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Introduction

Despite how frequently it is discussed, the Warm-Hot Intergalactic Medium (WHIM) is not a
precisely defined quantity. In general astronomers use the term ’WHIM’ to refer to material with
over-densities (relative to the average density of the Universe) of ρ ≈ .1 − 104 that has never been
part of a galaxy. The densest part of the WHIM is the easiest to observe, but is also found on the
outskirts of galaxies and clusters as part of ongoing infall. This part of the WHIM also has the most
’pollution’ by heavy metals ejected from a galaxy. As a result, conclusions about the metallicity of
primordial gas from such regions are model-dependent, and measurements from as wide a range of
densities is desirable.

In addition to covering a range of densities, the WHIM gas covers a range of temperatures. The
bulk (∼ 50%) of the material is thought to be at T > 106 K, making it effectively invisible to all but
X-rays. The distribution of Ovi, Ovii, and Oviii WHIM filaments per unit redshift as a function
of their equivalent width is shown in Figure 1[Left]. Equivalent width is directly comparable to
column density; in the case of Ovii, the relationship is

WO V II ≈ 3 × 10−18(1 + z)2NO V II (1)

The WHIM has been detected in Ovi using FUSE observations in the EUV. However, Ovi is a
trace ion requiring ionization corrections in order to determine the overall oxygen abundance. More
robust measurements will require detections of Ovii that are only possible with IXO.

Detecting one WHIM filament in X-rays

The WHIM can be observed in absorption using a background source or directly via emission. Ab-
sorption measurements will determine

∫
nO V IIdl, while emission measurements scale as nenO V II∆V .

As the WHIM is quite diffuse (i.e., nO and ne are both low), absorption measurements are usually
easier. In this case, the relevant quantities are:

• The flux range of suitable background sources (i.e., AGN)

• The instrumental effective area

• The instrumental resolution (R ≡ E/∆E = λ/∆λ)

The figure of merit for detecting an absorption feature is complex. In the simplest case where
the wavelength of the feature is known, the relevant quantity for the detection of a feature of
equivalent width W is:

Wmin
Nσ

= Nσ

∆λ√
C

(2)
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Figure 1: [Left] Distribution of the number of filaments per unit redshift (dN/dz) as a function of
the equivalent width of those filaments; from Figure 2 of Cen & Fang (2006). [Right] The ROXA
blazar survey sources as a function of redshift and flux. The X-ray data for this survey came from
the ROSAT All-Sky Survey (Turriziani et al. 2007), and so reflects sources with bright soft X-ray
flux.

where Nσ is the desired level of detection (in units of σ), ∆λ is the width (in Å) of one resolution
element in the detector and C is the counts per resolution element in the detector (Nicastro 2006).
The value of C thus depends on the available sources as well as the effective area and resolution of
the detector.

Starting with the source flux, we first recognize that the strongest absorption line of interest is
from the resonance line of Ovii at 21.6Å= 0.574 keV. To be detectable, this line must be redshifted
by at least one resolution element. The low energy requirement of 0.25 keV sets a high redshift limit
of z=1.3 on any detections. Therefore, we must consider the flux of suitable AGN in the range 0.25
- 0.574 keV. To be suitable, the AGN emission should be primarily continuum in this bandpass,
since we are not interested in features due to the source. Turriziani et al. (2007) created a catalog
of 800+ potential blazars (516 confirmed) from the ROSAT all-sky survey. The distribution of
these sources as a function of redshift and X-ray flux is shown in Figure 1[Right].

As expected, there are more faint sources than bright but
Resolution Eff. Area W min

3σ

cm2 mÅ

1250 1000 5.8
3000 1000 3.5
3000 3000 2.0
3000 5000 1.6
3000 10,000 1.1
5000 1000 2.9
5000 3000 1.7
5000 5000 1.3
5000 10,000 0.9

Table 1: Detectable filaments

even a limit of FX(0.1 − 2.4keV) = 1.8 × 10−12 erg cm−2s−1

includes 200 sources in this catalog with 〈z〉 = 0.31. Assuming
an average power-law index of 2 for these sources and a Galac-
tic absorption of 1020 cm−2, the flux at (0.4, 0.5, 0.57) keV is
(1.9, 1.3, 1.0) × 10−3 ph cm−2s−1keV−1. The value of C, then,
is simply this flux multiplied by the effective area, observing
time, and the resolution element size (in units of keV). For
simplicity, consider a filament at z=0.148 creating an absorp-
tion line at 0.5 keV, observed with to 3σ certainty via a blazar
with FX = 1.8 × 10−12 erg cm−2s−1. The results for a range
of options using the approximation of Eq. 2 and an assumed
observing time of 200 ksec is shown in Table 1. Note that the
value for the baseline is worse than has been previously shown

for the Con-X gratings; this is because for Con-X baseline simulations, an AGN flux nearly 10×
higher has been assumed along with observing times of 300-1000 ksec, reducing the minimum de-
tectable filament to ∼1mÅ. Of course, this reduces the available sources from 200+ to ∼ 30, with
a correspondingly smaller range of redshift available.
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Characterizing the WHIM

The scientific goal is not to detect one filament, but rather to characterize the WHIM – specifically,
determining the:

• ionization state - including O VII and O VIII, ideally along lines of sight with O VI

• relative metal abundances - including C, N, O, and Ne lines

• spatial distribution - measuring where the filaments are relative to nearby galaxies and clusters

• redshift distribution - how does the WHIM change at higher z?

These goals require observing many filaments at a range of column densities along multiple
lines of sight. For a given observing time, optimizing the search turns out to be something of a
challenge. For example, using only the brightest blazars might allow a deeper search for filaments,
but limits the lines of sight searched. However, extending to fainter sources with a fixed amount of
observing time limits the range of equivalent widths than can be searched.

As a first attempt to systematize this effort, I considered only O VII filaments and assumed
they were distributed using the Cen & Fang (2006) model with galactic superwinds and no LTE
assumption (ie, GSW, NON-LTE). I assumed 6 Msec would be available for WHIM surveys; note
that the results are not independent of observing time and that I tried to maximize the total number
of expected filament detections.

The optimization was done over two variables:

Figure 2: The number of filaments with equiv-
alent width equal to or larger than the given
value per unit redshift. Model from Cen &
Fang (2006); data from 6 Msec of IXO obser-
vations.

the minimum flux required for blazars to be in-
cluded, and the relative distribution of observing
time between two possible models – one being an
even distribution, and the other proportional to
source flux. This second observing model would
put twice the observing time on a source twice as
bright as a reference source, allowing the survey
to reach smaller equivalent widths while not ignor-
ing fainter sources. These two variables clearly do
not contain the entire range of possible models, but
were chosen to give the flavor of likely solutions.

The results showed that in 6 Msec, between
100-200 filaments should be detected in O VII with
the baseline IXO gratings. Figure 2 shows one pos-
sible result, with a minimum flux requirement of
3 × 10−12 cgs and one-third of the observing time
distributed evenly amongst 93 sources with the re-
maining time weighted by source flux. This partic-
ular simulation includes 192 detected filaments, although there were significant statistical fluctua-
tions consistent with Poisson statistics. Selecting the optimal observing strategy proved somewhat
difficult given the Poisson nature of the problem, but the majority of maxima lay in the minimum
flux range of 2− 4× 10−12 cgs and an ’evenly-distributed’ observing fraction between 0 and 40% of
the total.
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