 3.5 ± 1.0 G140L · · ·
2.55000 0.02008 1078.42 1.0 ± 0.25 G140L · · ·
2.52999 0.02008 1072.34 2.5 ± 0.50 G140L · · ·
2.49327 0.01975 1061.19 2.8 ± 1.0 G140L · · ·
2.47001 0.02008 1054.12 1.5 ± 0.50 G140L · · ·
2.43683 0.01811 1044.04 1.7 ± 0.50 G140L · · ·

Notes.
a Average He ii optical depth $He ii was computed from flux transmission
averaged over redshift bins zc ± !z at centroid wavelengths !c . Errors in $He ii
are conservatively rounded to nearest 0.25.
b These three He ii complexes noted Z04-3n were identified in Table 3 of Zheng
et al. (2004).

resolution elements (#2 Å) to reduce the noise before the optical
depth and error were evaluated. The G140L-B spectra shown in
Figure 1 were smoothed over three resolution elements.

2.2. Data Processing: COS G140L Segment B

During the Servicing Mission-4 Observatory Verification
(SMOV-4) period, it was discovered that the MgF2/Al mir-
rors of HST have retained approximately 80% of their pre-flight
reflectivity at ! < 1175 Å (McCandliss et al. 2010). This result
has opened the door for use of the short-wavelength response of
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"s = 3.0 ± 0.1. Error bars below !0 = 1215 Å reflect ±2% uncertainty in
continuum level and ±0.1 uncertainty in "s . This continuum is extrapolated
below the He ii edge (1186 Å) to derive He ii optical depths. Red curve shows
continuum fit of Kriss et al. (2001) with "s = 2.4. Our steeper fit arises primarily
from the higher quality COS data (1200–2000 Å) and, to lesser extent, from our
larger adopted extinction, E(B ! V ) = 0.022 rather than 0.014, extrapolated to
the far-UV.
(A color version of this figure is available in the online journal.)

resolution element, sufficient to detect narrow absorption fea-
tures near 1200 Å down to equivalent widths W! ! 10 mÅ at
4# significance. The G140L observations were originally pro-
cessed with CALCOS 2.11b. However, the ! < 1200 Å data
from this processing are not appropriate for scientific analysis.
We describe our custom processing in Section 2.2.

Figure 1 shows the G130M/G140L continuum from 1200 Å
to 2000 Å, which we have fitted and extrapolated below the
He ii edge at 1186.2 Å. The G140L wavelengths were shifted
to match G130M, with no corrections needed to match G130M
and G140L fluxes. These curves were de-reddened using color
excess, E(B ! V ) = 0.022, corresponding to column density
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tion. We adopted a standard interstellar ratio, NH i = (5.3 "
1021 cm!2 mag!1) E(B ! V ), from Shull & Van Steenberg
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tive extinction curve of Fitzpatrick (1999). Our derived ex-
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and E(B ! V ) = 0.014 (Smette et al. 2002). Figure 2 shows
the G130M spectrum (! < 1208 Å) with prominent He ii ab-
sorption troughs, numerous flux-transmission windows short-
ward of the He ii edge, and the two proposed QSO systemic
redshifts, zQSO = 2.885 ± 0.005 (Reimers et al. 1997) and
zQSO = 2.904 ± 0.002 (this paper). This issue is discussed fur-
ther in Section 3.1.

The strong He ii features are listed in Table 2, with the He ii
optical depths calculated from the depth of flux transmission,
$He ii = ln(F0/F!), relative to the extrapolated continuum F0.
Uncertainties in $He ii were computed as rms averages over
redshift bins, !z, ranging from 0.004 to 0.05 at wavelength
centroids !c. We conservatively rounded errors to the nearest
0.25 in $He ii, using uncertainties arising from converting errors
in flux transmission to errors in optical depth. In regions of lower
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Figure 2. Detail of the G130M data showing He ii absorption and transmission
windows. The two proposed QSO systemic redshifts (zQSO = 2.885 and 2.904)
and our extrapolated continuum are marked. Milky Way interstellar lines of
N i, Si ii, and Si iii appear longward of 1190 Å, and strong He ii absorption is
seen shortward of 1186.26 Å. We use the C iii (z = 2.0921) IGM absorption
line to align the COS and VLT spectra. Windows of flux transmission appear
at 1138, 1144, 1154, 1160, 1174, 1179, 1183, and 1184 Å. At 1174 Å we see
essentially 100% transmission, and yet we also observe three troughs of strong
He ii absorption ($He ii ! 5) over large redshift intervals (and comoving radial
distances) between z = 2.751–2.807 (61 Mpc), z = 2.823–2.860 (39 Mpc),
and z = 2.868–2.892 (25 Mpc).
(A color version of this figure is available in the online journal.)
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a COS Mode Notesb

2.90151 0.00400 1185.20 ! 5 G130M · · ·
2.89765 0.00800 1184.03 ! 5 G130M · · ·
2.88721 0.00823 1180.86 ! 5 G130M · · ·
2.87445 0.01317 1176.98 ! 5 G130M Z04-3A
2.84700 0.03456 1168.64 ! 5 G130M Z04-3CDE
2.77471 0.05267 1146.68 ! 5 G130M Z04-3HIJ
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2.65061 0.00494 1108.98 1.5 ± 0.25 G140L · · ·
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Notes.
a Average He ii optical depth $He ii was computed from flux transmission
averaged over redshift bins zc ± !z at centroid wavelengths !c . Errors in $He ii
are conservatively rounded to nearest 0.25.
b These three He ii complexes noted Z04-3n were identified in Table 3 of Zheng
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(SMOV-4) period, it was discovered that the MgF2/Al mir-
rors of HST have retained approximately 80% of their pre-flight
reflectivity at ! < 1175 Å (McCandliss et al. 2010). This result
has opened the door for use of the short-wavelength response of

Monday, July 2, 2012



• HeII Reionization
‣ Last major phase change of 

the IGM
✦ Requires 4 Ryd photons
‣ Traced by HeII Lya

• Key Results
‣ HeII exists
‣ HeII transmission at z<3
✦ Patchy
✦ Resolved HeII Lya forest
‣ Association with quasars
✦ Transmission spikies

25

UV Characterization of the z~3 IGM
HeII Reionization

Jakobsen+ 94
Reimers+ 97
Kriss+ 01
Shull+ 10

No. 2, 2010 HST/COS OBSERVATIONS OF QUASAR HE 2347!4342 1319

Figure 5. Absorption optical depths, !He ii, vs. redshift (bins listed in Table 2)
for this paper (black points: COS G130M and G140L) and from previous FUSE
measurements (Zheng et al. 2004; Shull et al. 2004). COS optical depths are
generally higher than those found by FUSE. Theoretically predicted (1 + z)3.5

redshift scaling (Fardal et al. 1998) is shown as a dotted line. High COS optical
depths, !He ii ! 5, are plotted as lower limits, based on zero-level flux accuracy
implied by rms variations, "F = 2.7 " 10!17 erg cm!2 s!1 Å!1, at the bottom
of troughs at 1145–1155 Å and 1162–1173 Å.

Figure 5 shows the He ii optical depths for 2.4 < z < 2.9,
using COS data from both G140L and G130M and FUSE. To
construct this figure, we reconstructed “horizontal error bars”
representing the redshift bins (!z) used in these papers. We used
unpublished !z and uncertainties in optical depths !He ii from
Shull et al. (2004). From Zheng et al. (2004), we used values
of !z and !He ii from their Figure 3, with 25% uncertainties
in !He ii. We find reasonable agreement with the FUSE optical
depths (Shull et al. 2004) down to z = 2.4, although some of the
G140L fluxes are higher than those in the FUSE extension to
z ! 2.4 (Zheng et al. 2004). The smaller FUSE optical depths
may arise from uncertain background subtractions. Defining the
redshift ranges for these data points is difficult for optical depths
that vary rapidly over !z # 0.01.

Future COS spectra of fainter He ii–GP targets (often 19th
magnitude AGN) will have low S/N and will probably not show
the fluctuations in optical depths found here. At best, they will
measure broadband optical depths, $!He ii%. For HE 2347!4342,
we list below the He ii and H i optical depths averaged over
!z = 0.1 windows, together with the standard deviations of
their distributions:

1. (z = 2.4 ! 2.5) $!H i% = 0.12+0.21
!0.09 and $!He ii% = 1.11+0.97

!0.49

2. (z = 2.5 ! 2.6) $!H i% = 0.12+0.25
!0.08 and $!He ii% = 1.18+0.71

!0.50

3. (z = 2.6 ! 2.7) $!H i% = 0.26+0.36
!0.18 and $!He ii% = 1.37+1.03

!0.53

There may be a slight trend to higher # at lower redshifts,
as we discuss in Section 3.4. Considering the ratios of the
broadband averages, we find that $#% rises from 21+33

!17 at
z = 2.6–2.7 to values 39+84

!31 at z = 2.5–2.6 and 37+72
!34 at

z = 2.4–2.5. Despite the large spreads of the optical-depth
distributions, the means are fairly well determined.

Figure 6 shows examples of the He ii and H i ionization
structures found in our cosmological simulations (B. Smith
et al. 2010, in preparation), computed with Enzo, an N-body,
hydrodynamical code modified to compute time-dependent H
and He ionization. One can see the projected topology of the
cosmic web, the baryon overdensity, the ionization fractions

of H i and He ii at z = 2–3, and their ratio, xHe ii/xH i.
Observationally, we measure the ratio of column densities, # =
N(He ii)/N(H i), which we approximate as # # 4!He ii/!H i. The
factor of 4 arises from the larger He ii frequency bandwidth, with
the absorption-line cross section, "$ & f $, scaling as oscillator
strength times wavelength. Our IGM simulations at z # 2.5
show a mean value of the ionization ratio, xHe ii/xH i # 500,
corresponding to $#% # 40 for primordial He/H = 0.0823
by number. We have confirmed that a substantial amount
of observable He ii, with xHe ii = 0.001–0.01, comes from
ionized gas with log T = 4.0–5.3 (much of it at log T =
4.3) and log %H = !1 to +2. This He ii gas is primarily
confined to photoionized filaments in the cosmic web, with
some contribution from collisional ionization (at T > 105 K).
Further analysis of these simulations will appear in a later
paper.

3.3. He ii and H i Optical-depth Ratios

The H i and He ii Ly&-forest absorbers have traditionally been
assumed to arise in photoionized gas, irradiated by metagalactic
ionizing (EUV) radiation of specific intensity J' = Ji('/'i)!&s ,
where i refers to H i (h'i = 13.6 eV) or He ii (h'i =
54.4 eV). For these hydrogenic species, whose photoionization
cross sections above threshold h'i scale as "' = "i('/'i)!3, the
photoionization rates "i = (4("i/h)Ji/(&i +3). The parameters
&i are local spectral indices of the ionizing background at 1 ryd
and 4 ryd, respectively, and provide minor corrections to the
photoionization rates. For typical metagalactic fluxes and IGM
densities during reionization, hydrogen and helium are mostly
ionized, with fractions xH i ' xH ii and xHe i ' xHe ii ' xHe iii.
Because the first ionization potentials of H i (13.6 eV) and He i
(24.58 eV) are not greatly disparate, we expect the He iii and H ii
ionization fronts to coincide for appropriate values of ionizing
spectral index. For QSO ionizing spectra of power-law form,
the He ii and H i ionization fronts, driven by the photon fluxes at
1 ryd and 4 ryd, respectively, will propagate at the same (photon
flux-limited) velocity for a critical spectral index,

&crit = ! (ln y)
ln 4

# 1.80 , (7)

corresponding to our adopted He/H abundance, y = 0.0823.
The agreement with the HST-observed mean spectral index
of AGN at 1–2 ryd, $&s% = 1.76 ± 0.12 (Telfer et al. 2002),
suggests that H ii and He iii ionization fronts normally propagate
together.

In photoionization equilibrium in regions of high ionization,
xH i ' 1 and xHe ii ' 1, the He ii/H i abundance ratio can be
expressed (Fardal et al. 1998; Shull et al. 2004),
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The numerical coefficient has been increased from 1.70 to
1.77, reflecting an updated value of the primordial He/H
abundance, y = 0.0823, which we use as an approximation
to nHe iii/nH ii. In this equation, &

(A)
H i , &

(A)
He ii, "H i, and "He ii

are the case-A recombination rate coefficients and photoion-
ization rates for H i and He ii, and JH i and JHe ii are the
specific intensities of the ionizing radiation field at 1 ryd
and 4 ryd. The parameter T4.3 = (T/104.3 K) is used to
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Figure 5. Absorption optical depths, !He ii, vs. redshift (bins listed in Table 2)
for this paper (black points: COS G130M and G140L) and from previous FUSE
measurements (Zheng et al. 2004; Shull et al. 2004). COS optical depths are
generally higher than those found by FUSE. Theoretically predicted (1 + z)3.5

redshift scaling (Fardal et al. 1998) is shown as a dotted line. High COS optical
depths, !He ii ! 5, are plotted as lower limits, based on zero-level flux accuracy
implied by rms variations, "F = 2.7 " 10!17 erg cm!2 s!1 Å!1, at the bottom
of troughs at 1145–1155 Å and 1162–1173 Å.

Figure 5 shows the He ii optical depths for 2.4 < z < 2.9,
using COS data from both G140L and G130M and FUSE. To
construct this figure, we reconstructed “horizontal error bars”
representing the redshift bins (!z) used in these papers. We used
unpublished !z and uncertainties in optical depths !He ii from
Shull et al. (2004). From Zheng et al. (2004), we used values
of !z and !He ii from their Figure 3, with 25% uncertainties
in !He ii. We find reasonable agreement with the FUSE optical
depths (Shull et al. 2004) down to z = 2.4, although some of the
G140L fluxes are higher than those in the FUSE extension to
z ! 2.4 (Zheng et al. 2004). The smaller FUSE optical depths
may arise from uncertain background subtractions. Defining the
redshift ranges for these data points is difficult for optical depths
that vary rapidly over !z # 0.01.

Future COS spectra of fainter He ii–GP targets (often 19th
magnitude AGN) will have low S/N and will probably not show
the fluctuations in optical depths found here. At best, they will
measure broadband optical depths, $!He ii%. For HE 2347!4342,
we list below the He ii and H i optical depths averaged over
!z = 0.1 windows, together with the standard deviations of
their distributions:

1. (z = 2.4 ! 2.5) $!H i% = 0.12+0.21
!0.09 and $!He ii% = 1.11+0.97

!0.49

2. (z = 2.5 ! 2.6) $!H i% = 0.12+0.25
!0.08 and $!He ii% = 1.18+0.71

!0.50

3. (z = 2.6 ! 2.7) $!H i% = 0.26+0.36
!0.18 and $!He ii% = 1.37+1.03

!0.53

There may be a slight trend to higher # at lower redshifts,
as we discuss in Section 3.4. Considering the ratios of the
broadband averages, we find that $#% rises from 21+33

!17 at
z = 2.6–2.7 to values 39+84

!31 at z = 2.5–2.6 and 37+72
!34 at

z = 2.4–2.5. Despite the large spreads of the optical-depth
distributions, the means are fairly well determined.

Figure 6 shows examples of the He ii and H i ionization
structures found in our cosmological simulations (B. Smith
et al. 2010, in preparation), computed with Enzo, an N-body,
hydrodynamical code modified to compute time-dependent H
and He ionization. One can see the projected topology of the
cosmic web, the baryon overdensity, the ionization fractions

of H i and He ii at z = 2–3, and their ratio, xHe ii/xH i.
Observationally, we measure the ratio of column densities, # =
N(He ii)/N(H i), which we approximate as # # 4!He ii/!H i. The
factor of 4 arises from the larger He ii frequency bandwidth, with
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of observable He ii, with xHe ii = 0.001–0.01, comes from
ionized gas with log T = 4.0–5.3 (much of it at log T =
4.3) and log %H = !1 to +2. This He ii gas is primarily
confined to photoionized filaments in the cosmic web, with
some contribution from collisional ionization (at T > 105 K).
Further analysis of these simulations will appear in a later
paper.

3.3. He ii and H i Optical-depth Ratios

The H i and He ii Ly&-forest absorbers have traditionally been
assumed to arise in photoionized gas, irradiated by metagalactic
ionizing (EUV) radiation of specific intensity J' = Ji('/'i)!&s ,
where i refers to H i (h'i = 13.6 eV) or He ii (h'i =
54.4 eV). For these hydrogenic species, whose photoionization
cross sections above threshold h'i scale as "' = "i('/'i)!3, the
photoionization rates "i = (4("i/h)Ji/(&i +3). The parameters
&i are local spectral indices of the ionizing background at 1 ryd
and 4 ryd, respectively, and provide minor corrections to the
photoionization rates. For typical metagalactic fluxes and IGM
densities during reionization, hydrogen and helium are mostly
ionized, with fractions xH i ' xH ii and xHe i ' xHe ii ' xHe iii.
Because the first ionization potentials of H i (13.6 eV) and He i
(24.58 eV) are not greatly disparate, we expect the He iii and H ii
ionization fronts to coincide for appropriate values of ionizing
spectral index. For QSO ionizing spectra of power-law form,
the He ii and H i ionization fronts, driven by the photon fluxes at
1 ryd and 4 ryd, respectively, will propagate at the same (photon
flux-limited) velocity for a critical spectral index,

&crit = ! (ln y)
ln 4

# 1.80 , (7)

corresponding to our adopted He/H abundance, y = 0.0823.
The agreement with the HST-observed mean spectral index
of AGN at 1–2 ryd, $&s% = 1.76 ± 0.12 (Telfer et al. 2002),
suggests that H ii and He iii ionization fronts normally propagate
together.

In photoionization equilibrium in regions of high ionization,
xH i ' 1 and xHe ii ' 1, the He ii/H i abundance ratio can be
expressed (Fardal et al. 1998; Shull et al. 2004),
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The numerical coefficient has been increased from 1.70 to
1.77, reflecting an updated value of the primordial He/H
abundance, y = 0.0823, which we use as an approximation
to nHe iii/nH ii. In this equation, &
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are the case-A recombination rate coefficients and photoion-
ization rates for H i and He ii, and JH i and JHe ii are the
specific intensities of the ionizing radiation field at 1 ryd
and 4 ryd. The parameter T4.3 = (T/104.3 K) is used to
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• Basics of the IGM
‣ Definitions
‣ Diagnostics

• Where are we?
‣ HST (mainly pre-COS)
‣ FUSE, GALEX

• What are the open questions?
‣ Science driven

• Where will we be in 5 years?
‣ HST/COS

• What will the future bring?
‣ UV focused, of course

26

Outline

The focus here will be empirical
Others will present the theoretical side

Tepper-Garcia+ 12
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My preferences (of course)

These are not de-coupled...
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Top 10 Open Questions (IGM)
(1) Is the IGM (far from galaxies) enriched?

What is l(X) for OVI to Wr=10mA?

The extended CGM (~300kpc) can reproduce 
l(X)~20.  But 30+ requires the IGM.

14 Tilton et al.

Fig. 6.— Cumulative dN (> N)/dz for O VI absorbers compared
to simulation results of run 50 1024 2 from Smith et al. (2011) fea-
turing collisional and photoionization (C+P - solid line) and CIE
cooling (dashed line).

species with |!v| ! 50 km s!1, yielding “systemic” col-
umn densities and velocity displacements. We then cor-
related the two set of absorbers, counting any O VI ab-
sorption with a redshift within several !v o"sets of the
redshift of the H I as being associated with that H I
absorber. The resulting distributions are plotted as his-
tograms as a function of column density in Figure 8. The
strongest H I absorption systems nearly always have as-
sociated O VI. In all but a handful of cases, O VI has
associated H I absorption. We found four cases of O VI
absorption without apparent associated H I absorption
within |!v| ! 100 km s!1 and only one case without
H I absorption within |!v| ! 300 km s!1. This kine-
matic association confirms that H I and O VI often arise
in spatially associated, multiphase systems, as predicted
by simulations (Cen & Ostriker 1999; Davé et al. 2001;
Smith et al. 2011) and observed (Danforth & Shull 2008;
Tripp et al. 2008; Savage et al. 2011b).

C IV and N V.— The Li-like C IV and N V ions have
also been suggested as possible tracers of WHIM gas,
although photoionization probably also plays a role for
these species. We report 29 C IV absorbers, shown
in Figure 5 (middle row), but our survey is sensitive
to C IV over a much shorter total redshift pathlength
(!z = 2.52) compared to other ions. The distribution
yields a power-law index of ! = 1.77 ± 0.16 and an ab-
sorber frequency integrated down to 30 mÅ ("1548.2;
logNCIV " 12.87) of dN/dz = 12+4

!2. Our C IV catalog
has changed little since DS08, so, unsurprisingly, these
results are in good agreement with the results from that
study and its discussion of the ion. As in the O VI distri-
bution, we see a turnover in the dN/dz column density
distribution of C IV at logNCIV " 13.2, but it is not
significant at the 95% confidence level. We invoke all of
the same caveats in ascribing meaning to this feature as

we did for the O VI results.
Despite having more than double the redshift path-

length of C IV, the N V ion has only 25 absorbers,
shown in Figure 5 (bottom row), yielding a power-law
index of ! = 2.00 ± 0.24 and an absorber frequency in-
tegrated down to 30 mÅ ("1238.2; logNNV " 13.15) of
dN/dz = 10+5

!3. The low frequency of detections likely
is attributable to the low abundance of nitrogen com-
pared to oxygen or carbon. As a result, most detections
are weak, and it will remain di#cult to draw many con-
clusions from N V absorption until a systematic survey
in more sensitive COS data is undertaken. The slight
turnover apparent in the dN/dz column density distri-
bution is not statistically significant.

C III, Si III, Si IV, Fe III and other ions.— C III and Si III
are expected to arise in photoionized conditions, and they
are well characterized by the high-resolution STIS data,
owing to their relatively narrow line widths and strong
absorption features. Our catalog’s primary di"erences
from that of DS08 arise from a more careful treatment
of the narrow subcomponents seen in many of these ab-
sorbers. We report 50 C III absorbers, shown in Figure 9
(top row), yielding a power-law index of ! = 1.86± 0.09
and an absorber frequency integrated down to 30 mÅ
(logNCIII " 12.67) of dN/dz = 14.4+4.7

!2.2. We find 57
Si III absorbers, shown in Figure 9 (second row), yield-
ing a power-law index of ! = 1.74±0.10 and an absorber
frequency integrated down to 30 mÅ (logNSiIII " 12.14)
of dN/dz = 7.4+2.1

!1.2. We see no significant turnover in
their dN/dz column density distributions.
We report 30 Si IV detections, shown in Figure 9 (third

row), which follow a distribution quite similar to that
found in DS08. They found a power-law index of ! =
1.92± 0.17 that was somewhat steeper than that of the
other low-ionization state species. Our catalog yields an
index of ! = 1.73 ± 0.13, bringing it more in line with
the other ions. We find an absorber frequency integrated
down to 30 mÅ ("1393.8; logNSiIV " 12.53) of dN/dz =
9.2+4.5

!2.8.
DS08 made an ambitious attempt to characterize Fe III

absorption in the IGM, reporting 14 detections compris-
ing a steep distibution with ! = 2.2±0.4. However, they
expressed some caution about the validity of these re-
sults, owing to the high Fe III abundance ratios. Our re-
analysis of the data suggests that all Fe III results should
be treated with skepticism. Although we report 11 de-
tections at the nominal 4 # level, nearly all detections for
which COS data were available were revealed as misinter-
preted noise features. It is thus likely that a significant
number of those 11 absorbers may vanish, too, if ob-
served at a higher S/N with COS. In reporting our Fe III
statistics for this species in Table 6, we tentatively note
that they are poorly constrained. Table 6 further reports
our detections of several other low-ionization species. As
with Fe III, we mark them as poorly constrained owing to
the paucity of detections. No statistics are presented for
N II ("1084.0, "915.6) or N III ("989.8) because no sys-
tematic search was made for these species. The listed de-
tections were primarily serendipitous corrections of past
misidentifications in the literature, and they are primar-
ily associated with high column density H I absorption
systems.
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Top 10 Open Questions (IGM)
(2) Is there a WHIM?

Very hard to trace this phase, even with 
extremely sensitive UV measurements.
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Top 10 Open Questions (IGM)
(3) How is OVI / NeVIII ionized?

Line widths (presently) are ambiguous.  
Ionization models require a 2nd phase.

Ford+ 12Stinson+ 12

Simulated Gaseous Halos 3

star formation and feedback:

• we use the more common Chabrier (2003) IMF
which creates more massive stars for a given stellar
mass;

• the star formation density threshold is increased to
9.3 cm!3;

• the energy input from supernovae is increased to
1051 ergs;

• we include energy from radiation released by the
massive young stars before they explode as super-
novae.

Radiation pressure from massive stars can have signif-
icant e!ects on the scales that are resolved in our simu-
lations (Nath & Silk 2009; Murray et al. 2011). Massive
stars typically produce 1050 ergs of energy per M",
yet this couples only weakly to the ISM (Freyer et al.
2006). To mimic this ine"ciency, we inject a fraction
of the energy as thermal energy in the surrounding gas,
and do not turn o! cooling (for details see Brook et al.
2011b). Such thermal energy injection is highly ine"-
cient at the spatial and temporal resolution of cosmo-
logical simulations, and is rapidly radiated away(Katz
1992) This feedback is even less e"cient at low resolu-
tion. Following a parameter search designed to match
the stellar mass - halo mass resolution from halo
abundance matching (Moster et al. 2010), we in-
ject 17.5% of radiation pressure to the surrounding gas
as thermal energy in the lower resolution (HM) simula-
tion, but only 10% in the higher resolution runs(LM).
The overall coupling of energy to the ISM is minimal,
but su"cient to reduce star formation in the region im-
mediately surrounding a recently formed star particle.
HM LF and HM MF use the same initial conditions

and each simulated galaxy has an absolute V -band mag-
nitude MV ! "20.8 implying a luminosity L ! 0.8L#.
This is somewhat surprising given that the two runs yield
very di!erent stellar masses for the galaxy; this di!er-
ence is compensated by the fact that each galaxy fol-
lows a very di!erent star formation history (see Figure
7) such that the di!erent stellar ages result in compa-
rable V-band luminosity, but B " V colours of 0.37 for
HM MF and 0.55 for HM LF. HM MF was analysed in
Macciò et al. (2012). LM LF and LM MF use di!erent
initial conditions of similar halo mass. They are selected
because each has MV ! "19. The LM LF initial condi-
tions run with MaGICC feedback have MV ! "16.2.
To summarize the internal properties of the galaxies,
the lower feedback galaxies su!er from the problems of
angular momentum loss that have long plagued galaxy
formation simulations: dense central stellar bulges, cen-
trally peaked rotation curves, dark matter cusps and too
many stars relative to halo mass compared to observa-
tions. The MaGICC feedback simulations result in galax-
ies which match the stellar mass-halo mass relation, have
slowly rising rotation curves, and dark matter cores. The
MaGICC feedback simulations provide significantly bet-
ter matches to internal properties of observed disc galax-
ies.

Figure 1. Column density maps of HI (top) and OVI (bottom)
of the low (left) and high (right) feedback simulations. The maps
are all aligned so that the discs of the galaxies are edge on to
the viewer. The results on scales greater than 10 kpc are
relatively independent of viewing angle.

3. RESULTS

To study the CGM properties of the simulated galaxies,
we find the galaxy using the Amiga Halo Finder (Knoll-
mann & Knebe 2009) and define its center and systemic
velocity by the position and velocity of the particle with
the lowest potential. We may then sample the CGM at a
range of impact parameters !. To generate surface den-
sity maps of the CGM, we sum each box over 1 Mpc
along the line of sight. The maximum velocity of the
material in the box is |"v| < 200 km s!1. To estimate the
specific column densities of HI and OVI, we must esti-
mate the ionization state of the gas along each sightline.
Under equilibrium conditions, which we assume apply,
the ionization state is determined by the incident radi-
ation field (photoionization) and temperature of the gas
(collisional ionization). A proper handling of radiative
transfer e!ects are beyond the scope of this present pa-
per. Instead, we examine the simulations in regions ex-
pected to correspond to optically thin material, i.e. where
the HI column density is low because the gas is expected
to be highly ionized.
We calculated the ionization states for hydrogen and

oxygen throughout the zoomed region assuming optically
thin conditions and the Haardt & Madau (2011) UV radi-
ation field evaluated at z = 0. With the Cloudy software
package (v10.0) last described in Ferland et al. (1998),
we generated a suite of models varying the density, tem-
perature, and metallicity of the medium and used the
output to find the OVI and HI fractions for all the gas
in the simulation.
In Figure 1 we present column density maps for HI

and OVI for the LF and MF runs of galaxy HM. Both
simulations predict a CGM extending to at least 100 kpc
traced by cool HI gas and the more highly ionized OVI
gas. Figure 2 presents three phase-diagrams of the CGM
material in each galaxy. The top phase diagrams include
the total halo gas mass in the simulations. The middle

Is the gas in equilibrium??Circum-Galactic Absorption in Simulations 7
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Figure 2. Columns one and two show the median log overdensity and median log temperature; subsequent columns show median log
column densities for each ion as labelled, all at z=0.25. First three rows are for vzw; the first row is for mass bin 1011M!, second
for 1012M!, and the third for 1013M!. The fourth and fifth rows are for 1012M!halos in the constant wind and no wind models,
respectively, and are discussed further in §7. Note the colour scales for H i and Neviii are di!erent than for the other ions. All panels are
658 kpc across.

The histograms along the temperature and overdensity
axes indicate the relative fractions of the cosmic mass den-
sity (grey histograms) and the absorption systems found in
our lines of sight (red) as a function of temperature and
overdensity. Comparing the red and grey histograms indi-
cates how well the absorption seen in each ion at a given
impact parameter traces the underlying density and temper-
ature distribution of all such ions within the volume. Note
that the histograms are linearly (not logarithmically) scaled,
and that the integral under the red and grey histograms are
set to be equal. The grey histograms are the same for all
plots of a given ion, and sum only gas outside galactic ISM”
before the coma in sentence above I think. In contrast, the
red histograms vary depending on the absorption found for
the targeted sight lines at various b. To make the plots more
clear, the red histograms have been generated with a cap in
column density of 1016 cm"2 for H i and 1015 cm"2 for the
metal lines. All the lines above these values have been set
to this value when summing the column density-weighted
histogram, to avoid having the histograms skewed by single
large, saturated absorbers, since such absorbers generally
have highly uncertain column densities from Voigt profile
fitting. This a!ects 1.3% of all H i absorbers and no more
than 0.7% of all metal-line systems.

The vertical column of panels show the distribution at
three di!erent targeted impact parameters, 10 kpc, 100 kpc,

and 1 Mpc, along with random LOS (bottom) for each ionic
species. The di!erent columns correspond to di!erent ions,
beginning with H i and then ordered by increasing ionisa-
tion potential (discussed below in Figure 6), namely Mg II,
Si iv, C iv, Ovi, and Neviii. Each galaxy has four LOS per
impact parameter, and there are 250 galaxies per mass bin.
Therefore, each panel of the top three rows represent 1000
lines of sight. We use a velocity window of ±300 kms"1

for the targeted LOS throughout, which we justify in §4 as
the window containing the majority of absorption associated
with the galaxy. Hence, the total path length in each panel
is 6! 105 km s"1 or !z = 2.52. In the bottom row, we sub-
sample the absorbers from the random lines of sight chosen
to cover an equivalent redshift pathlength.

The first clear trend from these figures is that the num-
ber of systems goes down with increasing impact parame-
ter. The rate at which the number drops shows some di!er-
ences among the various ions; we will explore this further
in §6. The straightforward explanation for this is that both
the metallicity and the gas density drop as one moves away
from the galaxy, which translates into less metal absorption.
Nonetheless, it is clear that even at 1 Mpc, there are more
systems than in the random LOS (see §6).

Examining the plots more closely, one sees that for some
ions there is a distinct shift in the overdensities probed by
that ion as one moves out in impact parameter. This is most

c! 2012 RAS, MNRAS 000, 000–000
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Top 10 Open Questions (IGM)
(4) What is the Intensity of the EUVB?

Can we ever measure this directly?
Our Galaxy prohibits observations from 100-900A.

(5) What is its spectral shape from 1-10 Ryd?
Haardt & Madau 19

Fig. 9.— The broadband spectrum of a “quasar-only” cosmic background between 5 Å and 5,000 Å at epochs z = 0, 1, 3,and 5.
The new models (black curves) are compared with the old results of Paper II (blue curves). The intensity J! is expressed in units of
10!22 ergs cm!2 s!1 Hz!1 sr!1. The vertical thin lines indicate the positions of the H I and He II Ly! and Lyman limit.

Di!erentiation yields the H I “reionization equation” of Paper III,

dQHII

dt
=

ṅion

!nH"
#

QHII

!trec"
, (64)

and its equivalent for expanding He III regions,

dQHeIII

dt
=

ṅion,4

!nHe"
#

QHeIII

!trec,He"
, (65)

where ṅion,4 now includes only photons above 4 ryd (which are mostly absorbed by He II), and the recombination
timescale of doubly ionized helium, !trec,He", is the about 6 times shorter than the hydrogen recombination timescale
if H II and He III have similar clumping factors. We will not attempt here to model the reionization of He I, as this
occurs nearly simultaneously to and cannot be readily decoupled from that of H I. The reionization equation equation:
1) describes the transition from a neutral universe to a fully ionized one in a statistical way, independently, for a given
emissivity, of the emission histories of individual radiation sources; 2) assumes that the mean free path of ionizing
photons is much smaller than the horizon, i.e., that they are absorbed before being redshifted below the ionization
edge; and 3) includes in the source term only those photons above the Lyman limit that escape into the IGM (!fesc" = 1

Haardt&Madau 12
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Top 10 Open Questions (IGM)
(6) What is the ρ-T relation at δρ < 1?

Has it been adiabatically cooling for 10 Gyr?
What is the mass in the low-T IGM??
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Refining the Cosmic Web paradigm 
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Top 10 Open Questions (IGM)
(8)  What is the incidence of optically thick gas?

?
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Top 10 Open Questions (IGM)
(9)  What was the duration of HeII reionization?

The Astrophysical Journal Letters, 733:L24 (6pp), 2011 June 1 Worseck et al.

Figure 3. He ii effective optical depth !eff,He ii as a function of redshift z for
five He ii sightlines in identical redshift bins of !z = 0.04 (! 10 proper Mpc
at z " 3). Double-sided error bars are 68.26% confidence, whereas single-
sided error bars and lower limits are 84.13% confidence (1" ). Overplotted are
predictions of !eff,He ii(z) from our optically thin semianalytic IGM models and
results from radiative transfer simulations of He ii reionization by McQuinn
et al. (2009) (solid: mean !eff,He ii, dashed: 1" deviation).

2347#4342, we adopted !eff,He ii from the G130M spectrum for
completely covered redshift bins.

Figure 3 and Table 1 present !eff,He ii(z) for the five sightlines
in the redshift range 2.32 ! z ! 3.20. The He ii effective
optical depth evolves strongly from !eff,He ii $ 1 at z $
2.3 to !eff,He ii " 5 at z $ 3.2, although cosmic variance
might play a role at the lowest and highest redshifts (probed
by one sightline each). The effective optical depth in the
HE 2347#4342 sightline rather smoothly increases with redshift
until z $ 2.7. Between z $ 2.7 and z $ 3, we observe a large
scatter in !eff,He ii. In four of our five sightlines, approximately
half of the data points continue the smooth trend from lower
redshifts, whereas the remaining ones are significantly higher.
For example, the high-quality spectrum of HE 2347#4342
shows !eff,He ii $ 5.1 at z = 2.76. In the sightline toward
SDSS J1101+1053, strong absorption with !eff,He ii " 3 occurs
almost everywhere, whereas !eff,He ii mostly fluctuates around
!eff,He ii " 2 toward SDSS J0924+4852. Apart from the known
He ii void at z = 3.05 (e.g., Jakobsen et al. 2003), the Q
0302#003 sightline shows !eff,He ii " 5 at z > 3.

Small-scale density variations might contribute to the effec-
tive optical depth variations. We investigated this by comparing
the He ii absorption with the cospatial H i Ly# absorption on
a small scale !z = 0.01 ($2.8 proper Mpc at z = 2.8). We
focused on the redshift range 2.7 < z < 2.97 where the scatter
and the data coverage is largest. Figure 4 presents our measure-
ments toward the three quasars with H i and He ii data. From
the absence of a clear correlation between the measured H i and
He ii absorption we conclude that the !eff,He ii fluctuations cannot
be due to IGM density variations alone.

4. DISCUSSION

4.1. Comparison to Models

To further explore the results in Figure 3 we constructed a
simple semianalytic model for He ii absorption in a reionized
IGM. For an IGM highly photoionized in H and He that follows
the temperature–density relation T (! = $/$̄) = T0!%#1 (Hui

Figure 4. He ii effective optical depth !eff,He ii as a function of the corresponding
H i effective optical depth !eff,H i in three He ii sightlines over 2.7 < z < 2.97 on
!z = 0.01 bins ($2.8 proper Mpc at z = 2.8). Error bars are 1" . Overplotted
are the median (solid) and the 15.87 and 84.13 percentiles (dashed) of the
!eff,He ii distribution at a given !eff,H i from the M09 simulations for ongoing
(volume-averaged He ii fraction xHe ii = 1.8%, green) and almost complete
(xHe ii = 0.3%, black) He ii reionization.

& Gnedin 1997), the H i optical depth is

!H i $ 0.612
!

T0

20,000 K

"#0.724 !
"H i

10#12 s#1

"#1

% !2#0.724(%#1)
!

1 + z

4

"4.5

, (2)

also known as the fluctuating Gunn–Peterson approximation
(e.g., Weinberg et al. 1997). H i and He ii trace the same cosmic
densities, so

!He ii $ 0.112
"H i

"He ii
!H i $ &

4
!H i (3)

in a reionized IGM with an H i (He ii) photoionization rate "H i
("He ii). We have approximated number densities as column den-
sities with the column density ratio & = NHe ii/NH i commonly
measured in He ii forest spectra. The He ii effective optical depth
can be written as

!eff,He ii = # ln
#$ &

0
e# &

4 !H iP (!H i) d!H i

%
(4)

with the H i optical depth probability distribution function
P (!H i) = P (!) |d!/d!H i|. With Equation (2) and the overden-
sity probability distribution P (!) from simulations by Bolton &
Becker (2009), !eff,He ii is a function of the temperature–density
relation (T0, % ) and the ionization conditions ("H i, &). We adopt
T0 = 15,000 K and the post-reionization asymptotic value
% = 1.5 (Hui & Gnedin 1997), "H i = 10#12 s#1 (Bolton et al.
2005) and & = 80 (Fechner & Reimers 2007).

The lower solid curve in Figure 3 shows the resulting
!eff,He ii(z) model. It matches surprisingly well to the measured

4

Worseck+ 12

When did it begin and what are the sources?
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Top 10 Open Questions (IGM)
(10)  What is the mass-flow rate into galaxies?

What is the mass-flow rate out of galaxies?
The Astrophysical Journal, 730:5 (12pp), 2011 March 20 Heckman et al.
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Figure 6. Absorption-line profiles of the Si iii !1206.5 feature. Contaminating foreground Milky Way and air-glow features are noted. Highly blueshifted absorbing
material is detected up to at least !1500 km s!1 in the four cases with a dominant central object (see the text). Beyond this velocity, there is possible contamination
by the N i !1200.0 feature (as marked).

been observed with spectral resolution and signal-to-noise ratio
similar to our sample.12 Of these, the residual relative intensities
of C ii !1334.5, O i !1302.2, and Si ii !1260.4 (the strongest
metal lines tracing the neutral ISM) are very small in MS 1512-
cB58 (Pettini et al. 2002), The Cosmic Eye (Quider et al. 2010),
and the 8 O’Clock Arc (Dessauges-Zavadsky et al. 2010), but
large ("40%) in The Cosmic Horseshoe (Quider et al. 2009).
In fact, the last object appears to a good example of the type of
picket-fence situation seen in the DCOs in our sample.

As discussed above, dust can also be a significant source
of opacity to ionizing radiation in galaxies. Following Shapley
et al. (2006) and G09, we can distinguish between the absolute
and relative escape fractions. The former is the actual fraction
of ionizing photons that escape the galaxy, including the effect
of dust. The latter neglects the effect of dust and is defined as
the ratio of the fraction of escaping ionizing photons to escaping
non-ionizing far-UV photons (e.g., it measures only the effect
of the photoelectric opacity of the gas). Our measurements
discussed above provide information about the relative escape
fraction. Given that the ratio of far-IR to far-UV fluxes for the
galaxies with DCOs are of order 10, the implied absolute escape
fractions will be proportionately smaller. We list our estimates
for both the relative and absolute escape fractions in Tables 1
(FUSE) and 2 (COS).

12 These strong interstellar metal absorption lines from neutral gas exhibit
significant residual intensity in the high signal-to-noise ratio stacked spectra of
high-z star-forming galaxies (e.g., Shapley et al. 2003; Steidel et al. 2010).
However, these data are obtained at relatively low spectral resolution
(R " 103), so that the line profiles are not well resolved in individual objects
(and could miss gas with a high covering factor but low velocity dispersion).
The stacking process itself could also smear out black, narrow components
found in the spectra of individual galaxies.

4.3. Extreme Feedback

As can be seen in Figure 4, the C ii !1334.5 absorption-line
profiles in all the LBAs are blueshifted with respect to the galaxy
systemic velocity, implying a large-scale outflow of gas. Further
evidence for outflows is provided by the broad blue-asymmetric
wings seen on the optical emission-line profiles (O09).

The absorption-line profiles in Figure 4 show evidence for
exceptionally high outflow speeds in the DCOs. To further
investigate this, we turn to the Si iii !1206.5 feature. This is the
strongest metal line that is accessed in all four DCO spectra, and
arises in the ionized gas. As shown in Figure 6, outflowing gas
is detected at extraordinarily high velocities in all four galaxies
with DCOs. The flux-weighted line centroid is blueshifted by
about 700 km s!1 in these objects (Table 2). It is difficult to
determine the maximum outflow velocity because of blending
with the N i !1200 triplet, which lies "1600 km s!1 blueward
of the Si iii line. Conservatively, the maximum outflow speed
seen in the DCOs reaches at least 1500 km s!1.

These velocities are much higher than in the local starburst
sample and in the LBAs without a DCO. This is shown in
Figure 7 where we plot the outflow speeds in the ionized gas
in local starburst and LBA samples versus the star formation
rate and galaxy mass (see Tables 1 and 2). For galaxies with
FUSE data, we use the C iii !977.0 and/or N ii !1084.0 and/or
C ii !1036.3 lines.

The outflow velocities in the DCOs are also significantly
larger than those typically seen in high-z galaxies. Steidel et al.
(2010) find line centroids that are blueshifted on-average by
164 km s!1 and maximum outflow speeds that are typi-
cally "800 km s!1 for galaxies with star formation rates of
"101–102M# yr!1.

7

6 Fumagalli et al.
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Figure 3.Hydrogen column density for MW3 at z = 2.3. Top left:NH. Top right:NH I from the CIE model. Bottom left:NH I from the UVB model. Bottom
right: NH I from the STAR model. Most of the gas that resides in the streams is ionized by electron collisions and the UVB, while photons from newly born
stars affect the high column density inside the central and satellite galaxies and their immediate surroundings.

for visualization purposes), for the central disk of MW3 at z =
2.3 and in a nearly face-on view. Most of the ionizing radiation is
produced in clumps and in spiral density wakes. While the SFR in
the entire box approaches 50M! yr"1, the central disk accounts for
only half of the total ionizing radiation (with SFR! 27M! yr"1).
About 50% of the remaining photons come from a large satellite
which is forming stars at ! 10 M! yr"1. This example highlights
the fact that photons from young stars that escape the surrounding
halos can introduce low level anisotropies in the UV radiation field.

3.1.4 Dust opacity

Dust is an important sink of Lyman continuum photons, particu-
larly relevant for radiation from local sources. Using the metallicity
in the gas phase from SN II and SN Ia, the dust volume density is
given by

!d = fd µ mp (ZSN Ia + ZSN II)(nHI + 0.01 nHII) , (2)

where fd = 0.4 is an estimate of the fraction of metals locked
in dust (Dwek 1998) and µ = 1.245 is the mean particle weight,
including helium. To mimic grain destruction, we suppress dust for-
mation in ionized regions to only 1% of what is found in the neutral

phase. This fraction is the most uncertain quantity in the dust model
(see Laursen et al. 2009, section 7).

From the dust density we compute the dust optical depth at
912Å, i.e. the hydrogen ionization potential, in each AMR cell as
" = # l, with # = nd ($s + $a) = % !d (1 " A)"1 and l the
cell size. Here, $s and $a are the scattering and absorption cross
sections, A is the albedo, and % is the frequency dependent dust
absorptive opacity. For the above quantities, we assume % = 9.37#
104 cm2 g"1 and A = $s/$d = 0.248 (Draine 2003). During the
RT calculations, at the relevant UV wavelengths, a linear fit to the
Li & Draine (2001) data is used: %(&) = 9.25 # 104 " 91.25 #
(912Å"&) andA(&) = 0.24+0.00028(912Å"&). A map of the
dust optical depth for MW3 at z = 2.3 in a nearly face-on view is
in the right panel of Figure 2. Here the projected dust optical depth
is computed along a path of 282 kpc, the size of the entire box.

3.2 Results of the radiative transfer calculation

For each galaxy, we run three different RT models, gradually in-
cluding additional physical processes. In the first model (hereafter
CIE model), we derive the neutral fraction assuming CIE, without
any source of radiation. In the second calculation (UVB model),
we include the UVB together with dust and collisional ionization.

Cold flows; 
Fumagalli+ 11 Outflows; 

Heckman+ 11
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• Basics of the IGM
‣ Definitions
‣ Diagnostics

• Where are we?
‣ HST (mainly pre-COS)
‣ FUSE, GALEX

• What are the open questions?
‣ Science driven

• Where will we be in 5 years?
‣ HST/COS

• What will the future bring?
‣ UV focused, of course

37

Outline

The focus here will be empirical
Others will present the theoretical side
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Answering these Questions: Next 5 Years

Comprehensive galaxy surveys in combination 
with IGM spectra will trace the structures

Tejos+ 12
Crighton+ 12

(7) What is the topology of the IGM?
LSS in absorption: Gas within and around Voids 5

Figure 2. Panels (a) and (b) show the distribution of column densities of H i as a function of X and D respectively. Panels (c) and (d)
show the distribution of Doppler parameters as a function of X and D respectively. Our LSS samples are shown by di!erent color/symbols:
void (black circles), void-edge (red squares) and unclassified (blue triangles). Histograms are also shown around the main panels. Vertical
red dashed lines show the limits of our LSS definitions (see §3.2).

and/or D ! 4 h!1Mpc, for which 17±4 (19±4) systems were
observed compared to the 33.9 ± 0.2 (34.1 ± 0.2) randomly
expected. We also checked that such an excess and deficit
did not appear by chance in 1000 realizations, consistent
with the < 0.1% probability of occurrence. No significant
di!erence is found for systems at X " 0.9 and/or D " !2
h!1Mpc, for which the 28± 5 (22± 5) found are consistent
with the random expectation of 33.4± 0.2 (29.0± 0.2). The
Kolmogorov-Smirnov (KS) test between the full unbinned
samples gives a " 0.3% (0.5%) probability that both the
random and the real data come from the same parent dis-
tribution. We checked that no single sightline dominates the
signal by removing each individual one and repeating the
previous calculation. We also checked that masking out the
spectral regions associated to possible Galactic absorption
does not have an impact on our results as the same num-
bers (within the errors) are recovered when these regions
are not excluded. These results hint at a well defined gas
structure around voids, possibly analogous to that seen in

galaxies. The current data are not su"cient to confirm (at a
high confidence level) the reality of the apparent two-peaked
shape seen in the real distributions however.

3.2 Definition of large scale structure in

absorption

We define three LSS samples observed in absorption:

• Void absorbers: those absorption systems with X < 1
and/or D < 0 h!1Mpc. A total of 45 (45) void absorbers
were found.

• Void-edge absorbers: those absorption systems with 1 #
X < 1.3 and/or 0 # D < 4 h!1Mpc. A total of 44 (42) void-
edge absorbers were found.

• Unclassified absorbers: those absorption systems with
X $ 1.3 and/or D $ 4 h!1Mpc. A total of 17 (19) unclassi-
fied absorbers were found.

Tripp+ 13
Werk+ 13
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Answering these Questions: Next 5 Years

CGM/IGM, EUVB processing, IGM topology

O’Meara+ 12

Howk+ 13

(8)  What is the incidence of optically thick gas?
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Answering these Questions: Next 5 Years
(3) How is OVI / NeVIII ionized?

Combination of S/N, ionization modeling,  
EUV lines (e.g. NeVIII, SVI, OV)

Savage+ 11,12
Meiring+ 12
Tripp+ 12

Monday, July 2, 2012



Answering these Questions: Next 5 Years

Worseck+ 12
Syphers+ 12

(9)  What was the duration of HeII reionization?Fluctuating Gunn-Peterson troughs
Ground: Hydrogen at z ! 6
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G. Worseck (UCO/Lick) Probing the End of Helium Reionization at z ! 2.7 from Space and from the Ground 8 / 14
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Answering these Questions: Next 5 Years

Worseck+ 12
Syphers+ 12

(9)  What was the duration of HeII reionization?

He II reionization ends at zreion ! 2.7
Measurements: He II effective optical depth on " 10 proper Mpc
z <
" 2.7: agreement with semi-analytic model of photoionized IGM

z >
" 2.7: large scatter in effective optical depth in 11 sightlines

Numerical simulations (McQuinn et al. 2009):
good match to data for zreion ! 2.7, zreion >

" 3 ruled out
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Answering these Questions: Next 5 Years

Worseck+ 12
Syphers+ 12

(9)  What was the duration of HeII reionization?
Comparison H I and He II

H I: complementary optical spectroscopy
(Keck/HIRES and VLT/UVES)
Co-eval H I Ly! forest traces density field
Underdense regions constrain He II fraction (McQuinn 2009)
He II/H I traces SED of ionizing radiation field
Ongoing: H I spectra for all COS He II quasars
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Answering these Questions: Next 5 Years

Worseck+ 12
Syphers+ 12

(9)  What was the duration of HeII reionization?
A dedicated survey for He II-reionizing quasars

Lyman break survey for faint
(g < 24.5) quasars
near He II sightlines
Wide-field imaging:
LBT, KPNO, CTIO, Magellan
Spectroscopic follow-up:
VLT/VIMOS, LBT/MODS
Science: Hard radiation near
He II-reionizing quasars
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Answering these Questions: Next 5 Years

Worseck+ 12
Syphers+ 12

(9)  What was the duration of HeII reionization?
Simulations: He III bubbles around quasars

Semi-analytic models and radiative transfer simulations
Prediction: inhomogeneous and extended He II reionization
(! 1Gyr, 3 <

! z <
! 4)
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Answering these Questions: Next 5 Years

Worseck+ 12
Syphers+ 12

(9)  What was the duration of HeII reionization?
New UV-bright quasars for He II studies

19 science-grade He II sightlines, quasar catalogs exploited
He II sample is Poisson-limited at z > 3
SDSS is Lyman break survey at z ! 3
"#bias against UV-bright quasars (Worseck & Prochaska 2011)
Lick & Calar Alto: Spectroscopic survey for UV-bright quasars
selected from GALEX+SDSS+WISE
> 35 UV-bright z > 2.7 quasars, comparable to SDSS DR7

G. Worseck (UCO/Lick) Probing the End of Helium Reionization at z ! 2.7 from Space and from the Ground 13 / 14
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Answering these Questions: Next 5 Years
The z<1 CGM will be well characterized.

Well-designed studies, spanning a wide range 
of galaxy type, impact parameter, etc.

Tumlinson+ 11

Metallicity, ionization state, extent, mass, dynamics
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• Basics of the IGM
‣ Definitions
‣ Diagnostics

• Where are we?
‣ HST (mainly pre-COS)
‣ FUSE, GALEX

• What are the open questions?
‣ Science driven

• Where will we be in 5 years?
‣ HST/COS

• What will the future bring?
‣ UV focused, of course

43

Outline

The focus here will be empirical
Others will present the theoretical side

6 Bertone et al.

[Ht]

Figure 2. Zoom into an OVI 1032 Å emission map of a high-density region at z = 0.25. The object at the centre of the displayed
region is a relatively small group. The slice thickness is 20 h!1 comoving Mpc (which corresponds to 1772 km s!1 for all panels). From
left-to-right, the pixel sizes are 100”, 10” and 1” and the angular sizes of the regions shown are 8 degrees, 48’ and 4.8’ (corresponding to
100, 10, and 1 h!1 comoving Mpc), respectively. The blobs in the right panel are resolved substructures.

mostly comes from the warmest gas in the largest haloes and
filaments, UV lines trace smaller structures, such as galaxies
and small groups. This di!erence can be partially explained
by the di!erent peak emissivity temperatures of the di!er-
ent ions. Here we find that OVI and NeVIII lines trace
primarily the highest temperature, shocked gas (! 106 K)
in filaments, in the surroundings of groups and in the in-
tragroup medium itself, whereas C III, C IV and Si IV lines
trace gas at lower temperatures, have very inhomogeneous
distributions and trace gas associated with galaxies. Si IV
lines trace only very compact regions of space, that can be
identified with gas in the haloes of galaxies. The spatial dis-
tribution of C III emission is intermediate between those of
Si IV and C IV.

The PDFs in Figs. 5 and 6 demonstrate that C III is
the strongest of the emission lines considered in this study,
and the strongest fluxes are concentrated in very few pix-
els (or equivalently, in very small regions). This is partly a
consequence of the C III line emissivity (Fig. 1) which, at
high density, has a peak value at T ! 105 K that is larger
than that of all other UV lines by 0.5 dex, and partly of the
large amount of metals in the C2+ phase, as we show in Sec-
tion 6.1. C IV surface brightnesses are typically an order of
magnitude lower than those of C III, in high density regions.
NV emission is weaker than C IV by a factor of 10-100 and
NeVIII by a factor of about 10. On average, OVI emission
is fainter than C IV by a factor of about 2. The di!erent
spatial distributions of the ions that trace high tempera-
ture gas (OVI, NeVIII, NV) and those that trace cooler
gas (C III, C IV, Si IV) mean that in spite of not being the
strongest line in high density regions, OVI emission is able
to exceed the emission from all other lines in low density
regions, where carbon and silicon emission declines steeply.
We therefore conclude that the best line in the UV band for

probing the properties of the di!use WHIM is OVI, whereas
the strong lines such as C III and C IV that trace cooler gas
o!er the exciting opportunity of observationally probing the
colder gas around, and accreting onto, galaxies.

Fig. 7 shows the relative intensity of lines with respect
to each other. Where contours lie above the dashed diago-
nal line, the emission line on the y-axis produces the high-
est flux, when below, the line on the x-axis is strongest.
Line pairs with similar peak temperatures produce narrow
contours that may lie on either side of the diagonal, while
line pairs with di!erent peak temperatures produce broad
profiles. The large dispersion indicates that di!erent lines
are dominant in di!erent density and temperature regimes.
Fig. 7 illustrates the distribution of line ratios that can be
expected when surveying the WHIM emission in a large field
and may ultimately help to identify lines in di!erent regions.

4 ANGULAR RESOLUTION

In this Section we test the e!ect of varying the angular res-
olution used to make the emission maps. Fig. 8 compares
the PDFs of the surface brightness in maps with resolu-
tions ! = 5”, 15”, 1", 4" and 10", which correspond to physical
scales varying from 14 h!1 kpc to 1.661 h!1 Mpc.

We find that most distributions, with the exception of
the ! = 10" case, converge well at intermediate and low
surface brightness. We find no convergence at the bright
end, where the highest predicted surface brightness steadily
increases with increasing resolution, at least on the scales
considered here. This is a consequence of the fact that large
pixel sizes prevent the detection of very strong emission com-
ing from structures with an angular size smaller than that
used to observe them. This said, di!use gas on scales larger
than galactic scales, such as the WHIM gas, can be observed

c! 2009 RAS, MNRAS 000, 1–21

Bertone+ 10
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How will we answer these Questions?

X-rays are likely required for the hot 
(dominant?) phase..

(10)  What is the mass flow rate into/out of galaxies?

Bertone+ 10

6 Bertone et al.
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Figure 2. Zoom into an OVI 1032 Å emission map of a high-density region at z = 0.25. The object at the centre of the displayed
region is a relatively small group. The slice thickness is 20 h!1 comoving Mpc (which corresponds to 1772 km s!1 for all panels). From
left-to-right, the pixel sizes are 100”, 10” and 1” and the angular sizes of the regions shown are 8 degrees, 48’ and 4.8’ (corresponding to
100, 10, and 1 h!1 comoving Mpc), respectively. The blobs in the right panel are resolved substructures.

mostly comes from the warmest gas in the largest haloes and
filaments, UV lines trace smaller structures, such as galaxies
and small groups. This di!erence can be partially explained
by the di!erent peak emissivity temperatures of the di!er-
ent ions. Here we find that OVI and NeVIII lines trace
primarily the highest temperature, shocked gas (! 106 K)
in filaments, in the surroundings of groups and in the in-
tragroup medium itself, whereas C III, C IV and Si IV lines
trace gas at lower temperatures, have very inhomogeneous
distributions and trace gas associated with galaxies. Si IV
lines trace only very compact regions of space, that can be
identified with gas in the haloes of galaxies. The spatial dis-
tribution of C III emission is intermediate between those of
Si IV and C IV.

The PDFs in Figs. 5 and 6 demonstrate that C III is
the strongest of the emission lines considered in this study,
and the strongest fluxes are concentrated in very few pix-
els (or equivalently, in very small regions). This is partly a
consequence of the C III line emissivity (Fig. 1) which, at
high density, has a peak value at T ! 105 K that is larger
than that of all other UV lines by 0.5 dex, and partly of the
large amount of metals in the C2+ phase, as we show in Sec-
tion 6.1. C IV surface brightnesses are typically an order of
magnitude lower than those of C III, in high density regions.
NV emission is weaker than C IV by a factor of 10-100 and
NeVIII by a factor of about 10. On average, OVI emission
is fainter than C IV by a factor of about 2. The di!erent
spatial distributions of the ions that trace high tempera-
ture gas (OVI, NeVIII, NV) and those that trace cooler
gas (C III, C IV, Si IV) mean that in spite of not being the
strongest line in high density regions, OVI emission is able
to exceed the emission from all other lines in low density
regions, where carbon and silicon emission declines steeply.
We therefore conclude that the best line in the UV band for

probing the properties of the di!use WHIM is OVI, whereas
the strong lines such as C III and C IV that trace cooler gas
o!er the exciting opportunity of observationally probing the
colder gas around, and accreting onto, galaxies.

Fig. 7 shows the relative intensity of lines with respect
to each other. Where contours lie above the dashed diago-
nal line, the emission line on the y-axis produces the high-
est flux, when below, the line on the x-axis is strongest.
Line pairs with similar peak temperatures produce narrow
contours that may lie on either side of the diagonal, while
line pairs with di!erent peak temperatures produce broad
profiles. The large dispersion indicates that di!erent lines
are dominant in di!erent density and temperature regimes.
Fig. 7 illustrates the distribution of line ratios that can be
expected when surveying the WHIM emission in a large field
and may ultimately help to identify lines in di!erent regions.

4 ANGULAR RESOLUTION

In this Section we test the e!ect of varying the angular res-
olution used to make the emission maps. Fig. 8 compares
the PDFs of the surface brightness in maps with resolu-
tions ! = 5”, 15”, 1", 4" and 10", which correspond to physical
scales varying from 14 h!1 kpc to 1.661 h!1 Mpc.

We find that most distributions, with the exception of
the ! = 10" case, converge well at intermediate and low
surface brightness. We find no convergence at the bright
end, where the highest predicted surface brightness steadily
increases with increasing resolution, at least on the scales
considered here. This is a consequence of the fact that large
pixel sizes prevent the detection of very strong emission com-
ing from structures with an angular size smaller than that
used to observe them. This said, di!use gas on scales larger
than galactic scales, such as the WHIM gas, can be observed

c! 2009 RAS, MNRAS 000, 1–21

Going to need to spectrally map this material, in emission.

Monday, July 2, 2012



How will we answer these Questions?

Bigger telescope required.

Tepper-Garcia+ 12

Going to need extreme sensitivity (<10mA; R>20,000)

(1) Is the IGM (far from galaxies) enriched?
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How will we answer these Questions?

Bigger telescope required.

Tepper-Garcia+ 12

Going to need extreme sensitivity (<10mA;  R>20,000)

(6) What is the ρ-T relation at δρ < 1?

Fukugita+ 96
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How will we answer these Questions?

SZ signal?
Spectral Imaging?
BLAs with GRBs?

Eliminate all other options

(2) Is there a WHIM?
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How will we answer these Questions?

Lya imaging of optically
     thick gas?

fesc precisely measured

Complete AGN surveys

(5) What is the Intensity of the EUVB?

244 SIANA ET AL. Vol. 723

Figure 1. GOODS B-band (F435W, rest-frame !1900 Å left) and far-UV (F150LP, rest-frame LyC, right) images of all 15 targets. The stamps are 4"" on a side (1"" =
8.4 kpc at z = 1.3). The target galaxies display a variety of morphologies: including spirals, compact galaxies, mergers, and/or clumpy disks.

Table 1
Target Information

Name R.A. (J2000) Decl. (J2000) zspec U Areaa f1500
b, c fLyC

b, d f1500/fLyC
d fesc,rel

d

s4 03:32:11.57 #27:46:22.9 1.221 23.48 3.64 1.66 <0.0182 >90 <0.06
s7 03:32:13.66 #27:43:13.1 1.856 23.46 1.50 1.64 <0.0138 >118 <0.21
s11 03:32:23.96 #27:43:49.1 1.311 23.32 1.69 1.59 <0.0091 >174 <0.03
s17 03:32:37.37 #27:50:13.7 1.389 23.26 2.06 1.85 <0.0144 >128 <0.05
s23 03:32:46.79 #27:52:29.8 1.227 23.56 2.82 1.26 <0.0180 >69 <0.08
s10 03:32:22.92 #27:48:57.4 1.264 23.47 4.02 1.41 <0.0208 >67 <0.08
s6 03:32:13.21 #27:41:58.0 1.297 23.73 2.67 1.12 <0.0182 >61 <0.09
s15 03:32:35.25 #27:54:32.6 1.414 23.66 1.22 1.22 <0.0082 >149 <0.05
s8 03:32:18.54 #27:48:34.1 1.414 23.75 3.81 1.00 <0.0198 >50 <0.14
n1 12:36:12.42 62:14:38.4 1.432 22.90 5.17 2.96 <0.0200 >148 <0.05
n3 12:36:28.94 62:06:16.0 1.265 23.25 7.13 1.34 <0.0216 >61 <0.09
n5 12:35:55.87 62:13:32.7 1.296 23.25 3.12 1.52 <0.0164 >92 <0.06
n11 12:37:05.59 62:17:17.8 1.250 23.60 1.95 1.24 <0.0125 >98 <0.06
n6 12:36:45.71 62:07:54.3 1.433 23.92 4.09 1.04 <0.0207 >50 <0.14
n14 12:37:09.12 62:11:28.6 1.341 23.63 1.92 1.19 <0.0148 >80 <0.08

Stacks
High SBe . . . . . . . . . . . . . . . 9.12 0.0199 >459 <0.013
Low SBe . . . . . . . . . . . . . . . 11.3 0.0575 >196 <0.031
Total . . . . . . . . . . . . . . . 20.3 0.0608 >335 <0.018

Notes.
a arcsec2.
b µJy.
c 0.9 $ the total value (to properly match far-UV aperture).
d Limits are 3! .
e SB = surface brightness, high (low) SB stacked above (below) SB(AB) = 23.06 mag arcsec#2.

Siana+ 10
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• UV spectroscopy has robustly 
defined the z~0 IGM
‣ At least for δρ/ρ > 1
‣ Generally follows the cosmic web 

paradigm
• Key open questions (short-term)
‣ What is the topology of the IGM?
‣ What is the IGM opacity at 1 Ryd?
‣ How is OVI/NeVIII ionized?
‣ What is the duration of HeII?
✦ HST Legacy

‣ What are the properties of the CGM?

49

Summary
• Key open questions (future)
‣ Is the IGM enriched?
‣ What is the true ρ-T relation?
‣ Is there a WHIM?
‣ How does gas flow into/out of 

galaxies?
‣ What are the shape and 

intensity of the EUVB?
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