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ABSTRACT

We discuss physical properties and baryonic content of broad Ly @ absorbers (BLAs) at low redshift. These absorption systems, recently
discovered in high-resolution, high-signal to noise quasar absorption line spectra, possibly trace the warm-hot intergalactic medium (WHIM)
in the temperature range between 10> and 10° K. The central idea is that in ionization equilibrium WHIM filaments should contain a very
small fraction of neutral gas (fiz; ~ 107°—107%, typically), giving rise to weak intervening HI Ly @ absorption. Due to the high temperature
of the WHIM, these Ly a absorbers must be thermally broadened to Doppler parameters (b values) >40 kms~'. It is expected, however, that
also non-thermal line broadening processes, line blends, and noise features can mimic broad spectral features, complicating the quantitative
estimate of the baryon content of the BLAs. To extend previous BLA measurements we have reanalyzed archival STIS data of the two quasars
H 1821+643 and PG 0953+415 and have identified 13 BLA candidates along a total (unblocked) redshift path of Az = 0.440. Combining our
measurements with previous results for the lines of sight toward PG 1259+593 and PG 11164215, the resulting new BLA sample consists of
20 reliably detected systems as well as 29 additional tentative cases, implying a BLA number density of dNp a/dz = 22-53. Eight BLAs
show associated absorption from HI Ly and/or O VI. The comparison between Ly @, Ly, and O VI line widths suggests that non-thermal
broadening and noise features substantially affect the observed BLA b value distribution. However, it remains unclear whether BLAs and O VI
absorbers trace the same gas phase in the WHIM filaments. We estimate that the contribution of BLAs to the baryon density at z = 0 is
Qu(BLA)> 0.0027 hy, ~" for absorbers with log [N(cm™)/b(km s™")] 2 11.3. This number indicates that WHIM broad Ly a absorbers contain
a substantial fraction of the baryons in the local Universe.
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1. Introduction collapsing under the action of gravity (Valageas et al. 2002).

- .. L ) . Directly observing this gas phase is a particularly challeng-
Photoionized and collisionally ionized intergalactic gas most ing task, as the WHIM represents a low density (my ~

likflzly makes .up for rpost of the .bar.yoni.c matter ir} the lgcal 10-5-10~4 cm™3), high-temperature (T ~ 105-107 K) plasma,
Universe. While the diffuse photoionized intergalactic medium
(IGM) that gives rise to the Lyman a forest accounts for
~30 percent of the baryons today (Penton et al. 2004), the
shock-heated warm-hot intergalactic medium (WHIM) at tem-
peratures T ~ 10°—107 K is expected to contribute at a compa-

primarily made of protons, electrons, He*, and He™*, together
with traces of some highly ionized heavy elements. Diffuse
emission from this plasma is expected to have a very low sur-
face brightness and its detection awaits UV and X-ray ob-
] A servatories more sensitive than currently available (see, e.g.,
rable level to the gosmologlcal rr}ass density of the baryons .at Fang et al. 2005; Kawahara et al. 2005; Sembach et al. 2005).
z2=0 .(Cen & Ostriker 199,9; Davé et al. 2001). Gas and stars in A promising approach to study the WHIM is the search for ab-
galaxies, groups (?f galaxies, anq galaxy clusters make up the sorption features from the WHIM in the far-ultraviolet (FUV)
rest of the baryonic mass (Fukugita 2003). . . . . .
. ; . ) and in the X-ray regime. Five-times ionized oxygen (O VI) is
T'he WHIM is behevetd to emerge from 1ntergalact'10 835 the most important high ion to trace the WHIM at temperatures
that is shock-heated to high temperatures as the medium is ¢ 7 _ 3 % 105 K in the FUV regime. Oxygen is a relatively
* Based on observations obtained with the NASA/ESA Hubble abundant element and the two available O VI transitions (lo-

Space Telescope, which is operated by the Association of Universities CAated alt) 103fla9 and' 1037'f6,A) have, lar%\e; I_(I)Islc\:/}ll(z;tor Stgengl; hs.
for Research in Astronomy, Inc., under NASA contract NAS 5-26555. number of detections of mtervening VI absorbers
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at z < 0.5 have been reported in the literature (Tripp
et al. 2000; Oegerle et al. 2000; Tripp & Savage 2000; Chen
& Prochaska 2000; Savage et al. 2002; Richter et al.2004,
Sembach et al.2004; Savage et al. 2005; Tripp et al.2005;
Danforth & Shull 2005). These measurements imply a number
density of O VI absorbers per unit redshift of dNgy/dz = 17+3
for equivalent widths W, > 30 mA (Danforth & Shull 2005).
Assuming that 20 percent or less of the oxygen is present in
the form of O VI (fovi < 0.2) and further assuming a mean
oxygen abundance of 0.1 solar, the measured number density
of O VI absorbers corresponds to a cosmological mass density
of Q,(0 VI) > 0.0022 hyy ~!. For the interpretation of this value
it has to be noted that O VI absorption mainly traces gas with
temperatures around 3 X 10° K, but not the million-degree gas
phase which probably contains the majority of the baryons in
the WHIM. Very recently, Savage et al. (2005) have reported
the detection of Ne VIII in an absorption system at z ~ 0.2 in
the direction of the quasar HE 0226—-4110. Ne VIII traces gas at
T ~ 7 x 10° K (in collisional ionization equilibrium) and thus
is possibly suited to complement the O VI measurements of the
WHIM in a higher temperature regime. However, as the cosmic
abundance of Ne VIII is relatively low, Ne VIII is not expected
to be a particularly sensitive tracer of the WHIM at the signal-
to-noise levels achievable with current UV spectrographs. This
is supported by the non-detections of intervening Ne VIII in
other high S/N STIS data (Richter et al. 2004). X-ray absorp-
tion measurements are very important for studying the WHIM
but are currently limited in scope because of the small number
of available background sources and the relatively low spec-
tral resolution of current X-ray observatories (FWHM ~ 500
to 1000 kms~"). Weak WHIM X-ray absorption by O VII and
O vII possibly has been observed with the Chandra X-ray ob-
servatory towards the quasar H 1821+643 (Mathur et al. 2003).
More recently, Nicastro et al. (2005) have reported the detec-
tion of O VII absorption in a WHIM filament in the Chandra
spectrum of the flaring blazar Mrk 421. In the future, more sen-
sitive X-ray observatories such as the X-ray Evolving Universe
Spectrometer (XEUS) and Constellation-X will be of great im-
portance to study the properties of the warm-hot intergalactic
gas over the entire temperature range in both absorption and
emission.

Next to high-ion absorption from oxygen and other metals,
recent observations with STIS (Richter et al.2004; Sembach
et al.2004) suggest that WHIM filaments can be detected in
Ly @ absorption of neutral hydrogen. Although the vast ma-
jority of the hydrogen in the WHIM is ionized (by collisional
processes and UV radiation), a tiny fraction (fi; < 107, typi-
cally) of neutral hydrogen should be present. Depending on the
total gas column density of a WHIM absorber and its tempera-
ture, weak HI Ly a absorption at column densities 12.5 < log
N(H1) < 14.0 may arise from WHIM filaments and could be
used to trace the ionized hydrogen component. The Ly a ab-
sorption from WHIM filaments is expected to be very broad
due to thermal line broadening, resulting in large Doppler pa-
rameters of b > 40 kms~!. Such lines are generally diffi-
cult to detect, as they are broad and shallow. High resolu-
tion, high §/N FUV spectra of QSOs with smooth background
continua are required to successfully search for broad Ly «
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absorption in the low-redshift WHIM. The Space Telescope
Imaging Spectrograph (STIS) is the only instrument that
has provided such data, but due to the instrumental limita-
tions of space-based observatories, the number of QSO spec-
tra adequate for searching for WHIM broad Ly o absorption
(in the following abbreviated as “BLA”) is very limited. So
far, two sight lines observed with STIS towards the quasars
PG 1259+593 (zem = 0.478) and PG 11164215 (zem = 0.176)
have been carefully inspected for the presence of BLAs, and a
number of candidates have been identified (Richter et al. 2004;
Sembach et al. 2004). These measurements imply a BLA num-
ber density per unit redshift of dVppa/dz ~ 20—-90 for Doppler
parameters b > 40 kms™' and restframe equivalent widths
W > 30 mA. The large range for dNgp/dz partly is due to
the uncertainty about defining reliable selection criteria for sep-
arating spurious cases from good broad Ly @ candidates (see
discussions in Richter et al. 2004 and Sembach et al. 2004).
Transforming the number density dNgy 4 /dz into a cosmologi-
cal baryonic mass density, one obtains Q,(BLA) > 0.004 /7 -1
This limit is only about 10 percent of the total baryonic mass
density expected from the current cosmological models (see
above), but is above the limit derived for the intervening O VI
absorbers (Q,(0 VI) >0.0022 A7y ~'; see above). Clearly, it is
of great importance to extend the current sample of BLA can-
didates using recently obtained and archival STIS data to more
reliably deduce the baryonic content of the WHIM at low z.

In this paper we discuss the physical properties of the
BLAs in the low-redshift Universe and review the observa-
tional constraints that limit the detectability of these sys-
tems. Moreover, we reanalyze the high S/N STIS spectra of
the two QSOs H 1821+643 (zem = 0.297) and PG 0953+415
(Zem = 0.239) to search for WHIM broad Ly @ absorption
along these two sight lines (Sect. 3). We combine our data with
the results from previous measurements for PG 12594593 and
PG 1166+215 and discuss physical properties and baryon con-
tent of the BLAs in Sect. 4. A summary of our study is given in
Sect. 5.

2. Broad Ly « absorption
2.1. Motivation

Ly a lines arising in the WHIM will be thermally broadened,
with b values exceeding ~40 kms~!. Since the gas is ionized,
only a very small fraction of the hydrogen will be in neutral
form and the HT column density is expected to be small. Ly &
absorption from the WHIM therefore should occur in the form
of very broad, shallow absorption lines. Their shape would dif-
fer significantly from the shape of ordinary Ly « forest lines,
which are usually relatively narrow (b ~ 25 kms™!; see Richter
et al. 2004). For pure thermal broadening and assuming a col-
lisional ionization equilibrium, one can estimate the total hy-
drogen content of each absorber directly from the measured
line width (b value) and the HI column density (see Sect.2.2).
However, in addition to thermal line broadening, non-thermal
broadening mechanisms exist, such as the Hubble flow or gas
flows and turbulence within the cosmic web filaments. Also
unresolved line blends can produce absorption features that are



P. Richter et al.: Broad Ly « absorbers

HI Ly a absorption; log N(HI)=13.0

1 V
b=20 km s~ !
log N(HII)=16.4

b=40 km s~
log N(HII)=17.8

Relative Intensity
o

b=150 km s~!
log N(HII)=19.8

b=80 km s~!
log N(HII)=19.5

0

-500 0 +500 —-500 0 +500

Velocity [km s!]

Fig. 1. Theoretical Voigt line profiles for HI Ly @ absorption with
a constant HI column density of log N(H1)=13.0 and b values
of 20,40, 80, and 160 kms~' are shown. For pure thermal broaden-
ing and in collisional ionization equilibrium, these lines would trace
gas with ionized gas column densities of log N(H1I) =16.4,17.8, 19.5,
and 19.8, respectively.

broad and shallow. For the analysis of interstellar and inter-
galactic absorption lines it is therefore common to assume that
the measured b value of an absorption line is composed of a
thermal component, by,, and a non-thermal component, byon—th,
so that:

b= Vbth2 + bron-th 2, (D

Current FUV absorption line data typically have limited spec-
tral resolution and moderate signal-to-noise ratios (S§/N). This
means that some of the apparently broad, shallow absorber can-
didates in these spectra may be produced by noise features,
blends of multiple narrow absorption lines, and continuum un-
dulations rather than by WHIM gas. To reliably estimate the
baryon content of the WHIM from broad Ly @ absorption it is
therefore necessary to assess the effects of non-thermal broad-
ening processes and data quality issues. In the following sec-
tions we discuss these various aspects in more detail to identify
difficulties for the interpretation of broad spectral features.

2.2. Thermal line broadening

If the width of an absorption line is governed solely by thermal
broadening (i.e., byon-n = 0), the measured b value of the line
serves as a direct measure for the temperature of the gas:

2kT T
bzw/LzO.l29‘/—kms", 2)
m A

where k is the Boltzmann constant, m is the particle mass, and A
is the atomic weight of the element. We demonstrate the effect
of thermal line broadening of the Ly a absorption in Fig. 1: we
model the expected shape (Voigt profile) of an HI Ly a absorp-
tion line with a constant H 1 column density of log N(HI) = 13.0
for Doppler parameters b = 20,40, 80, and 150 km s~!. From
Eq. (2) follows that T ~ 60b* for pure thermal broadening.

829

The b values of 20, 40, 80, and 150 kms~! given in Fig. 1 then
correspond to temperatures of log 7 ~ 4.4,5.0,5.6, and 6.1.
Clearly, it is much easier to detect Ly @ absorption from gas
with 7 ~ 10* K than Ly @ absorption from gas with 7 ~ 10° K.
The search for broad Ly « absorption from the WHIM at tem-
peratures T = 10°~10° K therefore requires spectral data with
good S§/N and a smooth background continuum.

If collisional ionization equilibrium (CIE) applies, one can
directly calculate the hydrogen ionization fraction log fi; = log
((H°+H*)/H®) ~ log (H*/H°) as a function of the gas temper-
ature (Sutherland & Dopita 1993; Richter et al. 2004):

log fi(T) ~ —13.9 + 5.41og T — 0.33 (log T)*. A3)

Together with the measured HT column density, N(HI), one
can determine the total hydrogen column density via N(H) =
JuN(HI). Under these assumptions, the chosen sequence
of b values in Fig. 1 not only is a sequence of increasing
temperature of the absorbing gas, but also a sequence of in-
creasing ionized hydrogen column density (log N(Hm) =
16.4,17.8,19.5, and 19.8). The correlation between higher gas
content and weaker H1 absorption has important observational
consequences if the lines are thermally broadened: the broader
and shallower a WHIM H1 Ly « line is, the more baryonic ma-
terial it traces. This means that it will be particularly difficult to
detect those WHIM Ly @ absorbers that have the largest baryon
content, as many of these features may fall below the detec-
tion limit. Note that for low gas densities (ngy < 107 cm™)
photoionization by the UV background contributes to the ion-
ization of the WHIM (see Sect.2.6). Therefore, the total hy-
drogen column density derived from Eq. (3) under the as-
sumption of CIE has to be regarded as a lower limit for N(H)
in BLAs.

2.83. Non-thermal line broadening

The network of WHIM filaments represents cosmic structures
at scales of a several Mpc (e.g., Cen & Ostriker 1999; Davé
et al. 2001), while the thickness of an individual filament is ex-
pected to be on the order of several hundred kpc (Valageas et al.
2003). Line broadening due to peculiar velocities and turbu-
lence in the gas therefore must be considered when it comes to
the interpretation of lines widths of WHIM absorbers. Clearly,
at such large scales the gas is expected to have density and ve-
locity substructure that will leave its imprint in the observed
H1 optical depth distribution (Kawahara et al. 2005). These ef-
fects would result in non-Gaussian shapes of broad HT lines,
which could be identified in absorption line data at sufficient
spectral resolution and S/N. Broad HT lines that are asymmet-
ric therefore should be interpreted with particular care, as their
width may not represent a good measure of the temperature of
the gas.

As spectral resolution and signal-to-noise (S/N) in
FUV data are limited, apparently broad Ly « absorption may be
caused by individual unresolved velocity components. In par-
ticular the measurements of line widths from intermediate and
low spectral resolution spectra (FWHM > 20 km s~!) often turn
out to be imprecise due to the presence of subcomponents that
are not, or only barely resolved in the data. The resolution of the
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STIS E140M spectra used in this and the previous two studies
is high, and with a FWHM of ~7 km s~!, much smaller than the
typical widths of the lines under investigation (b > 40 km s~
or FWHM > 66.5 kms™"). At this resolution, most of the exist-
ing subcomponent structure in intervening absorbers should be
resolved. Multiple absorption components that are separated by
~20-40 km s~! will in most cases produce an absorption struc-
ture that looks asymmetric and non-Gaussian. For uniformity,
in this paper we concentrate on STIS E140M spectra, but we
note that BLA candidates have also been identified in lower-
resolution observations with the STIS first-order gratings (e.g.,
Bowen et al. 2002).

If the WHIM gas participates in the overall Hubble-flow,
Hubble broadening will contribute with ~7 kms~! per hundred
kpc thickness of the absorber to the total line width. However,
if the thickness of the absorbing WHIM structures is on the or-
der of a few hundred kpc (Valageas et al. 2002), one expects
that byuppie < 30 kms™!, typically. Moreover, as the WHIM is
produced by collapsed gaseous structures that undergo gravita-
tional shock-heating, one may argue that the resulting WHIM
filaments primarily have decoupled from the Hubble flow dur-
ing the collapse phase and that the gas dynamics is driven pri-
marily by internal processes (this should be valid at least for the
main direction of the collapse). Hubble broadening therefore is
not expected to dominate the widths of WHIM spectral lines.
For those BLAs in which associated O VI absorption is ob-
served, one can evaluate the possible presence of non-thermal
line broadening by comparing the b value of HI and O VI. For
pure thermal broadening the O VI b value is expected to be four
times smaller than that of HT owing to the 16 times larger mass
of oxygen (see Eq. (2)). Non-thermal contributions to b may be
significant for BLA/O VI absorber pairs that have by < 4 bovr.
However, only a small fraction of the BLAs show associated
O VI absorption, so that this consistency check on the gas tem-
perature can be applied only to a few cases. In addition, sig-
nificant velocity offsets between HI and O VI as well possible
multi-component structure in the O VI are observed in some
cases. It thus remains unclear whether the HI and the O VI
absorption always trace the same gas phase, and whether the
comparison between O VI and HT line widths provides reliable
information about non-thermal gas motions.

2.4. Noise

FUV spectral data of extragalactic background sources ob-
tained with STIS typically have S/N < 30 per ~7 kms™! wide
resolution element. The presence of noise clearly hampers the
reliable detection of WHIM BLA candidates. The S/N in the
data will determine the detection limit of broad features and so
it is clear that only the highest HI column density WHIM fila-
ments can be detected with current FUV data. In contrast to the
O VI absorbers, the detection limit for broad Ly o absorption
cannot easily be quantified in terms of a minimum equivalent
width, as both the depth and the width of a line limit its de-
tectability. For instance, a relatively narrow HI Ly a line with
b =40kms™! and log N = 13.0 (see Fig. 1, upper right panel)
will have an equivalent width of ~50 mA and can easily be
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detected with STIS data at a S/N > 15. At this S/N, however, a
very broad line with b = 150 kms~! and log N = 13.0 (Fig. 1,
lower right panel) would not be detectable, although the equiv-
alent width would be the same. From the analysis of STIS data
we find that BLA candidates can be identified if the following
condition is fulfilled:

NHI) 3x10'?
b(HI) ~ (S/N)

In this equation, S/N is the local signal-to-noise ratio per res-
olution element. The S/N ratio may vary significantly within a
spectrum due to large-scale flux variations in the QSO spec-
trum and the wavelength-dependent sensitivity of the detector.
The average S/N in our STIS data is ~15, so that the typical
detection limit for detecting broad Ly « absorbers in these data
is log (N/b)min 2 11.3.

Noise features will also influence the shape of spectral fea-
tures and thus will complicate the search for WHIM BLA can-
didates. Therefore, we have studied the influence of noise fea-
tures (Poisson noise) in a set of artificial spectra with various
S/N levels. The FWHM in these spectra is similar to those in
the STIS data and the pixel size corresponds to one resolution
element (7 kms™!). An example spectrum is shown in Fig. 2.
The outcome of our noise analysis of these mock spectra is
the following: (1) noise can create structures in the continuum
that could be mis-identified as intervening broad Ly a absorp-
tion, (2) noise can create broad absorption features out of mul-
tiple, individual velocity components that are separated only by
~20-50 kms~!, (3) noise can substantially modify the shape of
an existing broad absorber, so that Gaussian-shaped absorption
lines become asymmetric, and vice versa. The binning of sev-
eral pixels can help to check on the validity of an absorption
feature, but we find that at S/N < 20 more than 50 percent
of all apparent broad absorption features are caused by noise
rather than by intrinisically broad lines. Next to Poisson noise,
other systematic noise sources can be important for the inter-
pretation of spectral features in FUV absorption line data. For
the STIS instrument, possible order-edge artifacts and features
caused by the obscuration by the field electrode of the MAMA
detector (the “repeller wire”; see Woodgate et al. 1998) have to
be considered. The limited S/N in the currently existing FUV
data introduces the largest uncertainty for the proper identifica-
tion and analysis of BLA candidate lines. Note, however, that
the broad lines chosen for this study currently represent the best
ones available for the search of BLAs.

cm™? (km s_l)_1 ) 4)

2.5. Continuum undulations

Due to the large width and the shallowness of the BLAs, one
may argue that part of these features are not produced by inter-
vening absorption but rather are caused caused by small-scale
undulations in the overlaying quasar continuum. One simple
way to test for the presence of continuum undulations in the
STIS data is to analyze the smoothness of the quasar contin-
uum shortwards and longwards of the QSO Ly @ emission. If
some of the features identified as broad Ly o absorbers are
instead produced by continuum undulations, one should ex-
pect that such undulations are distributed all over the spectrum,



P. Richter et al.: Broad Ly « absorbers

831

TTTT
>
o]

\ \ \ \ \ \
CD E

e
n
TTTTTTTTT

L1l

[EENEEEEE

Relative Intensity
— (@]

o
n
TTTTTTTTT

=

H
TLZF

TTTTTT
w0
S~
Z
Il
o

1230

1240

Wavelength [A]

Fig. 2. Artificial spectra of Ly & absorption in the wavelength range between 1220 and 1240 A are shown. The upper panel shows the initial
synthetic spectrum (without noise) with five Ly a absorbers A, B, C, D, and E having log N(H1) = 13.23, 12.28, 13.07, 13.10, 13.12 and b values
of 141,32, 24,25,51 kms™!, respectively. The lower three panels show the same spectrum with Poisson noise added at /N levels of 50, 20 and
10 per 7 km s~! wide pixel. For a /N < 20 the broad Ly @ absorber A almost vanishes in the noise, and the two narrow absorbers C and D start
to smear together to one broad spectral feature. At a S/N of 10, the broad Ly « absorber E is affected by a noise peak and thus looks asymmetric.
These spectra demonstrate the difficulty to reliably identify intrinsically broad Ly & absorbers in data with limited S/N.

whereas true intergalactic BLAs can occur only in the wave-
length range between Appamin = 1215.67 A and ABLA max =
(1+z0s0)*x1215.67 A. However, in none of the analyzed spec-
tra do broad features (if significant with respect to the ambient
noise) occur at wavelengths Agpa max > (1 +2gso) X 1215.67 A.
This implies that continuum undulations do not interfere with
our BLA search.

Continuum undulations also may be caused by weak emis-
sion lines from the QSO. Possible candidate lines for the range
ApLamax < (1 + zgso) X 1215.67 A are, for instance, HI
Ly 41025.7,0v141031.9, C11 1977.2. However, none of the
BLA candidates considered in this paper lie close to the wave-
lengths at which QSO emission in these (and other) lines would
be expected.

2.6. Deviations from CIE

The determination of fy and N(HII) using Eq. (3) is valid
only under the assumption that the gas is in collisional ion-
ization equilibrium, which may not be the case in general. In
fact, it is expected that for low-density gas (ng < 107 cm™)
photoionization from the UV background becomes important,
so that the ionization fraction (as defined in Sect.2.2) in low-
density BLAs should be higher compared to what is estimated
for pure collisional ionization. To investigate the influence of
photoionization we have analyzed the output of a WHIM simu-
lation presented by Fang & Bryan (2001). This study includes a

combined (time equilibrium) collisional ionization and pho-
toionization model (hereafter referred to as CIE+PH), based
on ionization fractions from Mazzotta et al.(1998) and the
CLOUDY photoionization code (Ferland et al. 1998). The
WHIM simulation predicts that for 7 = 10°~10” K and ny =
107°~10~* cm™3 the CIE+PH ionization fraction is (on av-
erage) ~50 percent higher than for CIE alone. If we restrict
the density range to ng > 107 cm™>, the CIE+PH ioniza-
tion fraction typically lies ~15 percent above the CIE estimate.
This shows that photoionization is important for the BLAs.
Howeyver, since we do not have information about the actual
hydrogen volume densities in these absorbers, we only can no-
tice that with the CIE assumption we probably underestimate
the ionized hydrogen column density (and thus the baryon con-
tent) of BLAs by ~15-50 percent. To more precisely pinpoint
the role of photoionization in BLAs a more detailed analysis of
broad Ly a absorption in cosmological simulations is required.
This will be presented in a future paper (Richter et al. 2005,
in preparation).

2.7. The baryonic content of broad Ly « absorbers

The cosmological mass density of the WHIM broad Ly a ab-
sorbers in terms of the current critical density p. can be esti-
mated by

H
Qu(BLA) = KT 5 fuy NEHD, [ 3 A, 5)
¢ ij j
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Table 1. Log of STIS observations.
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Sight line / b Vv Zem Grating Exposure time  Broad Ly « analysis
[mag] [ks]

H1821+643 94.00 +27.42 1424 0.297 E140M 255 this study

PG0953+415 179.79 +51.71 1532 0.239 EI40M 245 this study

PG1116+215 22336 +68.21 14.80 0.177 E140M/E230M 355 Sembach et al. (2004)

PG 1259+593 120.56 +58.05 15.84 0.472 E140M 95.5 Richter et al. (2004)

with g = 1.3, myg = 1.673 x 10727 kg, Hy = 70 kms~! Mpc~!,
and p. = 3Hy2/87G. The index i denotes an individual broad
Ly @ system along a line of sight j. Each measured absorption
system i is characterized by its neutral hydrogen column den-
sity, N(H1);; and ionization fraction, fy;; (see Eq. (3)). Each
line of sight j has a characteristic redshift range Az = Zmax — Zmin
in which broad Ly a absorption may be detected. The comoving
path length AX; available for the detection broad Ly a systems
then is given by:

AX = 0.5 {[(1+ Zmax — Azp/2) = 1] = [(1 + zin + Az5/2)* = 1]} (6)

where we refer to a cosmology with ¢gg = 0. Due to the presence
of Ly a forest lines and interstellar absorption lines a blocking
correction Azg for each sight line has to be applied.

2.8. Summatry: interpretation of H1 line widths

As there currently are only very few techniques that can be
used to constrain the baryon budget of the WHIM by direct ob-
servations, the analysis of broad Ly a absorbers in low-z QSO
absorption line spectra is of fundamental importance for our
understanding of the distribution of baryonic matter in the lo-
cal Universe. Every WHIM filament that contains sufficient
amounts of neutral hydrogen will produce a broad Ly @ ab-
sorption line, but, vice versa, not every broad feature observed
in FUV data is caused by the WHIM. Moreover, the quantita-
tive estimate of N(H1I) from N(HT) and b(H1) is hampered
by the various alternative broadening mechanisms discussed
above. Therefore it is clear that the interpretation of broad ab-
sorption features in FUV spectra and the determination of €},
from BLA candidates is afflicted with systematic uncertainties.
This should be kept in mind for the second part of the paper,
where we analyze BLA candidates along four lines of sight and
estimate their baryon content.

3. STIS observations of low-z broad Ly «
absorbers

3.1. Overview

STIS data with medium- to high spectral resolution and good
S/N are available only for a very limited number of QSO sight
lines, as it requires a substantial amount of observing time to
observe objects with V magnitudes >15 at high spectral res-
olution. In this study, we analyze broad Ly a absorbers along
the two lines of sight towards H 1821+643 and PG 0953+415
and combine these data with previously published measure-
ments for PG 1259+593 (Richter et al. 2004) and PG 1116+215
(Sembach et al.2004). Information about the line-of-sight

properties is summarized in Table 1. All four spectra were ob-
tained between 1998 and 2002 using the medium resolution
FUV echelle mode (E140M), which provides a spectral resolu-
tion of 1/A1 ~ 46 000, corresponding to FWHM ~ 7 kms™!.
The integration time for each spectrum varies between ~25 and
~95 ks (see Table 1). More detailed information about the ob-
servations and primary data reduction of these spectra can be
found in Tripp et al. (2000), Tripp & Savage (2000), Richter
et al. (2004), and Sembach et al. (2004, 2005a). Note that the
STIS data sets for H1821+643 and PG 0953+415 have been
extensively used to study the distribution and properties of in-
tervening O VI absorbers at low redshifts (Tripp et al. 2000;
Tripp & Savage 2000; Tripp et al. 2001; Savage et al. 2002),
as well as to investigate the statistical and physical properties
of the low—z Ly a forest (Davé & Tripp 2001). In the latter
study, the authors compared the properties of the Ly o forest
in these two spectra with those of mock QSO spectra from
hydrodynamical simulations. For the analysis, Davé & Tripp
used an automated continuum fitting routine together with an
automated Voigt profile fitting algorithm (AutoVP; see Davé
et al. 1997) to efficiently handle the large number of lines in
their data. With this method, they find 89 Ly « forest absorbers
with b < 40 kms~! along a total redshift path of Az = 0.335
(Davé & Tripp 2001; their Fig. 6), but apparently only two sys-
tems with » > 40 kms~!. However, our experience with au-
tomated line fitting routines is that broad and shallow spec-
tral features often are not identified by these routines, or that
they are inappropriately fitted, e.g., by multiple, narrow lines.
A careful re-analysis of these data focussed on the search of
broad and shallow absorption features is justified.

3.2. Data analysis

For the data analysis of the STIS spectra of H 1821+643 and
PG 0953+415 we follow the procedures from previous spec-
tral anlyses of STIS data for PG 1259+593 (Richter et al. 2004)
and PG 1116+215 (Sembach et al.2004). From a careful by-
eye inspection of the STIS data (put onto a heliocentric velocity
scale) we first have created a catalog of broad spectral features
that represent candidates for intervening broad H1 Ly a absorp-
tion (1g = 1215.67 A: oscillator strength f = 0.460; Morton
2003). As we do not want to include absorbers that possibly are
associated with the background quasar itself, we have consid-
ered only those lines that are more than 5000 km s~ away from
the quasar. We have omitted from our candidate list those ab-
sorption features that exhibit clear evidence for sub-component
structure, line blending, and irregularities due to continuum
undulations. Moreover, we do not consider broad absorption
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features that are part of complex multicomponent absorption
systems, as the width of these absorbers is particularly difficult
to determine. We therefore ignore hot gas that is situated in
multiphase absorbers that may preferentially be related to gas
in the vicinity of galaxies and galaxy groups. This introduces a
selection bias in our BLA sample. Note that recent observations
of Ne vl and O VI in a multiphase absorber at z ~ 0.2 toward
HE 0226—4110 suggest that such systems may contain signifi-
cant amounts of hot gas (Savage et al. 2005). It is important to
emphasize that our selection procedure is based solely on the
visual inspection of absorption features in the spectrum. This
method thus involves a certain degree of subjectiveness for the
identification of BLA candidates, in particular if it comes to the
evaluation of noise features, line asymmetries, and continuum
undulations. As outlined earlier, automated fitting procedures
currently do not represent a reliable alternative to assess the
significance of broad spectral features. Therefore, we here rely
on selection criteria based on our experience with previous ab-
sorption line data. Note that the BLA candidates presented in
this paper have been identified and evaluated independently by
the various authors of this paper.

After having selected a sample of BLA candidate lines
we have cross-checked whether these features could be higher
Lyman lines or metal lines belonging to other intergalactic ab-
sorption systems, and modified the list accordingly. We then
checked for associated broad Ly 8 and O VI absorption for the
BLA candidates. BLAs that show associated Ly 8 absorption
with brys < 40 kms™! have been excluded from our sample
(see Sect.4.2.1). For the final BLA candidate sample, the lines
have been continuum-normalized. The continuum fitting was
done for each line individually, using low-order polynomials
that fit the continuum around a line in range from approxi-
mately —1000 to +1000 kms~!. The base points for the poly-
nomial fit were obtained from a binned (10 pixels, typically)
version of the spectrum to smooth out the noise in the contin-
uum flux and thus to increase the reliability of the continuum
fit. The normalized broad Ly a candidate lines then were fit-
ted with Voigt profiles convolved with a Gaussian line spread
function that corresponds to the spectral resolution of the STIS
instrument (FWHM =~ 7 kms™'). As the lines under analy-
sis generally have FWHM > 50 kms~!, possible small devia-
tions of the STIS line spread function from a single-component
Gaussian have no measurable influence on the outcome of the
profile fit. For the fitting procedure we have used the Voigt
profile/ x> minimization routine FITLYMAN installed in the
ESO-MIDAS software package (Fontana & Ballester 1996),
which delivers line centroids, redshifts, equivalent widths, log-
arithmic column densities, b values, and their corresponding
errors. The total uncertainty for N and b have been calculated
by quadratically adding the error estimates from the fitting pro-
cess to those from the continuum placement. Due to the fact the
S/N varies over the spectrum, the detection limit for BLAs, log
(N/b)min, as defined in Sect.2.4, also varies across the spec-
trum. Many of the BLA candidates in our sample have a low
S/N in their profile. In some cases, there is weak (but not com-
pelling) evidence for asymmetries and unresolved component
structure. Although these systems are all clearly detected with
W /o > 4.4 except for one line with W, /o = 2.6, it is probable
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that some of them are not related to thermally broadened H1
but are caused by blends of several subcomponents and noise
features. As the S/N in our data is not good enough to reliably
evaluate the true component structure in these broad lines, we
regard these absorbers as tentative BLA detections. Throughout
the following we label these cases accordingly. Measured col-
umn densities, b values, and other quantities for each absorber
in our final BLA candidate sample are listed in Tables 2 and 3.
In Table 4 we list estimates for the temperature, ionization
fraction, and total hydrogen column density for each system
(see Sect. 4.3). Statistical information for each sight line is pre-
sented in Table 5.

3.3. H1821+643

The wavelength range available for detecting intervening broad
Ly @ absorption towards H 1821+643 (zey, = 0.297) is from
~1230.0 A to ~1556.5 A (=5000 kms~' away from the
quasar), corresponding to a redshift interval of Az = 0.269.
The typical S/N in this range is ~21 per resolution element, so
that the detection limit for broad Ly @ absorption (see Eq. (4))
is log (N/b) =~ 11.2. The blocking of certain spectral re-
gions due to other interstellar and intergalactic lines reduces
the total unblended redshift interval to a value of Az = 0.238.
We find six reliably detected single-component BLA candi-
dates at z = 0.02642,0.12221,0.16352,0.18047,0.22616, and
0.26659. Equivalent widths, column densities, and b values
for these absorbers are listed in Table 2. The systems at z =
0.16352, 0.18047, and 0.22616 have been previously identi-
fied as HT Ly a absorption in lower-resolution GHRS G140L
data (Tripp et al. 1998). Two of these systems (at z = 0.22616
and 0.26659) show associated O VI absorption, which has
been previously analyzed by Tripp et al. (2000). For the z =
0.26659 system we find associated Ly 8 absorption, which is
also broad (b ~ 42 kms™"). Considering all six BLA candi-
dates we obtain a BLA number density per unit redshift of
dNgra/dz = 25 for log(N/b) > 11.2. As an example for
broad Ly @ absorption towards H 1821+643 we show in Fig. 3
the spectral region between 1430 and 1440 A. The BLA near
1435 A(z = 0.18047) is clearly visible, and there is no ev-
idence that this feature is produced by a continuum undula-
tion or a blend of several narrow absorption lines. Continuum
normalized velocity profiles of all BLA candidates towards
H 18214643 are shown in Fig. 4. From Voigt profile fitting of
the Ly a profiles we derive b values between 44 and 56 km s
and logarithmic HI column densities between 13.19 and 13.65
(see Table 2, for details). All the BLAs candidate lines to-
ward H 1821+643 therefore are relatively narrow, which may
imply that some of them are not related to the WHIM, but
rather are Ly a forest lines broadened by non-thermal pro-
cesses. Our measured values of b = 45.6 + 3.9 kms~! and log
N = 13.65 £ 0.06 for the BLA at z = 0.26659 agree well with
the numbers cited by Tripp et al. (2000) (b = 44.61:; kms™!
and log N = 13.62 + 0.03) for this system. Note that we
do not consider here the broad Ly @ absorption found in the
z = 0.12120 system, as this line is part of a complex mul-
tiphase absorption system with very broad O VI absorption,
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Table 2. BLA candidates towards H 1821+643, PG 0953+415, PG 11164215, and PG 1259+593.

Aobs z w, ¢ log N¢ b% log (N/b) Otherdet. Status?
[A] [mA] [kms~!] species
H 18214643
1247.789  0.02642 79+ 10 13.24+£0.07 51.3+£6.0 11.5
1364.232  0.12221 74+8 13.23+0.05 444 +3.8 11.6
1414.461  0.16352 75+9  13.19+£0.06 55.7+4.9 11.4
1435.057  0.18047 68+9 13.21 £0.08 52.8+54 11.5
1490.605 0.22616 139+ 14  13.47 £0.07 53.8+5.7 11.7 (OvD)
1539.750  0.26659 174+ 13  13.65 +0.06 45.6 £3.9 12.0 LyBs,0v1
PG 0953+415
1241.302  0.02108 69+11 13.12+0.10 65.1+9.1 11.3 tentative, S
1268.938  0.04382 119+15 13.34+0.07 472+42 11.7
1328.905 0.09315 194+16 13.66 +0.06 439+53 12.0

1340.807 0.10294 114+18 13.32+0.16 121.7+224 11.2 tentative, S
1434275 017982  74+10 13.24+0.07 46.0+5.5 11.6
1448378  0.19142  126+10  13.47 +0.08 438 +3.7 11.8 tentative, A
1451.026  0.19360 232+10 13.91 +0.04 403+2.8 12.3 LyB

PG 1116+215
1235.550  0.01635 111+10 13.39 +0.06 485+5.1 11.7
1265.820  0.04125 78 + 16 13.24+088 1050+ 18.0 112 ov1 tentative, M

0.11
1289.490  0.06072 80+8 13.28 +0.06 554+58 11.5

1291.580  0.06244 74+9 13.18£0.07 77.3+£9.0 11.3 Oov1

1320.060  0.08587 18+7 1290 +0.10 52.0+14.0 11.2 tentative, S
1328.470  0.09279 111+14 1339+0.09 133.0+17.0 11.3 tentative, B
1378.210  0.13370 86+ 11 13.27+0.08 83.6+10.4 11.3 tentative, A
PG 1259+593
1218.449  0.00229 190+24  13.57+0.10 42.1+44 11.9 Lys, O vl
1221.024  0.00440 215+24 13.65+0.14 142.6+294 11.5 tentative, S
1221.812  0.00505 133 +20 13.44+0.10 572+89 11.7 tentative, S
1232.046  0.01347 90+17 13.24+0.14 104.1+x175 11.2 tentative, S
1267.334  0.04250 58+7 13.06 +0.06 40.7+4.9 11.5 tentative, A
1283.572  0.05586 149+20 13.46+0.14 144.2+279 11.3 tentative, A
1298.456  0.06810 72+10 13.14+£0.09 87.7+9.2 11.2 tentative, M
1313.423  0.08041 45+7 1297 +0.10 42.0+4.5 11.3
1327.468  0.09196 72+22  13.13+£0.21 113.4+292 11.1 tentative, A
1340.654 0.10281 136 +18 1341+0.17 1969 +31.2 11.1 tentative, A
1377.977  0.13351 53+11 13.01 £0.08 48.1+43 11.3 tentative, A
1386.276  0.14034 60+ 10 13.06 +£0.07 56.7+5.4 11.3 tentative, S
1390.498  0.14381 80+15 13.18+0.13 115.8 £9.6 11.1 tentative, S

1396.225  0.14852 254+9 1391 +0.06 42.1+24 12.3 Lyg
1399.668  0.15136 106 +9  13.32+0.09 653 +5.5 11.5

1418.044  0.16647 113+13 13.34+0.08 933 +89 11.4 tentative, A, R
1424130  0.17148 94+19 1325+0.16 131.5+174 11.1 tentative, M, R
1433.167 0.17891 101 +10 13.29+0.10 98.5+09.1 11.3 tentative, M

1441.174  0.18550 77+11 13.17+0.12 86.4 +10.0 11.2 tentative, A, R

1493.587  0.22861 133 +10 13.47+£0.05 40.3+29 11.9
1508.963  0.24126  130+12  13.41 £0.09 89.1+6.9 11.5

1566.428  0.28853 111+16 13.34+0.11 70.7 £ 8.5 11.5 tentative, S

1591.389  0.30906 78+9  13.20+0.10 453+5.0 11.5 tentative, S

1600.816  0.31682 62+14 13.05+0.17 435+64 114 tentative, S

1604.410 0.31978 389+16  13.99 +0.09 744 £8.7 12.1 LyB, Ovl

1610.496  0.32478 86+12 13.24+0.15 46.1 £10.2 11.6 tentative, M
1676.519  0.37909 116 +19 1336 £0.15 720+ 89 11.5 tentative, S

1680.862  0.38266 403 +77 13.92+042 200.1 £22.8 11.6 tentative, M
1723.654  0.41786 88+10 13.25+0.08 50.7+3.9 11.5 tentative, A

¢ 1o errors are given.

b Lines listed as tentative are all clearly detected with W,/o > 4.4 except for the z = 0.08587 line toward PG 11164215 with W, /o = 2.6.
However, the tentative lines may not have the required Gaussian line shape to be considered as good candidates for single component thermally
broadened BLAs. The following abbreviations are used to explain why the detected lines are marked tentative: A = line is possibly asymmetric;
B = line is blended; M = evidence for multi-component substructure; R = possible artifact caused by the MAMA repeller wire; S = §/N in the
profile too low to reliably evaluate possible component structure.
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Table 3. BLA systems with associated Ly 5/O VI absorption.
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Z Slght line Det. lines bLy @ bLyﬁ @ bo\/[ @ AUOVI bH 1 /bOVI
[kms™'] [kms™!] [kms™!] [kms™']

0.22616 H1821+643 H141215.7, 0viA41031.9,1037.6 50.8 . 15.7 60 3.2

0.26659 H1821+643 H1411215.7,1025.7, OviA41031.9, 1037.6 45.6 422 24.1 9 1.9
0.19360 PG0953+415 H1411215.7,1025.7 40.3
0.04125 PG1116+215 H1411215.7, 0v1441031.9,1037.6 105.0 35
0.06244 PG1116+215 H111215.7, 0v1441031.9,1037.6 71.3 20
0.00229 PG 1259+593 H1441215.7,1025.7, OviA41031.9 42.1 48

0.14852 PG 1259+593 H1411215.7,1025.7 42.1

0.31978 PG 1259+593 H1141215.7,1025.7, O v1iA41031.9,1037.6 74.3 62.7 19.3 10 39

¢ b values measured only for lines in the STIS wavelength regime.

possibly indicating unresolved component structure and non-
thermal broadening processes (Tripp et al. 2001). A complete
IGM analysis of the H 18214643 sight line will be provided in
a separate paper (Sembach et al. 2005a).

3.4. PG0953+415

Towards PG 0953+415 we detect seven BLA candidates at z =
0.02108, 0.04382, 0.09315, 0.10294, 0.17984, 0.19142, and
0.19360 in the available wavelength range between ~1220.0
and ~14859 A (Az = 0.219). After applying a blocking
correction, the total redshift path for finding BLAs towards
PG 0953+415 reduces to Az = 0.202. The systems at 7 =
0.02108, 0.10294, and 0.19142 are tentative detections (see
Table 2, last column for a more detailed description of these
lines). Another broad spectral feature is observed near 1282 A,
corresponding to z = 0.05461 for HI Ly @. This feature most
likely is an order-edge artifact caused by the slightly imper-
fect ripple correction in the STIS data (see Sect.2.4) and will
not be considered any further. The S/N in the PG 0953+415
spectrum is ~12, implying a typical detection limit for broad
Ly @ absorption of log (N/b) ~ 11.4 (Eq. (4)). The systems at
z = 0.09315, 0.17984, 0.19142, and 0.19360 have been pre-
viously identified as HT Ly @ by Savage et al. (2002). None
of the broad Ly o candidates towards PG 0953+415 shows as-
sociated O VI absorption; the two O VI absorbers identified
by Savage et al.(2002) are both multiphase absorbers with
HT Lyman series absorption having b < 40 kms~!. The sys-
tem at z = 0.19360 is also detected in broad Ly absorp-
tion (with a line width consistent with that of the Ly a ab-
sorption). From the four reliably detected BLA candidates and
the blocking-corrected redshift path of Az = 0.202 we obtain
dNgra/dz = 20 for log (N/b) > 11.4 for the line of sight to-
wards PG 0953+415. Including the three tentative cases we find
dNgLa/dz ~ 35. All seven systems are shown in Fig. 5. Voigt
profile fitting of these lines results in b values between 40 and
122 km s~! and logarithmic HT column densities between 12.88
and 13.91, as listed in Table 2.

3.5. PG 1116+215 and PG 1259+593

Detailed analyses of the BLAs towards PG 1116+215 and
PG 1259+593 have been presented by Sembach et al. (2004)
and Richter et al.(2004), respectively. We here briefly

summarize and update the findings from these studies. Toward
PG 11164215, Sembach et al. (2004) find seven BLA candi-
dates along a total, unblocked redshift path of Az = 0.133.
We regard four of these absorbers as tentative detections (see
Table 2, last column). With an average S/N of ~17, the study
implies dNgpa/dz =~ 23 for log (N/b) > 11.2 for the re-
liably detected systems (~53 including the uncertain cases).
Toward PG 1259+593 there are 29 BLA candidates along rel-
atively long, unblocked redshift path of Az = 0.355 (Richter
et al. 2004). Following the selection criteria presented above,
22 of these candidate BLA systems are tentative detections.
The average S/N in the the PG 1259+593 spectrum is 12, but
note that the S/N varies within a factor of ~1.5 along the spec-
trum. The number of reliably detected broad systems (=7) cor-
responds to dNppa/dz =~ 20 for log(N/b) > 11.1-11.4 (~82
including the uncertain cases). Column densities, b values and
other information about these broad Ly @ candidates towards
PG 11164215 and PG 1259+593 are listed in Tables 2 and 3.

4. Properties of low-z broad Ly « absorbers
4.1. Number distribution

The measured values for dNp; 4 /dz along each individual line
of sight toward H1821+643, PG0953+415, PG 1116+215,
and PG 1259+593 are summarized in Table 5. For the definitely
detected systems, dNpp a/dz varies between 20 (PG 0953+415
and PG 1259+593) and 25 (H 1821+643). If we include the ten-
tative detections, dNppa/dz ranges between 25 (H 1821+643)
and 82 (PG 1259+593). The discrepancy between the values
for dNpp a/dz along the individual sight lines may be due to in-
trinsic scatter from the low-number statistics, possibly reflect-
ing the peculiarities of the WHIM distribution along individ-
ual sight lines. On the other hand, part of the scatter may be
caused by the varying sensitivity to detect broad Ly o absorp-
tion in these spectra due to the varying S/N. The PG 1259+593
sight line, for instance, provides a large number of tentative
BLA detections in regions with relatively low S/N. Most likely,
a fair fraction of these tentative BLA candidates are not WHIM
absorbers but are caused by noise and unresolved component
structure. Combining these four lines of sight, we have a total
redshift path of Az = 0.928 to detected BLA candidates. The
comoving total path length AX sums up to AX = 1.071, as cal-
culated from Eq. (6). Along this redshift path, the STIS data
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Table 4. CIE properties of broad Ly « absorbers.

z logT log fy logN(H)® Status®
H 1821+643
0.02642  5.20 5.25 18.49
0.12221  5.07 5.00 18.23
0.16352  5.27 5.39 18.58
0.18047 5.22 5.30 18.51
0.22616  5.24 5.33 18.80
0.26659 5.10 5.05 18.70
PG 0953+415
0.02108 5.41 5.65 18.77 tentative
0.04382  5.13 5.11 18.45
0.09315  5.06 4.98 18.64
0.10294 595 6.55 19.87 tentative
0.17982  5.10 5.06 18.30
0.19142  5.06 4.98 18.45 tentative
0.19360  4.99 4.83 18.74
PG1116+215
0.01635 5.15 5.16 18.55
0.04125 5.82 6.35 19.59 tentative
0.06072  5.27 5.38 18.66
0.06244  5.55 5.91 19.09
0.08587 5.21 5.28 18.18 tentative
0.09279  6.03 6.66 20.05 tentative
0.13370 5.62 6.03 19.30 tentative
PG 1259+593
0.00229  5.03 4.91 18.48
0.00440  6.09 6.74 20.39 tentative
0.00505 5.29 5.44 18.88 tentative
0.01347 5.81 6.34 19.58 tentative
0.04250  5.00 4.84 17.90 tentative
0.05586  6.10 6.76 20.22 tentative
0.06810  5.66 6.10 19.24 tentative
0.08041 5.02 4.90 17.87
0.09196  5.89 6.45 19.58 tentative
0.10281 6.37 7.10 20.51 tentative
0.13351 5.14 5.14 18.15 tentative
0.14034  5.29 5.42 18.48 tentative
0.14381 5.91 6.48 19.66 tentative
0.14852  5.03 491 18.82
0.15136 541 5.65 18.97
0.16647 5.72 6.19 19.53 tentative
0.17148 6.02 6.64 19.89 tentative
0.17891 5.77 6.26 19.55 tentative
0.18550  5.65 6.08 19.26 tentative
0.22861  4.99 4.83 18.30
0.24126  5.68 6.12 19.53
0.28853 548 5.78 19.12 tentative
0.30906  5.09 5.04 18.24 tentative
0.31682  5.06 4.96 18.01 tentative
0.31978 5.52 5.85 19.84
0.32478  5.11 5.07 18.31 tentative
0.37909  5.49 5.80 19.16 tentative
0.38266  6.38 7.12 21.04 tentative
0.41786  5.19 5.23 18.48 tentative

¢ Total hydrogen column densities are derived under the assumption
that the gas is in collisional ionization equilibrium (i.e., additional
photoionization is not considered).

b The tentative status implies that the BLA, although clearly detected,
may not qualify as a single-component Gaussian broadened absorber
for the reasons given in Table 2.
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then yield a mean value of dNgy o /dz = 22 (53)" for absorbers
with log(N/b) > 11.1 to 11.4, with an absorber weighted aver-
age of log(N/b) > 11.3.

4.2. Identification of different absorber types

We can distinguish between BLAs that are detected solely
in Ly @ and systems that show associated absorption in Ly S
and/or O VI. Associated Ly 8 and/or O VI absorption may be of
great importance to gain insight into the physical conditions of
these systems. In our sample there are eight BLA systems that
show associated absorption by Ly 8 and/or O VI, as indicated
in Table 2, seventh column. In Table 3 we summarize detailed
information about these systems, such as H1 and O VI b values
and O VI velocity offsets.

4.2.1. BLAs with associated Ly 8 absorption

Five broad Ly a systems in our sample have an associated broad
Ly line. For the occurrence of associated Ly absorption a
minimum strength of log (N/b) ~ 11.8 is required. This means
that the high-column density systems can be detected in Ly 3,
if this line falls into a spectral region not blended by other
ISM/IGM lines. For a thermally broadened WHIM absorber,
the b value measured for Ly 8 should be consistent with that of
the Ly a absorption. If the b values for Ly @ and Ly 3 are largely
inconsistent with each other, blending effects or noise features
are most likely affecting the data and these systems should
not be considered any further. An example for this is the z =
0.30434 system toward PG 1259+593 (see Richter et al. 2004,
their Fig. 3f), which shows a relatively broad Ly « line with
b ~ 65 kms~', whereas the Ly absorption is narrow with
b ~ 35 kms~". For this system we can conclude that blending
and noise effects but not thermal line broadening determine the
observed large width of the Ly a absorption. This system there-
fore is not included in our sample. A counter-example is the
BLA at z = 0.31978 along the same line of sight, which has a b
value of ~70 kms~! consistent with both Ly a and Ly 3 absorp-
tion (Richter et al. 2004, their Fig. 3g). Along all four sight lines
we find nine BLAs with b > 40 kms™! that have associated
Ly 8 absorption, but only for five of these systems is the width
of the corresponding Ly 3 line consistent with b > 40 kms™'.
Although our statistics are poor, this implies that S/N features,
blending issues, and other processes may contaminate our BLA
sample up to a level of ~50 percent. This value is consistent
with our estimate from Sect. 2.4, where we analyzed the influ-
ence of noise in a set of artificial spectra.

4.2.2. BLAs with associated O vI absorption

From the 20 reliably detected BLAs towards H 1821+643,
PG 0953+415, PG 1116+215, and PG 1259+593, six show as-
sociated O VI absorption within a velocity range of £60 kms~!.
Only a small fraction of the broad Ly « systems is expected

to have associated O VI absorption, as the occurrence of O VI

! 22 for the secure detections, 53 for entire candidate sample in-
cluding the tentative cases.
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Table 5. Sight line properties.
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Sight line Zem SN log (N/b)min b Azgra  AXpia  Npra dNgra/dz  Q,(BLA)C
[x 1072/170 -1 1
H 1821+643 0.297 21 11.2  0.238 0.273 6(6)d 25 (25)d 0.13 (0.13)d
PG0953+415 0.239 12 114 0.202 0.224 47 20(35) 0.08 (0.55)
PG1116+215 0.177 17 1.2 0.133 0.144  3(7) 23(53) 0.22(2.08)
PG 1259+593 0.478 12 11.4  0.355 0.430 7(29) 20(82) 0.45(8.37)
Total 0.928 1.071 20(49) 22(53) 0.27 (3.81)

@ Typical /N per resolution element (~7 kms™).

b Typical detection limit for BLAs. N is in units cm™2, b in units kms~'.

1

¢ Estimates for Q,(BLA) are calculated assuming pure thermal broadening for the BLAs and collisional ionization equilibrium.
4 Plain numbers refer to the restricted BLA candidate sample, numbers put in parentheses refer to the total BLA candidate sample (including

the tentative cases).
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Fig. 3. The well-detected broad Ly o absorber at z = 0.18047 in the STIS spectrum of H 1821+643 is shown. This system has an HI column
density of log N(HT)=13.21 and a b value of ~56 kms~! (see also Table 2). The shape of this BLA differs significantly from the shape of the

narrow z = 0.17924 Ly a forest absorption near 1433.5 A.

critically depends on the metallicity of the absorbing gas,
its temperature, and its total column density. Therefore, most
BLAs arise in WHIM gas that is too hot, to metal-poor, or too
diffuse for O VI absorption to occur at detectable levels. Some
of these “hybrid systems” that have good S/N in both Ly a and
O VI absorption have been analyzed in detail with respect to
their physical properties, such as temperature, ionization condi-
tions, and metallicity (Sembach et al. 2004; Richter et al. 2004;
Tripp et al. 2000). Under the assumption of collisional ion-
ization equilibrium, the column densities of HI and O VI can
be used to constrain the oxygen abundance in the gas (see,
e.g., the z = 0.31978 system towards PG 1259+593; Richter
et al. 2004). The measured b values for HI and O VI also can
provide information about the influence of non-thermal broad-
ening components in some systems. The comparison between
broad HT and O VI absorption is often difficult, however, as the
observed O VI features do not exactly align in velocity space
with the broad Ly @ absorption (see also Sect. 2.4). The veloc-
ity centroids of broad Ly @ and O VI in these six systems devi-
ate by 9-60 kms™! (see Table 3). Such velocity offsets could
be caused by substructures within the filament. It is plausible
that WHIM filaments are neither perfectly homogeneous (in
terms of volume densities), nor are they perfectly isothermal
(Kawahara et al.2005). If substructures with higher densities
exist, the gas may be able to cool, creating distinct regions
where O VI absorption may occur preferentially once the gas

reaches the peak temperature of O VI near 3 x 10° K. The ra-
dial velocities of these denser spots would most likely differ
from the center velocity of the entire filament, in particular if
the gas stays in a hydrostatic equilibrium (e.g., Valageas et al.
2002). Cooler spots then would move towards the mass cen-
ter of the filament, creating a cooling flow. Such effects may
lead to a non-uniform optical depth distribution of HI and O VI
along the WHIM filament and could produce velocity offsets
between the integrated absorption profiles of these two species.
It therefore remains unclear whether the observed broad H1and
the O VI trace the same gas phase.

Also the comparison between HI and O VI b values pro-
vides information about possible non-thermal broadening ef-
fects, as outlined in Sect. 2.3. For three out of the six HI/O VI
absorber pairs accurate O VI b values can be measured and the
resulting by1/bovi ratios are listed in the last row of Table 3.
Only the system at z = 0.31978 towards PG 12594593 has
by = 4bovi, as expected for pure thermal line broadening
(Eq. (2)). The systems at z = 0.22616 and z = 0.26659 to-
wards H 1821+643 both have by < 4 bovr, thus indicating that
bnon—th dominates over by, in these systems. The large widths
of the O VI lines could be caused by unresolved substructure,
while the multi-component O VI still could arise in hot gas that
produces thermally broadened HT absorption. Since it is un-
clear whether the broad Ly @ absorption and the O VI arise in
the same gas phase, we have to conclude that the comparison
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Fig. 4. Broad Ly o absorbers towards H 18214643, plotted on a rest-
frame velocity scale. Voigt-profiles fits are indicated with the solid
line. Other absorption features are related to the Lya forest and
metal lines.

between BLA and O VI line widths remains inconclusive. Two
of the six broad Ly /O VI systems occur in the line of sight
towards H 1821+643. This sight line exhibits a overabundance
of intervening O VI systems compared to other low-z lines of
sight (see Savage et al.2002; Tripp et al. 2000). However,
we here find that the H 1821+643 sight line is not particu-
larly rich in broad Ly « candidate systems, when compared to
PG 0953+415,PG 1116+215, and PG 1259+593.

4.3. CIE properties of the BLAs

Despite the remaining uncertainty about the interpretation of
the the observed line widths of BLLAs and the uncertain con-
tribution of photoionization, we now want to estimate the
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Fig. 5. Broad Ly « absorbers towards PG 0953+415, plotted on a rest-
frame velocity scale. Voigt-profiles fits are indicated with the solid
line. Other absorption features are related to the Ly« forest and
metal lines.

total gas content of these absorbers assuming the ideal case in
which the lines are predominantly thermally broadened while
the gas is in collisional ionization equilibrium. We use the mea-
sured b values and HI column densities from our STIS sample
together with Egs. (2) and (3) to derive the total hydrogen col-
umn density, N(H), in these systems. In Table 4 we have listed
for each of the 49 BLA candidates values for log 7', log fy, and
log N(H). The BLAs cover a temperature range from ~103 to
~2.4 x 10° K for pure thermal broadening, and the resulting
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Fig. 6. Number distributions of log N(HI), b, and log N(H1I) for our BLA sample are shown. The thick line indicates the distribution for the
secure cases, the thin line shows the distribution for the entire BLA sample.

total hydrogen column densities span a range from ~10'® to
~10%! cm~2. All of the very broad systems with b > 100 kms™!
are considered to be tentative detections (see Table 4), so that
the validity of the highest column density systems is particu-
larly critical.

4.4. Distribution of hydrogen column densities
and b values

In Fig. 6 we show the distribution of HI column densities,
b values, and (estimated) ionized hydrogen column densities
(N(HII) ~ Nya) for our BLA sample. Thin lines indicate the
distribution for the entire candidate sample (49 absorbers), the
thick lines indicate the distribution for the secure cases (20 ab-
sorbers). The H1 column density distribution (Fig. 6, left panel)
peaks in the range log N(HT)= 13.2 — 13.4. No system with
log N(H1)> 14.0 has been found, demonstrating that the neu-
tral gas content of these absorbers is generally low. Note that
for log N(HT) < 13.0 our sample is incomplete due to the lim-
ited sensitivity in the lower S/N regions of the spectra. Only
a few systems are observed in this range, but it is probable
that the intrinsic broad Ly @ number distribution rises further
towards the low-column density end. The b value distribu-
tion of the BLAs (Fig. 6, middle panel) is strongly peaked at
b = 40-60 kms~' and shows a tail towards higher b values.
The b value distribution is difficult to interpret, as there are var-
ious selection effects that have to be taken into account. First
of all, our sample is incomplete for higher b values. Since the
sensitivity to detect broad Ly « lines scales with (N/b) (see
Eq. (4)), we preferentially detect narrow lines rather than broad
lines for a given column density level. It is probable that a con-
siderable fraction of very broad lines lie below our detection
limit and do not show up in the b value distribution shown in
Fig. 6. Secondly, if non-thermal line broadening mechanisms
such as peculiar gas motions are important also for the Ly «
forest lines, we expect to find a number of lines from the pho-
toionized Ly « shifted into the b value regime between 40 and
100 km s~!. Such lines may significantly contaminate our broad
Ly @ sample at low b values, whereas the contamination should
be less severe at higher b values. The number of WHIM ab-
sorbers with b values b = 40—60 kms~' shown in Fig. 6 thus

may be overestimated. At the sensitivity of the current data, we
should be able to detect very broad (b > 100 km ') Ly a ab-
sorption toward H 18214643, and possibly PG 0953+415 down
to a level of log (N/b) ~ 11.2 and 11.4, respectively. However,
all except one of the Ly « lines detected in these two directions
have b < 100 km ~!. This result stands in stark contrast to the
PG 1116+215 and PG 1259+593 sight lines, for which several
lines with b > 100 km ~! are found. Differences in the number
of very broad Ly a absorbers for the four sight lines might be
caused by geometrical effects resulting from the intersection of
the cosmic web filaments at different angles. If so, this would
imply that the line broadening is dominated by flows within the
filaments or by projection effects. Alternatively, the four sight
lines may intersect regions of the web with very different phys-
ical conditions, in which case the line-width differences may
be dominated by the temperature of the gas. Distinguishing
between these two possibilities will require observations of a
larger number of sight lines to construct a complete line width
frequency distribution for absorbers in a wide variety of cosmic
web environments.

In Fig. 6, right panel, we show the distribution of the
ionized hydrogen column density, N(HII), as estimated for
each BLA candidate from Egs. (2) and (3) (see Sect.4.3 and
Table 4). If our estimate for N(HI) is at least roughly cor-
rect, most of the detected WHIM BLA candidates have total
gas column densities between 10'8—10%° cm™2. Only three of
the securely detected systems have column densities larger than
10'° cm~2, while for the more uncertain cases the relative frac-
tion of systems at these column densities is significantly higher.
This is because high N(H1I) systems are expected to have the
highest temperatures and thus the lowest neutral gas content.
As these systems will be particularly broad and shallow, they
are most difficult to detect. Therefore, our sample is incomplete
for total gas column densities >10' cm™2.

4.5. Broad Ly a absorbers and structures along
the line of sight

Important information about the origin of the broad Ly a ab-
sorption can be obtained by comparing the redshift distri-
bution of BLAs with that of galactic structures along the
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Fig.7. Distribution of galaxies within ~30!0 of the direction of
H 1821+643, PG 0953+415, and PG 1116+215. The bins have a red-
shift width of Az = 0.001. The redshifts of the BLAs are indicated
by filled circles (secure detections) and open circles (tentative detec-
tions). The smaller circles indicate BLA systems with b < 100 kms™!,

the larger circles indicate very broad systems with » > 100 kms™'.

individual lines of sight. For the lines of sight toward
H 1821+643, PG0953+415, and PG 1116+215 redshift infor-
mation about nearby galaxies is available from previous studies
(Tripp et al. 1998; Savage et al. 2002). These galaxy-redshift
data have been obtained with the 3.5 m WIYN telescope on
Kitt Peak, using the multi-object fiber spectrograph (HYDRA).
The measurements provide redshift information for galaxies
in a field of ~1deg” size around each quasar. Unfortunately,
the completeness of these galaxy redshift surveys varies
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substantially among the different sight lines, mostly due to
the varying stellar contamination. However, within ~30!0 of
each quasar, the survey is ~40 percent complete for objects
with B; < 20 (see Tripp et al. 1998). In Fig. 7 we compare
the redshift distribution of our BLA candidates to the distribu-
tion of galaxies along the lines of sight towards H 1821+643,
PG 0953+415, and PG 1116+215 within a radius of 300 from
the QSO. From a visual inspection of Fig. 7 it appears that
BLAs are loosely correlated with the occurrence of galaxies
along the redshift path. One or more galaxies are present within
a velocity radius of 3000 kms™' around each BLA candi-
date. However, in contrast to the O VI absorbers (e.g., Sembach
et al. 2004) the BLAs do not appear to be significantly clustered
around the peaks of the galaxy-redshift distribution. This sug-
gests that the BLAs also trace only mildly overdense WHIM fil-
aments in the vicinity of individual galaxies, whereas the O VI
systems may be more closely related to higher density gas in
galaxy groups. However, we may have missed broad systems
that are part of more complex multi-component absorbers, as
we have restricted our sample to single-component systems.
Since multi-component systems most likely arise preferentially
in the vicinity of individual galaxies and galaxy groups due
to the more complex gas distribution in these environments,
our BLA sample is biased against WHIM absorbers close to
galaxies and galaxy groups. Therefore, the observed weak cor-
relation between BLAs galaxies may simply be a result of
our BLA selection criteria. Additional galaxy-redshift data for
other lines of sight (e.g., PG 1259+593) will be required to
improve the statistics and to investigate the relation between
BLAs and galaxies in more detail.

4.6. Estimate for Qy,

Following Eq. (5), the total hydrogen column densities derived
for each of the detected BLA candidates toward H 1821+643,
PG0953+415, PG1116+215, and PG 1259+593 (Table 4)
allow us to estimate the baryon content of the broad Ly a ab-
sorbers. As discussed earlier in this paper, there is strong ev-
idence that a significant fraction of the detected BLA can-
didates have origins other than the WHIM, and that the
b-value distribution of the WHIM HTI absorbers is affected
also by non-thermal broadening processes. Moreover, we have
shown that photoionization from the UV background may
significantly influence the ionzation fraction in the BLAs.
However, as it is impossible to reliably quantify the con-
tamination from these alternative processes, we now want to
provide an estimate for Q,(WHIM) assuming the ideal case
(i.e., without any contamination and without photoionization).
Summing over the hydrogen column densities, log N(H), listed
in Table 4, we obtain a total hydrogen column density of log
N(H)=20.26 for the reliably detected systems, and a value
of log N(H)=21.42 including the tentative systems. The to-
tal path length to detect BLA along the four lines of sight is
AX = 1.071 (see Sect.4.1 and Table 5). From Eq. (6) we then
derive Qp(BLA)=0.0027 i7" considering only the 20 reli-
able cases and Qy(BLA)=0.0381 %7, ~! for all 49 BLA can-
diates. Estimates for Qu(BLA) for each individual sight line
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are listed in the last column of Table 5. Current cosmologi-
cal models favour a value for Q;, of ~0.045, and the contri-
bution from the WHIM to €, at z = 0 is expected to be ~40
percent (e.g., Davé et al.2001), so that Q,(WHIM) ~0.018 is
predicted in the local Universe. The value for Q,(BLA) de-
rived from the restricted sample therefore is ~16 percent of the
expected contribution from the WHIM to Q. This is slightly
higher than the contribution from intervening O VI absorbers
(Qp(0O VD) >0.0022 h7o~'; Danforth & Shull 2005; Sembach
et al. 2004). The estimate from the entire BLA candidate sam-
ple, however, exceeds the expected value for Qn,(WHIM) by
a factor of ~2. The reason for this is that the by far dominat-
ing contribution to Qu(BLA) comes from the very broad lines,
which are exclusively tentative detections. The reliability of
these few very broad features is very uncertain, and the unreal-
istically high value for Q,(BLA) from these systems indeed im-
plies that a considerable fraction of these features probably are
not related to hot gas in the WHIM. Note that broad lines with
b > 100 kms~! make up ~90 percent of the baryon content in
the total sample, although they contribute only with ~25 per-
cent to the total number of absorbers. If we take non-thermal
broadening processes and additional photoionization into ac-
count, we believe that our estimate of Qp(BLA) = 0.0027 Ao !
from the limited data sample represents a realistic lower limit
for the baryon content of broad Ly @ systems at low z for a
detection threshold of log(N/b) =~ 11.3.

5. Summary

In this paper we have studied intervening broad Ly o absorbers
at low redshifts that probably trace large amounts of baryonic
matter hidden in the warm-hot intergalactic medium (WHIM)
at temperatures between ~10° and ~10° K. In ionization equi-
librium a very small fraction (<1073, typically) of the hydrogen
in the WHIM is expected to be neutral. Depending on parame-
ters like the gas temperature and the total gas column density,
a certain fraction of this neutral gas should be detectable as
thermally broadened Ly @ absorption at column densities log
N(HID< 14 and b > 40 kms~'. Given the limitations in sensi-
tivity for detecting very broad and shallow absorption features
in currently existing STIS data, it becomes clear that only cer-
tain regions of the WHIM (those with relatively low temper-
atures and high total gas column densities) can be traced with
broad Ly @ absorption. If the gas is in CIE and if thermal broad-
ening dominates, one can directly estimate the baryon content
of WHIM broad Ly a absorbers (BLAs) from the measured
HT line widths and column densities. However, the CIE hy-
pothesis probably is only a poor approximation for low-density
absorbers, so that the estimated ionization fractions are un-
certain by up to 50 percent. In addition, the interpretation of
BLA line widths is complicated, as non-thermal broadening
processes like peculiar gas motions, macroscopic turbulence,
the Hubble flow, as well as noise features and continuum undu-
lations potentially mimic some of the broad absorption features
attributed to the WHIM. Therefore, every WHIM filament that
contains sufficient amounts of neutral hydrogen will produce
broad Ly « absorption, but conversely, not every broad spectral
feature observed in QSO spectra is related to the WHIM. Due
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to the non-thermal broadening processes, we expect that the er-
ror rate for detecting the WHIM with broad Ly a absorption
may be as high as 50 percent and that for true WHIM BLAs
the baryon content may be overestimated when relying solely
on the observed b value distribution. However, it is clear that
BLA systems represent an important baryon reservoir in the
local Universe. Thus, their frequency in high-resolution QSO
spectra and their physical properties should be studied to the
greatest extent possible.

Our analysis of the two STIS spectra of H 1821+643 and
PG 0953+415 has resulted in the detection of 14 broad Ly «
absorber candidates with 12.88 < log N(HI)<13.91 and
40 < b < 122 kms™! along a total (unblocked) redshift
path of Az = 0.440. These measurements complement previ-
ous analyses of broad Ly o absorption towards PG 1259+593
(Richter et al. 2004) and PG 1116+215 (Sembach et al. 2004).
Considering all four lines of sight, we find 20 reliably de-
tected BLA systems and additional 29 tentative cases along a
total redshift path of Az = 0.928. With 20 (49) detected BLA
candidate systems, the number of systems per unit redshift is
dNgra/dz = 22(53). Most of these systems have HT column
densities between log N = 13.0 — 13.6 and b values 40 < b <
100 kms~!. Assuming CIE and pure thermal line broadening,
the total hydrogen column density in these absorbers typically
ranges between log N = 18-20. Unfortunately, most of the sys-
tems that have relatively high total hydrogen column densities
log N > 19 (and thus the largest baryon content) belong to the
tentative detections, and thus are highly uncertain.

Five of the stronger BLA systems show associated broad
Ly S absorption. The presence of broad Ly S is of great help
to assure that the HT absorption in these systems is indeed in-
trinsically broad and not caused by noise features and contin-
uum undulations. Six BLA candidate systems show associated
O VI absorption. In all cases, the O VI absorption shows a ve-
locity offset compared to the HI absorption. Moreover, in two
out of three cases the measured O VI b values are incompatible
with the b values measured for H1, possibly implying unre-
solved component structure and non-thermal line broadening.
However, as it is not clear whether or not the BLAs and the
O VI systems trace the same gas phase, the comparison between
these two WHIM absorber types remains inconclusive. If we
consider only the 20 reliably detected BLA candidates, their
baryon content sums up to a value of Qu(BLA) = 0.0027 A7 -1
(assuming CIE), which is ~16 percent of what is expected to be
the contribution of the WHIM to €, at z = 0 and about 30 per-
cent more than what is estimated for intervening O VI systems.
If we include the tentative detections we derive a high value
for Q,(BLA) of 0.0381 h79 !, suggesting that a fair number
of these tentative detections are not related to hot gas in the
WHIM but rather are caused by noise features and non-thermal
line broadening. These findings demonstrate that it is quite dif-
ficult to exactly pinpoint the baryon budget of the BLAs with
currently existing STIS data. Next to the BLAs that are not
related to the WHIM, the possible overestimate of Q,(BLA)
due to non-thermal line broadening and, conversely, the possi-
ble underestimate of Qu(BLA) due to photoionization effects
further complicate the situation. However, we believe that the
value of Q,(BLA)=0.0027 h79~" is a reliable lower limit for



842

the baryon content of BLAs that lie above a detection limit of
log (N/b) = 11.3. Our study therefore suggests that broad Ly «
absorbers arising in WHIM filaments contain a significant frac-
tion of the baryons at z = 0.

The BLAs represent an excellent way of studying the bary-
onic content of WHIM gas in the temperature range from 10° to
10® K. Although there are substantial complications associated
with the separation of the thermal and non-thermal broaden-
ing components and the uncertain role of photoionization, the
fact that the baryon-content estimate does not require knowl-
edge of the metallicity of the gas is a major advantage for us-
ing the BLAs when determining the distribution and baryonic
content of the WHIM. A better understanding of these sys-
tems will require additional high-resolution ultraviolet spec-
troscopic observations and detailed comparisons with models
of the hydrodynamical evolution of the gas. Observations of
the BLAs with the Hubble Space Telescope Cosmic Origins
Spectrograph (HST/COS) and future ultraviolet spectroscopic
facilities may be the only direct way of probing low-metallicity
regions in the cosmic web. Comparing the frequency of ob-
served BLAs with values of dN/dz predicted by the simula-
tions would help to constrain the hot gas content of the web and
test the importance of WHIM heat sources other than gravita-
tional collapse of the web filaments (i.e., galactic feedback by
supernovae). Next to the important future X-ray observations
of the WHIM in emission and absorption, spectral imaging of
the Ly a emission over large enough fields of view to quantify
the morphology of the WHIM gas would provide strong tests
of the formation of large-scale gas structures and their relation-
ship to galaxies. The WHIM Ly @ and metal-line emission is
expected to be faint but could be observed with a moderate cost
observatory designed for such an investigation (see Sembach
et al. 2005b for one such mission concept).
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