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Abstract The Warm-Hot Intergalactic Medium (WHIM) arises from shdwated gas col-
lapsing in large-scale filaments and probably harbours staobal fraction of the baryons
in the local Universe. Absorption-line measurements inuti&violet (UV) and in the X-
ray band currently represent the best method to study theN\atllow redshifts. We here
describe the physical properties of the WHIM and the corecbphind WHIM absorption
line measurements of Hand high ions such as @, Ovii, and Oviil in the far-ultraviolet
and X-ray band. We review results of recent WHIM absorptina studies carried out with
UV and X-ray satellites such as FUSE, HST, Chandra, and XM&##dn and discuss their
implications for our knowledge of the WHIM.
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1 Introduction

As recent cosmological simulations imply, the temperatiréhe intergalactic medium
(IGM) undergoes a significant change from high to low redsiparallel to the proceeding
of large-scale structure formation in the Universe (e.@n & Ostrikerl 1999; Davé et al.
2001). As a result, a substantial fraction of the baryonidtenan the local Universe is
expected to reside in the so-called Warm-Hot Intergalddgclium (WHIM). The WHIM

represents a low-density{ ~ 107% — 1074 cm~3), high-temperatureT(~ 10° — 10" K)

plasma that primarily is made of protons, electrons|itHand Hali, together with traces of
some highly-ionised heavy elements. The WHIM is believedrteerge from intergalactic
gas that is shock-heated to high temperatures as the meslicofiapsing under the action
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of gravity in large-scale filaments (e.q., Valageas &t a0220In this scenario, part of the

warm (photoionised) intergalactic medium that gives ris¢he Lya forest in the spectra

of distant quasars (QSO) is falling in to the potential welishe increasingly pronounced
filaments, gains energy (through gravity), and is heatedgo temperatures by shocks that
run through the plasma.

Because of the low density and the high degree of ionisatimect observations of the
shock-heated and collisionally ionised WHIM are chall@ggivith current instrumentation
(in contrast to the photoionised IGM, which is easily obabte through the Ly forest).
Diffuse emission from the WHIM plasma must have a very lowae brightness and its de-
tection awaits UV and X-ray observatories more sensitie@ tturrently available (see, e.g.,
Fang et al. 2005; Kawahara etlal. 2006). The most promisipgoagh to study the WHIM
with observations at low redshift is to search for absorpteatures from the WHIM in FUV
and in the X-ray regime in the spectra of quasars, activecialauclei (AGN) and other
suited extragalactic background sources. As the WHIM sats a highly-ionised plasma,
the most important WHIM absorption lines are those origimafrom the electronic transi-
tions of high-ionisation state ions (hereafter referredsd’high ions”) of abundant heavy
elements such as oxygen and carbon. Among these, five-tonsgd oxygen (@1) is the
most valuable high ion to trace the WHIM at temperatured o 3 x 10° K in the FUV
regime. In the X-ray band, the @1 and Oviii transitions represent the key observables to
trace the WHIM at higher temperatures in the rangel®° < T < 10’. In addition to the
spectral signatures of high ions of heavy elements the lsdardroad and shallow Lg
absorption from the tiny fraction of neutral hydrogen in YWé&lIM represents another pos-
sibility to identify and study the most massive WHIM filamgin the intergalactic medium
with FUV absorption spectroscopy. Finally, for the intetation of the observed WHIM
absorption features in UV and X-ray spectra the comparistwden real data and artificial
spectra generated by numerical simulations that includkstie gas physics is of great im-
portance to identify possible pitfalls related to techhared physical issues such as limited
signal-to-noise ratios and spectral resolution, linealdeming mechanisms, non-equilibrium
conditions, and others.

In this chapter, we review the physics and methodology ofuleand X-ray absorp-
tion measurements of warm-hot intergalactic gas at lowhiftidend summarise the results
of recent observations obtained with space-based obser&tThe outline of this chapter
is the following. The ionisation conditions of the WHIM aniget most important absorp-
tion signatures of this gas in the UV and X-ray band are prteseim Sect. 2. Recent UV
absorption measurements of the WHIM at low redshift areudised in Sect. 3. Similarly,
measurements of the WHIM in the X-ray are presented in Selrt.8ect. 5 we compare the
results from WHIM observations with predictions from nuioat simulations and give an
overview of WHIM measurements at high redshift. Finallgngoconcluding remarks are
given in Sect. 6.

2 Physical properties of the WHIM
2.1 WHIM ionisation conditions

The occurrence and characteristics of the WHIM absorptignasures in the FUV and X-
ray band are determined to a high degree by the ionisatioditboms in the gas. We briefly
discuss the WHIM ionisation properties, as this is cruomalifterpretation of the WHIM
absorption lines in FUV and X-ray spectra that arise in suahmvhot gas. Generally, there



are two processes that determine the ionisation state ahshat gas in the intergalactic
medium: collisional ionisation caused by the high tempeeabf the gas in collapsed struc-
tures and photoionisation by the cosmic FUV background.

2.1.1 Hydrogen

By far most of the mass of the WHIM is in the form of ionised hygien. Therefore, un-
derstanding the processes that lead to the ionisation obbgd is essential for the inter-
pretation of WHIM absorption lines and for a reliable estienaf the baryon content of
warm-hot intergalactic gas. The ionisation potential aftr& hydrogen is 1B eV and thus
both ionisation by particle collisions and ionisation bgliienergy photons contribute to the
ionisation of Hi in warm-hot gas. We start with collisional ionisation, wiis believed to
dominate the ionisation of hydrogen at temperaturel® K.

In collisional ionisation equilibrium (CIE) — the most sitepapproach to characterise
the ionisation conditions in low-density, high-temperatplasmas — the ionisation fraction
depends only on the gas temperature. If we ignore any clexcj@ange reactions (which is
justified in case of hydrogen), the neutral hydrogen fractioCIE is simply the ratio be-
tween the recombination coefficiemt;(T) and the collisional ionisation coefficiefiti(T):

; _an(T)
Hicoll = BH(T) .

1)

Above gas temperatures ef 1.5 x 10" K collisions by thermal electrons efficiently
ionise hydrogen to a high degree, and alreadV at 3 x 10* K the neutral hydrogen frac-
tion in the gas is less then one percent. For the temperangerthat is characteristic for
the WHIM, T = 10° — 107 K, one can approximate the ionisation fraction in a colhisib
ionisation equilibrium in the way

log fy, con ~ 139—5.4logT +0.33(log T ). )

whereT is in units K (Richter et al. 2006a; Sutherland & Dopita 199R)us, for WHIM
gas withT = 1P K the neutral hydrogen fraction in the gas in CIE is orl2.4 x 107,
Next to particle collisions, photons with energiesl3.6 eV contribute to the ionisa-
tion of the WHIM, in particular in the low-temperature WHIMit at ~ 10° K and below.
Such ionising photons in intergalactic space are indeedged by the metagalactic ultra-
violet (UV) background, originating from the hard radiatiemitted by QSOs and AGN.
Fig.[1 shows the spectral shape of the UV backgrourmk=a0 (left panel) and the redshift-
dependence of the hydrogen photoionisation rate from thebdtkground (right panel)
based on the models by Haardt & Madau (1996).
Considering photoionisation, one generally can write far meutral-hydrogen fraction
in the gas:
‘ _ neaH(T)7 3
H 1,photo TH, 3)

whereay(T) denotes the temperature-dependent recombination ratedoddren,ne is the
electron density, anfly, is the photoionisation raté}, depends on the ambient ionising
radiation fieldJ, (in units ergcm2s 1Hz ! sr-1) in the WHIM provided by the meta-
galactic UV background (see FIg. 1):

[oe]
My, =4m / Ur“]j“ dv ~25x 10143 53571, 4
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Fig. 1 Left pane: Spectral shape of the metagalactic UV backgrourm=a (from/Haardt & Madau 1996).
Plotted is the flux of photond~( = 471J,) against the frequenay. The hydrogen ionisation edge is indicated
with a dashed lineRight panel: Redshift-dependence of the hydrogen photoionisation/fai®@m the UV
background for the range= 0 to z= 5. Adapted from Haardt & Madau (1996).

Here,v_ is the frequency at the Lyman limit ara, denotes the photoionisation cross sec-
tion of hydrogen, which scales with—3 for frequencies larger that, (see Kaastra et al.
2008 - Chapter 9, this volume). We have introduced the difbatess scaling factal_»3
which gives the metagalactic UV radiation intensity at thenan limit in units 1023
ergecn2s1Hz ! srl. Forz= 0 we havel_»3 ~ 1— 2, while forz= 3 the value fo_,3

is ~ 80, thus significantly higher (Haardt & Madau 1996). Assugnig = ny and insert-
ing a proper function fooy(T), we finally can write for the logarithmic neutral hydrogen
fraction in a purely photoionised WHIM plasma

160y T40'76> )

log fy,, ,photo ™~ ~ log ( J 23
whereny is the hydrogen volume density in units chrandTy is the temperature in units 40
K. Thus, for purely photoionised intergalactic gagat 0 withn=5x 10" andT = 1¢°

K we find that the neutral hydrogen fraction g, photo ™ 2.4 x 1078, This is ten times
higher than for CIE, indicating that collisions domlnate tbnisation fraction of hydrogen in
intermediate and high-temperature WHIM regions. Howawete that at lower temperatures
nearT = 10° K at the same density we havg I photo ™ fH 1 con- Since this is the WHIM
temperature regime preferentially detected by UV absondtatures (e.g., @ and broad
Ly a), photoionisation is important and needs to be accountedvfeen it comes to the
interpretation of WHIM absorbers observed in the FUV. FroW'ldIM simulation atz= 0
including both collisional ionisation and photoionisatiRichter et al. 2006b; see Fig. 2)
find the following empirical relation between neutral hygea fraction and gas temperature
for a WHIM density range between logy = —5.3 and—5.6:

log fy, = 0.75—1.25logT. (6)
This equation may serve as a thumb rule to estimate ionis&@ations in WHIM ab-

sorbers az = 0 if the gas temperature is known (e.g., from measuremerttgedine widths;
see Sect.2.2.1).
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Fig. 2 The neutral hydrogen fraction, logfuy; = log(nui/ny), in a WHIM simulation
(photoionisatior-collisional ionisation), is plotted as a function of the gasnperature, logl. The
light gray shaded indicates cells in the density rangenlgg= —5 to —7. The dark gray shaded area refers
to cells that have logy = —5.3 to —5.6, thus a density range that is characteristic for WHIM abers.

Adapted froni Richter et al_ (2006b).

LI L B O R B B B B I I LI L I O BB N B B R I
OF oxygen AT NS 71 9F Neon /T NelX S~ 7
E N 3 E / N
-1E NN e / N
C \ 7 C 7
- A - \J
x 2F | N4 2F .
- h N - .
W _a [ | N - _2 E -
S 3EF I 1 A 3E ]
o ] | : o | .
“4E ovif] | 3 4F NeVIlI [} Y
C ] ; ] C ! ]
-5 I ! 4 5p I E
E I | . E I .
—6_""Il'lllll;"I""""' _6'||||||||||.|||||||||||||||'
5 6 7 5 6 7

log (T/K) log (T/K)

Fig. 3 CIE ion fractions of selected high ions of oxygen\{Q Ovii, Oviii; left panel) and neon (Neill,
Neix; right panel) in the WHIM temperature range log/K) = 45— 7.0, based on calculations by
a(1993).

2.1.2 Oxygen and other metals

While hydrogen provides most of the mass in the WHIM, the niogtortant diagnostic

lines to study this gas phase are from highly ionised metaih as oxygen, neon, carbon,
magnesium, and others. Therefore, the understanding adrieation properties of the ob-
served high ions of these elements is as important as fooggdr As for hydrogen, both



collisional ionisation and photoionisation need to be a&®d. With its single electron, hy-
drogen can only be either neutral or fully ionised. Heavyraats, in contrast, have several
electrons available and are — even at very high temperatuussially only partly ionised.
Thus, electronic transitions exist for such highly-ioiseetals ("high ions”) in warm-hot
gas. Of particular importance for observations of the WHHel the high ionisation states of
oxygen, Ovi, Ovii, and Oviii, as they have strong electronic transitions in the UW (D
and at X-ray wavelengths (@1 & O viil') and oxygen is a relatively abundant element. An-
other important metal for observing warm-hot gas in the UY Array band is neon (Nei1,
Neviii, Neix, Nex). In collisional ionisation equilibrium, the ionisatiotase of these el-
ements is determined solely by the temperature of the gasdeth element, the ionisation
fractions of the ionisation states (e.g., four-times vse-fimes ionised) then are charac-
terised by the respective ionisation potentials (IPs) efitidividual ionisation levels. For
instance, aT ~ 1—3x 1P K, a significant fraction of the oxygen is five-times ionis€t

or OvI, IP=138 eV). Six-times ionised oxygen t®or Ovii, IP= 739 eV) and seven-times
ionised oxygen (O©7 or Oviii, IP= 871 eV) predominantly exist at higher temperatures in
the range 3 10° —3 x 10° K and 3x 10° — 107 K, respectively. Fig.13 shows the ionisation
fractions of the most important high ions of oxygen and néased on the CIE calculations
of |Sutherland & Dopifal (1993); see also Kaastra &t al. 200Bap®r 9, this volume. High
ions of other elements such as carbon, nitrogen, siliconnaaghesium are less important
for WHIM observations as their observable transitionsdrlmver temperature gas (e.g.,
C1v, SiIv) or the abundance of these elements in the intergalacticumeate too low. It is
important to note at this point, that the discussed relatiemveen ionisation state/fraction
and gas temperature explicitly assumes that the gas is iorasationequilibrium. This
may not be generally the case in the WHIM, however, as theitiengre generally very
low. For instance, under particular non-equilibrium caiadis the timescales for cooling,
recombination, and ion/electron equilibration may difggnificantly from each other (see
for instance Bykov et al. 2008 - Chapter 8, this volume). lchsa case, the presence of high
ions such as @1 and/or measured high-ion ratios wourld serve as a reliable "thermome-
ter” for the WHIM gas. In addition, WHIM filaments most likeheither are isothermal nor
do they have a constant particle density. In fact, as WHIMutitions demonstrate, WHIM
absorbers seem to represent a mix of cooler photoionisetatet collisionally ionised gas
with a substantial intrinsic density range. The absorptaatures from high ions arising in
such a multi-phase medium therefore are generally difftouliterpret in terms of physical
conditions and baryon budget.

In view of the high energies required to produce the high imhexygen and neon in
combination with the spectral shape of the metagalactikdvacnd radiation (see Figl 1),
photoionisation of high metal ions in the WHIM is less img@ort than for hydrogen. How-
ever, for Ovi photoionisation is important at low redshifts in WHIM reg®with very low
densities or in systems located close to a strong localtiadiaource (e.g., in @1 systems
associated with the background QSO). Note that at high redsiost of the intervening
OV appears to be photoionised owing to the significantly hightensity of the metagalac-
tic background radiation in the early Universe (see Se2}. 5.



Table 1 Data on O and Ne high ions having observable absorption lines

lon X/H]® lonisation  Absorption Band  CIE temperattire

potential [eV] lines &] range [16 K]

Ovi —-3.34 138 1031926 FUV Q2-05
1037617

ovi —-3.34 739 21602  X-ray 03-3.0

Oovill —-3.34 871 18969 X-ray 10—10.0

Neviii —4.16 239 770409 EUV 05-13
780324

Neix —4.16 1196 13447  X-ray 06—-6.3

1 [X/H] is the log of the number density of element X relativehigdrogen for Solar abundances, taken here
from|Asplund et al.|(2004).
2 CIE models froni Sutherland & Dopita (1993).

2.2 WHIM absorption signatures in the UV and X-ray band
2.2.1 UV absorption

As indicated in the previous subsection, five-times ionimeghen (Ovi) is by far the most
important high ion to trace the WHIM at temperaturesTof- 3 x 10° K in the ultraviolet
regime (assuming CIE, see above). Oxygen is a relativelpddnt element and the two
lithium-like (15?2s)2S,, — (15°2p) 2Py /2 3/> electronic transitions of @1 located in the
FUV at 10319 and 103% A have large oscillator strength$; 31 = 0.133 f1937 = 0.066).
Next to OvI, Neviil traces WHIM gas neaF ~ 7 x 10° K (in collisional ionisation equi-
librium) and thus is possibly suited to complement thgi@neasurements of the WHIM
in a higher temperature regime. The two availablevNelines are located in the extreme
ultraviolet (EUV) at 7704 A (f770= 0.103) and 78 A (f7g0 = 0.051), allowing us to
trace high-column density WHIM absorbers at redshifts 0.18 with current FUV satel-
lites such as FUSE. However, as the cosmic abundance wofiNis relatively low, Neviii

is not expected to be a particularly sensitive tracer of titélW/at the S/N levels achievable
with current UV spectrographs. The same argument hold$iéohigh ion Mgx, which has
two transitions in the EUV at even lower wavelengtisi (609.8, 624.94). So far, only
Ovi and in one case Nell has been observed in the WHIM at low redshift (see Sect. 3.2).
Note that WHIM absorption features by\® (and Neviii) are mostly unsaturated and the
line profiles are fully or nearly resolved by current UV instrents such as FUSE and STIS,
which provide spectral resolutions Bf= A /AA ~ 20,000 and 45000, respectively. Table
1 summarises physical parameters of O and Ne high ions aimdteervable transitions in
the UV and X-ray bands.

Four-times ionised nitrogen (¢ I.P. is 98 eV) also is believed to trace predominantly
collisionally ionised gas at temperatures néay 2 x 10° K, but its lower cosmic abundance
together with its deficiency in low metallicity environmerdue to nucleosynthesis effects
(e.g./ Pettini et al. 2002) makes it very difficult to detecttie WHIM. Other available strong
high-ion transitions in the UV from carbon (€ AA 1548.2, 1550.8%) and silicon (Siv
A) 1393.8, 1402.8\) are believed to trace mainly photoionised gas at tempeest < 10°
K, but not the shock-heated warm-hot gas at higher tempesatu

Next to high-ion absorption from heavy elements, recent U%eovations (Richter et al.
2004; Sembach et al. 2004; Lehner et al. 2007) have indicatdVHIM filaments can be
detected in Lya absorption of neutral hydrogen. Although the vast majooityhe hydro-
gen in the WHIM is ionised (by collisional processes and Udiation), a tiny fraction



(fu1 < 1075, typically) of neutral hydrogen is expected to be preseepdnhding on the to-
tal gas column density of a WHIM absorber and its temperatueak Hi Ly a absorption
at column densities 12 < log N(H 1)< 14.0 may arise from WHIM filaments and could be
used to trace the ionised hydrogen component. The apsorption from WHIM filaments
is very broad due to thermal line broadening, resultingligddDoppler parameters bf> 40
kms1. Such lines are generally difficult to detect, as they aradband shallow. High res-
olution, high S/N FUV spectra of QSOs with smooth backgrouadtinua are required to
successfully search for broad byabsorption in the low-redshift WHIM. STIS installed on
the HST is the only instrument that has provided such datajumito the instrumental limi-
tations of space-based observatories, the number of QSIrapelequate for searching for
WHIM broad Lya absorption (in the following abbreviated as "BLA") is veiiynited.

Theb values of the BLAs are assumed to be composed of a thermala@npby,, and
a non-thermal componertiy;, in the way that

b= /bn?+bne?. (@)

The non-thermal component may include processes like reagpic turbulence, unre-
solved velocity-components, and others (see Richter/@086a for a detailed discussion).
The contribution of the thermal componenttdepends on the gas temperature:

by, = ,/% z0.13\/;kms*1, ®)

whereT isin K, k is the Boltzmann constan is the particle mass, arflis the atomic
weight. For the shock-heated WHIM gas with [®g> 5 one thus expects, > 40 kms™L.
The non-thermal broadening mechanisms are expected tdlzdatto some degree to the
totalb values in WHIM absorbers (see Richter et al. 2006a), so lieatrteasured value of
a BLA provides only an upper limit for the temperature of thesg

2.2.2 X-ray absorption

The highest ionisation phase of the WHIM will produce andosbdine radiation primarily
in the He- and H-like ions of the low-elements (C, N, O, Ne), and possibly in the L-shell
ions of Fe. In practice, much of the attention is focused oyger, because of its relatively
high abundance, and because the strongest resonancenlifles and H-like O are in a
relatively 'clean’ wavelength band. For reference, theltsansitions of G/1, Nvii, Oviir,
and Nex occur at 33.7360, 24.7810, 18.9689, and 12.183&spectively (wavelengths of
the 1s—2p, > 3/ doublet weighted with oscillator strength; Johnson & Sp€85). The He-
like ions Cv, NvI, Ovii, and Nex have their strongest transition, the= 1— 2 resonance
line, at 40.2674, 28.7800, 21.6015, and 13.4A7(Drake 198B; see also Table 1). Data on
the higher order series members can be found_ in Verner et206]. As far as the Fe L
shell ions are concerned, the most likely transition to shpwvould be the strongest line
in Ne-like Fexvil,n=2p—3d A 15.014A. In addition, all lower ionisation stages of C, N,
0, and Ne (with the exception of neutral Ne of course) can alsorb byn = 1— 2; the
strongest of these transitions would be-12p in Ovi at 22.019A (Schmidt et all 2004).
Likewise, the lower ionisation stages of Fe could in pritejproducen = 2 — 3 absorption.
The thermal widths of all these transitions will be very sigrelquiring resolving powers
of orderR~ 10000 (C, N, O, Ne) for gas temperatures of ordérH @o be resolved:; for Fe,
the requirement is even higher, by a factoR. As we will see, for practical reasons, these
requirements exceed the current capabilities of astrophlyX-ray spectroscopy by a large



factor. Due to the small Doppler broadening (ignoring tlehtivelocity fields for now), the
lines will rapidly saturate. For He- and H-like O resonarnioe labsorption, saturation sets
in at an equivalent width of order 1/n(Kaastra et dl. 2008 - Chapter 9, this volume), or
column densities of order a few times'f@ons cn?. The challenge, therefore, for X-ray
spectroscopy presented by the IGM is to detect small eqnvatidth, near-saturation lines
that are unresolved.

2.3 The baryon content of the WHIM as measured by UV and X-tepebers

One important result from absorption line measuremente@iWHIM in the UV is the ob-
served number density of WHIM absorbers, usually expreaseN /dz, the number of ab-
sorbers per unit redshift. For instance, from recent measents with FUSE and HST/STIS
one finds for Ovi absorbers and Broad loy absorbers at~ 0 values of /dz(O V1) ~ 20
and dN/dz(BLA) ~ 30 (see Sect. 3.2). Currently, the WHIM absorber densitylg mea-
surable in the UV, since in the X-ray band both the observedtmur of WHIM absorption
lines and the available redshift path for WHIM observatigtoo small to derive statisti-
cally significant values of/dz(Ovii) and dN/dz(Ovi).

A particularly interesting question now is, how the obsdrmember density of high-ion
lines or BLASs translates into an estimate of the cosmolddieayon mass density of the
WHIM, Qu(WHIM). To obtain such an estimate of the baryon content ef\WHIM from
UV and X-ray absorption measurements one has to considentimsteps. First, one needs
to transform the observed column densities of the high ietgs,(Ovi, Ovil, Ovin)into a
total gas column density by modelling the ionisation cdodg in the gas. In a second step,
one then integrates over the total gas column densitiesl abakrved WHIM absorbers
along the given redshift path and from that derid@gWHIM) for a chosen cosmology.
Throughout the paper we will assume\&DM cosmology withHy = 70 kms* Mpc 1,
Qp =07, Qn = 0.3, andQ, = 0.045. For the first step the uncertainty lies in the estimate
of the ionisation fraction of hydrogen of the WHIM. For this,s usually assumed that
the WHIM is in collisional ionisation equilibrium, but phamibnisation and non-equilibrium
conditions may play a significant role. In the case of usingaiiens such as @1 the un-
known oxygen abundance (O/H) of the gas introduces an addituncertainty (see below)
for the estimate of2,(WHIM). For the second step, it is important to have a largeug
sample of WHIM absorption lines and a sufficient total refighath alongdifferent direc-
tions in order to handle statistical errors and the problésosmic variance. As mentioned
earlier, these requirements currently are fulfilled onliytfe UV absorbers.

The cosmological mass densi®y of O vi absorbers (and, similarly, for other high ions)
in terms of the current critical densipt can be estimated by

pmy Ho N(Owi)jj
Qp(Owvi) = . (9)
(ow) pcC 4 fouj (O/H); AX;

In this equationu = 1.3 is the mean molecular weighty = 1.673x 1027 kg is the mass
per hydrogen atorkly is the adopted local Hubble constant, gmd= 3Ho?/87G is the
current critical density. The indéxdenotes an individual high-ion absorption system along
a line of sightj. Each measured high-ion absorption systamcharacterised by its mea-
sured ion column density (e.dN(OV1);j), the ionisation fraction of the measured ion (e.g.,
fOVI,ij)’ and the local abundance of the element measured compmahgdriogen (e.g., the
local oxygen-to-hydrogen ratio, by number). Each line ghsj has a characteristic redshift
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rangeAzin which high-ion absorption may be detected. The corredipgncomoving path
lengthAX available for the detection of WHIM high-ion absorbers tigegiven by:

AXj = (1+2)2[Qp + Qm(1+2)% %2 Az, (10)
In analogy, we can write for the cosmological mass densitheBLAs:

HmyHg N(H1)ij

Qp(BLA) = .
o ) PcC 4 fHI,iijj

(11)

As can be easily seen, the advantage of using BLAs for derivie WHIM mass density
is that the metallicity of the gas is unimportant for the deti@ation of Q,. The disadvan-
tage is, however, that the ionisation corrections are \angel and uncertain, since they are
determined indirectly from the BLA line widths (see Sec?.2).

3 UV measurements of the WHIM
3.1 Past and present UV instruments

The first and second generations of space based UV speghsgsach a€opernicus and
the International Ultraviolet Explorer (IUE) did not have sufficient sensitivity to system-
atically study intervening absorption in the intergalactiedium along a large number of
sightlines. The early low- and intermediate resolutiorcspgraphs installed on thdubble
Soace Telescope (HST), namely thé=aint Object Spectrograph (FOS) and th&oddard High
Resolution Spectrograph (GHRS), were used to study the properties of the locat lfgrest
and intervening metal-line systems (e.g., Stocke lét al5;188ull et all 1998). While inter-
vening OvI absorption has been detected with these instruments [{eiop, et al.l 1998),
the concept of a warm-hot intergalactic gas phase was nly established at that time.
With the implementation of the high-resolution capatghtiof theSpace Telescope Imaging
Foectrograph (STIS) installed on HST the first systematic analyses of WKIM absorbers
as significant low-redshift baryon reservoirs came out iB@@ee Tripp et al. 2000), thus
relatively soon after the importance of a shock-heateddatactic gas phase was realised
in cosmological simulations for the first time (elg., Cen &i@i|1999] Davé et al. 2001).
The STIS echelle spectrograph together with the E140M rgggirovides a high spectral-
resolution ofR =~ 45000, corresponding to a velocity resolution~e? km st in the STIS
E140M wavelength band between 1150 and 1A3@e.g., Kimble et all 199€; Woodgate
1998). An example for a STIS quasar spectrum with intenghiydrogen and metal-line
absorption is shown in Fi@] 4. Note that at the spectral teimol of the STIS E140M grat-
ing all intergalactic absorption lines (i.e., hydrogen anetal lines) are fully resolved. In
1999, theFar Ultraviolet Spectroscopic Explorer (FUSE) became available, covering the
wavelength range between 912 and 1287Equipped with a Rowland-type spectrograph
providing a medium spectral resolution R 20000 (FWHM- 20 km s 1) FUSE is able
to observe extragalactic UV background sources brightenth= 16.5 mag with acceptable
integration time and signal-to-noise (S/N) ratios (for aa#tion of FUSE see Moos etlal.
2000; Sahnow et al. 2000). With this resolution, FUSE is ableesolve the broader inter-
galactic absorption from the H.yman series, while most of the narrow metal-line absorbers
remain just unresolved. This is not a problem for ONVHIM studies with FUSE, however,
since the spectral resolution is very close to the actualwidths and the @1 absorption
usually is not saturated. FUSE complements the STIS ingntsnat lower wavelengths
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down to the Lyman limit and consequently combined FUSE ank&Spectra ofv 15 low
redshift QSOs and AGN have been used to study the low-redahiflM via intervening
Ovi and BLA absorption (see Tripp etal. (2007) and referenceseth). Unfortunately,
since 2006/2007 both STIS and FUSE are out of commissionatgzhnical problems.

Fresh spectroscopic UV data from WHIM absorption line stadiill become available
once theCosmic Origins Spectrograph (COS) will be installed on HST during the next HST
service mission (SM-4), which currently is scheduled foe 2008. COS will observe in the
UV wavelength band between 1150 and 3@0@t medium resolutionR ~ 20000). COS
has been designed with maximum effective area as the priowanstraint: it provides more
than an order of magnitude gain in sensitivity over previd&3 instruments. Due to its very
high sensitivity, COS thus will be able to obsetwendreds of low- and intermediate redshift
QSOs and AGN and thus will deliver an enormous data archisudy the properties of
WHIM UV absorption lines systems in great detail (see alser@a et al. 2008 - Chapter
19, this volume).

3.2 Intervening WHIM absorbers at low redshift

We start with the Q1 absorbers which are believed to trace the low-temperagir®ft
the WHIM atT < 5x 10° K. Up to now, more than 50 detections of interveningCab-
sorbers az < 0.5 have been reported in the literature (e.g., Tripp 2t al02@Egerle et al.
2000; Chen & Prochaska 2000; Savage et al. 2002; Richten20@| Sembach et al. 2004;
Savage et al. 200%; Danforth & Shull 2005; Tripp €t al. 2004).of these detections are
based on FUSE and STIS data. [fig. 5 shows two examples fovenieg Ovi absorption
atz= 0.23351 andz = 0.26656 in the direction of PG 0953+415 and H 1821+643, as ob-
served with STIS. The most recent compilation of low-refishtervening Ovi absorbers
is that of_ Tripp et al.[(2007), who have analysed 16 sighslitvard low-redshift QSOs
observed with STIS and FUSE along a total redshift pathof& 3. They find a total of 53
intervening OvI absorbers (i.e., they are not within 5000 km sf Zoso) comprised of 78
individual absorption componeﬁtsThe measurements imply a number density ofi@b-
sorbing systems per unit redshift dig),, /dz~ 18+ 3 for equivalent width¥Vy > 30 mA.
The corresponding number density of/Oabsorptioncomponents is dN, /dz =~ 25+ 3.
These values are slightly higher than what is found by eaahalyses of smaller @ sam-
ples (Danforth & Shull 2005), but lie within the citedo2error ranges. The discrepancy
between the measuredv® number densities probably is due to the different appraache
of estimating the redshift pathz along which the Q71 absorption takes place. If one as-
sumes that the gas is in a collisional ionisation equilitorju.e., that~ 20 percent of the
oxygen is present in the form of @ (f5,, < 0.2), and further assumes that the mean oxy-
gen abundance is.D Solar, the measured number density ofiGabsorbers corresponds
to a cosmological mass density 6f(0 Vi)~ 0.0020— 0.0030 h7o 1. These values imply
that intervening Qv1 absorbers trace 5 — 7 percent of the total baryon mass in the local
Universe. For the interpretation &,(O v1) it has to be noted that @ absorption traces col-
lisionally ionised gas at temperatures around B K (and also low-density, photoionised
gas at lower temperatures), but not the million-degree gasewhich probably contains
the majority of the baryons in the WHIM.

The recent analysis of Tripp et/dl. (2007) indicates, howeat this rather simple con-
version from measured @ column densities t@2,(O Vi) may not be justified in general,

1 |.e., some of the ®1 systems have velocity sub-structure



12

62) OVI z=0.25971

3 63) Lyaz=0.08041 B
64) LySz=0.28335 ?
2 *
1
E14

O 1 1

1300
£ 85) Lya z=0.08933

3 r 66) Ly B z=0.29236
C 67) Lyaz=0.09196 2
E 68) Lyaz=0.09591

2 L 69) Ly z=0.30434
= 70) Lyaz=0.10281 ?

o

70) Lyaz=0.10281 ?
71) Lye z=0.43148 ?
72) LyBz=0.31978 B
73) Lyé 2=0.43148

Flux [10714 erg ecm—2 s~1 A-
g

74) OVI z=0.31978
75) Lyaz=0.12188
76) Ly z=0.12387
77) Ly 2=0.33269
78) OVI 2=0.31978 ?
79) Lyaz=0.13351 ?
80) Lyp z=0.34477

N
INEENEERN!

E140M
0 | | | | | | | | | | | | | | | | | | | | |
1360 1365 1370 1375 1380
£ L T T T 7 T T T gd T 7 3 s81Llyaz-o14034 »
3 F T 82) Lyaz=0.14381 2
C 81 82 83 84 85 87 ] esg Lx;:o,mma
E ‘ ‘ ‘ ‘ ‘ ‘ ‘ 7 84) Lyaz=0.14852 B
2 [ * 7 85) Lyaz=0.15029

86) CIII z=0.43148
87) Lyaz=0.15136 B

o —_
TTTTT I
?
NN

140M
1 1

—
wW
[ee]
o

1385 1390 1395 1400
Wavelength [4]

Fig. 4 STIS spectrum of the quasar PG 1259+593 in the wavelengiperbetween 1300 and 1460
Next to absorption from the local Ly forest and gas in the Milky Way there are several absorptan f
tures that most likely are related to highly ionised gas & YWHIM. Absorption from five-times ionised
oxygen (Ov1) is observed at = 0.25971 andz= 0.31978. Broad H Ly a and Lyf3 absorption is detected
atz=0.08041, 009196, 010281, 013351, 014034, 014381, 014852, 015136, andz = 0.31978. From
Richter et al.[(2004).

as the CIE assumption possibly breaks down for a considefedstion of the Q/1 systems.
From the measured line widths of thel Hy a absorption that is associated with thes/O
Tripp et al. conclude that 40 percent of their @1 systems belong to cooler, photoionised
gas withT < 10° K, possibly not at all associated with shock-heated wartngs. In ad-
dition, about half of the intervening @ absorbers arise in rather complex, multi-phase
systems that can accommodate hot gas at relatively low Iicétallt thus appears that —
without having additional information about the physicahditions in each @1 absorber
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Fig. 5 Examples for H and Ovi absorption in two absorption systemszat 0.23351 andz = 0.6656
towards PG 0953+415 and H 1821+643, respectively, plotted rest frame velocity scale (observed with
STIS). Adapted from Tripp et al. (2007).

— the estimate of the baryon budget in interveningiGystems is afflicted with rather large
systematic uncertainties.

In high-column density @1 systems at redshifts> 0.18, such desired additional in-
formation may be provided by the presence or absence ofilNésee Sect.2.2.1), which
in CIE traces gas a ~ 7 x 10° K. Toward the quasar PG 1259+593 Richter etlal. (2004)
have reported a tentative detection of We absorption atv 20 significance in an @1
absorber az =~ 0.25. The first secure detection of intervening\e absorption (atv 40
significance) was presented by Savage et al. (2005) in a-phatie Qv1 absorption system
atz~ 0.21 in the direction of the quasar HE 0226110. The latter authors show that in
this particular absorber the high-ion ratio M@ /Ovi= 0.33 is in agreement with gas in
CIE at temperature of ~ 5x 10° K. With future high S/N absorption line data of low-
redshift QSOs (as will be provided by COS) it is expected thathumber of detections
of WHIM Ne viil absorbers will increase substantially, so that an importaw diagnostic
will become available for the analysis of high-ion absosber
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One other key aspect in understanding the distribution atdre of intervening @1
systems concerns their relation to the large-scale digioib of galaxies. Combining FUSE
data of 37 OvI absorbers with a database of more than a million galaxyipaositand red-
shifts, Stocke et al. (2006) find that all of these/Gystems lie within 80870 ! kpc of the
nearest galaxy. These results suggest that §ystems preferentially arise in the immediate
circumgalactic environment and extended halos of galawibere the metallicity of the gas
is expected to be relatively high compared to regions faydwen galactic structures. Some
very local analogs of intervening @ systems thus may be thev® high-velocity clouds in
the Local Group that are discussed in the next subsectiomt®@apparent strong connection
between intervening @1 systems and galactic structures and a resulting galaxglicéy
bias problem it is of great interest to consider other tmoémwarm-hot gas, which are in-
dependent of the metallicity of the gas. The broad hydrogem &bsorbers — as will be
discussed in the following — therefore represent an impordternative for studying the
WHIM at low redshift.

As described in Sect. 2.2.1, BLAs represent ltya absorbers with large Doppler pa-
rametersb > 40 kmsL. If thermal line broadening dominates the width of the apsor
tion, these systems trace the WHIM at temperatures betw8erardd 16 K, typically
(note that for most systems with > 10° K BLAs are both too broad and too shallow to
be unambiguously identified with the limitations of curréi¥ spectrographs). The exis-
tence of H Lya absorbers with relatively large line widths has been occesdly reported
in earlier absorption-line studies of the local intergéitamedium (e.g., Tripp et al. 2001,
Bowen et all 2002). Motivated by the rather frequent ocawreeof broad absorbers along
QSO sightlines with relatively large redshift paths, thetfgystematic analyses of BLAs
in STIS lowz data were carried out by Richter et al. (2004) and Sembadh (2G04).
Richter et al.[(2006a) have inspected four sightlines aleskwith STIS towards the quasars
PG 1259+593 %, = 0.478), PG 1116+215zy, = 0.176), H 1821+643%, = 0.297), and
PG 0953+415%, = 0.239) for the presence of BLAs and they identified a number ofigo
candidates. Their study implies a BLA number density pernatishift of dNg_a /dz~ 22—

53 for Doppler parametets> 40 km s ! and above a sensitivity limit of lodN(cm2) /b(km s71)) >
11.3. The large range forNk; 4 /dz partly is due to the uncertainty about defining reliable
selection criteria for separating spurious cases from dwodd Lyor candidates (see dis-
cussions in_Richter et al. 2004, 2006a and Sembach et al).ZD@hsforming the number
density dNg A /dz into a cosmological baryonic mass density, Richter et 8062) obtains
Qu(BLA) > 0.0027h70 L. This limit is about 6 percent of the total baryonic mass igris

the Universe expected from the current cosmological mggelsabove), and is comparable
with the value derived for the intervening\® absorbers (see above). Examples for several
BLAs in the STIS spectrum of the quasar H 1821+643 are showging.

More recently/ Lehner et al. (2007) have analysed BLAs in-tedshift STIS spec-
tra along seven sightlines. They find a BLA number density § d /dz = 30+ 4 for
b= 40— 150 kms* and logN(H 1) > 13.2 for the redshift range = 0 — 0.4. They con-
clude that BLAs host at least 20 percent of the baryons in dballUniverse, while the
photoionised Ly forest, which produces a large number of narroverlabsorbers (NLAS),
contributes with~ 30 percent to the total baryon budget. In addition, Prausé ¢2007)
have investigated the properties of BLAs at intermediatishéts ¢ = 0.9 — 1.9) along five
other quasars using STIS high- and intermediate-resolutada. They find a number den-
sity of reliably detected BLA candidates ofgja /dz~ 14 and obtain a lower limit of the
contribution of BLAs to the total baryon budget ef2 percent in this redshift range. The
frequency and baryon content of BLAs at intermediate rétshbviously is lower than at
z= 0, indicating that at intermediate redshifts shock-heptifithe intergalactic gas from
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Fig. 6 Broad Lymana absorbers towards the quasars H1821+643 and PG 0953+415 ¢B3ervations),
plotted on a rest frame velocity scale. If thermal line beyidg dominates the width of the absorption, these
systems trace the WHIM at temperatures betweérab@d 16 K. From[Richter et dI[(2005a).

the infall in large-scale filaments is not yet very effici€fhis is in line with the predictions
from cosmological simulations.

3.3 The Milky Way halo and Local Group gas
One primary goal of the FUSE mission was to constrain theibligton and kinematics

of hot gas in the thick disk and lower halo of the Milky Way byidying the properties
of Galactic Ovi absorption systems at radial velocitigssg| < 100 kms® (Savage et al.
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2000; Savage et aAl. 2003; Wakker et al. 2003). However, aBU&E data unveil, @1 ab-
sorption associated with Milky Way gas is observed not onliow velocities but also at
IvLsr| > 100 kms! (Sembach et al. 2003). The topic of cool and hot gas in the bialo
the Milky Way recently has been reviewed by Richter et alOgf). These detections imply
that next to the Milky Way’s hot "atmosphere” (i.e., the Gala Corona) individual pockets
of hot gas exist that move with high velocities through threwingalactic environment of
the Milky Way. Such high-velocity @1 absorbers may contain a substantial fraction of the
baryonic matter in the Local Group in the form of warm-hot gad thus — as discussed in
the previous subsection — possibly represent the localtequarts of some of the interven-
ing OvI absorbers observed towards low-redshift QSOs.

From their FUSE survey of high-velocity @ absorptiori_Sembach et al. (2003) find
that probably more than 60 percent of the sky at high veleits covered by ionised
hydrogen (associated with the\® absorbing gas) above a column density level of log
N(H )= 18, assuming a metallicity of the gas oR®Bolar. Some of the high-velocity @
detected with FUSE appears to be associated with known\lgleity Hi 21 cm struc-
tures (e.g., the high-velocity clouds complex A, complextli Magellanic Stream, and
the Outer Arm). Other high-velocity @ features, however, have no counterparts in H
21 cm emission. The high radial velocities for most of thesa @bsorbers are incompati-
ble with those expected for the hot coronal gas (even if ther@d gas motion is decoupled
from the underlying rotating disk). A transformation frohretLocal Standard of Rest to the
Galactic Standard of Rest and the Local Group Standard df\Réscity reference frames
reduces the dispersion around the mean of the high-vel@uitycentroids|(Sembach etlal.
2003; Nicastro et al. 2003). This can be interpreted as aeil¢hatsome of the Ovi high-
velocity absorbers are intergalactic clouds in the Localuprrather than clouds directly
associated with the Milky Way. However, it is extremely ditfit to discriminate between a
Local Group explanation and a distant Galactic explandtorthese absorbers. The pres-
ence of intergalactic @1 absorbing gas in the Local Group is in line with theoreticabiels
that predict that there should be a large reservoir of hotefasver from the formation of
the Local Group (see, e.q., Cen & Ostriker 1999).

It is unlikely that the high-velocity @1 is produced by photoionisation. Probably, the
gas is collisionally ionised at temperatures of sever&l K0The Ovi then may be pro-
duced in the turbulent interface regions between very Tiat (L0° K) gas in an extended
Galactic Corona and the cooler gas clouds that are movirmgigir this hot medium (see
Sembach et al. 2003). Evidence for the existence of suchfacts also comes from the
comparison of absorption lines from neutral and weaklysedispecies with absorption
from high ions like Ovi (Fox et all 2004).

4 X-ray measurements of the WHIM
4.1 Past and present X-ray instruments

With the advent of theChandra and XMM-Newton observatories, high resolution X-ray
spectroscopy of a wide variety of cosmic sources becamébfedsr the first time. Among
the possible results most eagerly speculated upon was thetida of intergalactic ab-
sorption lines from highly ionised metals in the continuupeatra of bright extragalactic
sources. After all, one of the most striking results from Huestein observatory had been
the detection of a very significant broad absorption feastire 600 eV in the spectrum of
PKS 2155-304 with the Objective Grating Spectrometer (Canizares &gd€r 1984). Iron-
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ically, if interpreted as intergalactic H-like O byabsorption, redshifted and broadened by
the expansion of the Universe, the strength of the featupiéih the presence of a highly
ionised IGM of near-critical density, a possibility thatshaf course definitively been dis-
counted since then.

The High Energy Transmission Grating Spectrometer (HETGShizares et al. 2005)
and the Low Energy Transmission Grating Spectrometer (LEIBinkman et al. 2000) on
Chandra, and the Reflection Grating Spectrometer (RGSXbtM-Newton (den Herder et al.
2001) were the first instruments to provide sensitivity t@lveterstellar and intergalactic
X-ray absorption lines. The 'traditional’ ionisation deters (proportional counters, CCD’s)
do not have sufficient energy resolution for this applicatiBut the angular resolution pro-
vided by an X-ray telescope can be used to produce a highutesokpectrum, by the use
of diffracting elements. Laboratory X-ray spectroscopyyisically performed with crys-
tal diffraction spectrometers, and the use of crystal spawtters for general use in astro-
physics was pioneered on tli#nstein observatory (e.d. Canizares etlal. 1979). The Focal
Plane Crystal Spectrometer indeed detected the first emawnX-ray absorption line in a
cosmic source, thest- 2p absorption by neutral oxygen in the interstellar mediumaials
the Crabl(Canizares & Kruper 1984). Previous grating spawters (the Objective Grating
Spectrometer oRinstein and the two Transmission Grating SpectrometerB0SAT) had
only limited resolution and sensitivity. But there is no iamental limit to the resolution of
a diffraction grating spectrometer, and the high angulsoli¢ion of theChandra telescope
has allowed for high resolution spectroscopy using trassioin gratings. The focusing op-
tics onXMM-Newton have more modest angular resolution, but they are used vikea
array of grazing incidence reflection gratings, which p@uery large dispersion angles
and thus high spectral resolution. The HETGS provides asgeesolution oAA =0.0125
A over thex 1.5— 15 A band with the high line density grating, addh = 0.025 A over
the 2— 20 A band with the medium line density grating. The LETGS Aas= 0.05A over
the~ 2 — 170 A band, while the RGS hadA = 0.06 A over the 5- 38 A band. These
numbers translate to resolving powersRof 400— 1500 in the O K band, and with a suf-
ficiently bright continuum source, one should be able to detquivalent widths of order
0.1—0.5 eV (5— 20 mA), or below in spectra with very high signal-to-noise. Thedic-
tions for H- and He-like O resonance absorption line stiengire generally smaller than
these thresholds, but not grossly so, and so a search fogatdetic O was initiated early
on. Given that the current spectrometers are not expectedobtve the absorption lines, the
only freedom we have to increase the sensitivity of the $esrto increase the signal-to-
noise ratio in the continuum, and it becomes crucial to finitable, very bright sources,
at redshifts that are large enough that there is a reasoagiieri probability of finding a
filament with detectable line absorption.

As we will see when we discuss the results of the observdtsmaches for X-ray ab-
sorption lines, the problem is made considerably more difflzy the very sparseness of the
expected absorption signature. Frequently, when absarfgiatures of marginal statistical
significance are detected in astrophysical data, plaitgill greatly enhanced by simple,
unique spectroscopic arguments. For instance, for alkidgiparameter configurations, an
absorbing gas cloud detected irvi$hould also produce detectablevCabsorption; or, both
members of a doublet should appear in the correct strengithifransaturated. In the early
stages of Ly forest astrophysics, it was arguments of this type, rathesn the crossing of
formal statistical detection thresholds alone, that giitte field (e.g., Lynds 1971). But
for the "X-ray Forest’ absorption, we expect a very diffdrsituation. The detailed simula-
tions confirm what simple analytical arguments had sugdestemost cases, Intergalactic
absorption systems that are in principle detectable witrectior planned X-ray instrumen-
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tation will show just a single absorption line, usually th&®©n = 1— 2 resonance line, at
an unknown redshift. When assessing the possibility thatengapparent absorption fea-
ture is 'real’, one has to allow for the number of independeiat redshifts (very roughly
given by the width of the wavelength band surveyed, dividgthie nominal spectral resolu-
tion of the spectrometer), and with a wide band and a hightsgdeesolution, this tends to
dramatically reduce the significance of even fairly impresapparent absorption dips. For
instance, an apparent absorption line detected at a foBaasignificance’ (orp = 0.0015

a priori probability for a negative deviation this large tocar due to statistical fluctuation)
with Chandra LETGS in the 216 — 23.0 A band pales to '1.%" if we assume it is the
OviIl resonance line in the redshift range- 0 — 0.065; with N =~ 30 independent trials,
the chances of not seeing @ Zxcursion arg1— p)N = 0.956, or: one will see such a
feature one in twenty times if one tries this experiment (weassuming a Gaussian distri-
bution of fluctuations here). If we allow for confusion withv@1 Lya at higher redshift, or
even other transitions, the significance is even furtheaged. And the larger the number
of sources surveyed, the larger the probability of falsenal&Clearly, more reliable statis-
tics on intervening X-ray absorbers and detections at higlgnificance are desired, but
the required high-quality data will not be available urttiéthext-generation X-ray facilities
such asXEUS and Constellation X are installed (see Paerels etal. 2008 - Chapter 19, this
volume).

Nevertheless, even with these odds, the above discusskddnigneasurements are
important observations to do with the currently availabistiumentsChandra and XMM-
Newton. Given the predicted strengths of the absorption lines,(€hen et al. 2003; see
also Sect. 5.1), attention has naturally focused on a haafifeery bright BL Lac- and sim-
ilar sources. Below, we discuss the results of the searblats.that the subject has recently
also been reviewed hy Bregman (2007).

4.2 Intervening WHIM absorbers at low redshift

The first attempt at detecting redshifted X-ray O absorgtiees was performed hy Mathur et al.
(2003) with a dedicated deep observation (470 ks) withGhandra LETGS of the quasar
H 1821+643, which has several confirmed intervening @bsorbers. No significant X-ray
absorption lines were found at the redshifts of thei®ystems, but this was not really
surprising in view of the modest signal to noise ratio in thea¥ continuum. Since it re-
quires very bright continua to detect the weak absorptibis, also not surprising that the
number of suitable extragalactic sources is severelyéihiEarly observations of a sample
of these (e.g. S50836+710, PKS 2146;|Fang et al. 2001; PKS 215304, Fang et al.
2002) produced no convincing detections. Nicastro and dllsagues then embarked on a
campaign to observe Mrk 421 during its periodic X-ray oustsirwhen its X-ray flux rises
by an order of magnitude (e.g. Nicastro 2005). The net redulhis has been the accu-
mulation of a very deep spectrum with tlandra LETGS, with a total of more than 7
million continuum counts, in about 1000 resolution elersemlicastro et al. (2005) have
claimed evidence for the detection of two intervening apson systems in these data, at
z=0.011 andz = 0.027. But the spectrum of the same source observed witX/hl-
Newton RGS does not show these absorption lines (Rasmussen e0z), 2@spite higher
signal-to-noise and comparable spectral resolution (Nk ¥ observed b)XMM-Newton
for calibration purposes, and by late 2006, more than 1 Mesuxe had been accumulated).
Kaastra et &Il (2006) have reanalysed @mandra LETGS data, and find no significant ab-
sorption. Other sources, less bright but with larger retshhave been observed (see for



19

instance _Steenbrugge et al. (2006) for observations of 28511 atz = 0.361), but to
date no convincing evidence for intervening absorptionrhaterialised.

Observations have been conducted to try and detect thepdiosoby intergalactic gas
presumably associated with known locations of cosmic @msity, centred on massive clus-
ters. Fujimoto et al. (2004) attempted to detect absorptidhe quasar LBQS 1228+1116,
located behind the Virgo cluster. AAMM-Newton RGS spectrum revealed a marginal fea-
ture at the (Virgo) redshifted position of @il Lya, but only at the~ 95% confidence level.
Likewise,| Takei et &l.. (2007) took advantage of the locatbX Comae behind the Coma
cluster to try and detect absorption from Coma or its sumigs, but no convincing, strong
absorption lines were detected in a deep observationX¥ithl-Newton RGS. The parallel
CCD imaging data obtained with EPIC show weak evidence forxNe= 1— 2 line emis-
sion at the redshift of Coma, which, if real, would most likbe associated with WHIM gas
around the cluster, seen in projection (the cluster vigaiperature is too high for Ng). In
practice, the absence of very bright point sources behiungtels, which makes absorption
studies difficult, and the bright foregrounds in emissioill probably make this approach
to detecting and characterizing the WHIM not much easien tha random line-of-sight
searches.

The conclusion from the search for intergalactic X-ray apson is that there is no con-
vincing, clear detection for intervening absorption. Tikisn retrospect, not that surprising,
given the sensitivity of the current X-ray spectrometelng, abundance of suitably bright
and sufficiently distant continuum sources, and the prediptoperties of the WHIM.

4.3 The Milky Way halo and Local Group gas

The first positive result of the analysis of bright continusjpectra was the detection of@
and Ovil n= 1- 2 resonance line absorption at redshift zero. Nicastro ¢2802) first
identified the resonance lines in tBaandra LETGS spectrum of PKS 2155304 (Ovil n=
1-2,n=1-3,0vIl Lya, Neix n=1-2).|Rasmussen etlal. (2003) detected resonance
absorption in th&AMM-Newton RGS spectra of 3C 273, Mrk 421, and PKS 213B4. Since
then, at least @11 n=1—2 has been detected in effectively all sufficiently brighttbouum
sources, both witlChandra and XMM-Newton; a recent compilation appearslin Fang et al.
(2006). Portions of a deeper spectrum that shows the zeshifedbsorption are shown in
Fig.[4.

Nicastro et al.[(2002) initially interpreted the absorptes arising in an extended inter-
galactic filament. The argument that drives this interpirentas based on the assumption that
Ovi, Ovii, and Ovill are all located in a single phase of the absorbing gas. Thdtsine-
ous appearance of finite amounts of/Cand Oviil only occurs in photoionised gas, not in
gas in collisional ionisation equilibrium, and this reasrthat the gas has very low density
(the photoionisation is produced by the local X-ray backgdradiation field; for a mea-
sured ionisation parameter, the known intensity of thesiogi field fixes the gas density).
The measured ionisation balance then implies a length scalee order of ~ 10 (20}1)*1
Mpc, whereZg 1 is the metallicity in units 0.1 Solar. This is a very largedén and even
for 0.3 Z., metallicity, the structure still would not fit in the Local @ip (and it is unlikely
to have this high a metallicity if it were larger than the LbG&aoup). In fact, the absorption
lines should have been marginally resolved in this caségiftructure expands with a fair
fraction of the expansion of the Universe.

Rasmussen et al. (2003) constrained the properties of gwlgibg gas by dropping the
Ovi1, and by taking into account the intensity of the diffus&i©and Oviil line emission



20

13 e 085

C ] C T ]
1 ] 1 .8 g &
[} il J = =
1.2 = 3 08¢ 3 ]
C BT ] 075 F 3
11 f ] 075 ]
qEiteas v 0o s v olsvpals ra’l gggboloss s loiyelossel
12 12.5 13 13.5 17.5 18 18.5 19
0.85 [T T
& -
0.5 [ = 3
T | o _ 3
12} L ]
w 045
- - -]
g C ]
8 0.4 :— —:
0.35: PR R R S [T S SN SR SR NN SO ST S E
21 21.5 22 22.
T+ 11T+ 012 ]
0.26 - ] ¥ 1
024 [ 1] = 3 8 2 ]
022 4 o.08 - -
0.2 m § 0.06:— ]
0.18 | - r ]
c . o+ v vy by T 0.04 Co v v b v by v by v by
33 33.5 34 345 40 402 404 406 408 41

Wavelength (&)

Fig. 7 Chandra LETGS spectrum of Mrk421. Crosses are the data, the sol@i$ira model. The labels
identify z~ 0 absorption lines in Ne, O, and C. The vertical tick markdaat® the locations of possible
intergalactic absorption lines. From Williams et al. (2R05

as measured by the Wisconsin/Goddard rocket-borne QuaXtuay Calorimeter (XQC)
experiment (McCammon etlal. 2002). The cooling timescal® gf-bearing gas is much
smaller than that of gas with the higher ionisation stage3,&nd this justifies the assump-
tion that Ovi is located in a different, transient phase of the gas. Wit &nvi1 and Oviii,
the medium can be denser and more compact, and be in cadlis@nisation equilibrium.
Treating the measured ¥ emission line intensity as an upper limit to the emissiomfia
uniform medium, and constraining the ionisation balanoenfthe measured ratio of @I
and Oviii column densities in the lines of sight to Mrk 421 and PKS 21384, Rasmussen
etal. derived an upper limit on the density of the mediumgf 2 x 10~* cm2 and a length
scalel > 100 kpc.

Bregman [(2007) favours a different solution, with a lowezotlon temperature and
hence a higher @11 ion fraction. If one assumes Solar abundance and setseffaction
to 0.5, the characteristic density becomgs- 10-2 cm~2, and the length scalé € 20 kpc)
suggests a hot Galactic halo, rather than a Local Groupgirdugp medium.

Arguments for both type of solution (a small compact halo andore tenuous Local
Group medium) can be given. The most direct of these is a memsumt of the (/i line
absorption towards the LMC by Wang et al. (2005) in the specwof the X-ray binary LMC
X-3, which indicates that a major fraction of thev@ column in that direction is in fact
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in front of the LMC.|Bregman (2007) points out that the diatition of column densities
of highly ionised O on the sky is not strongly correlated witle likely projected mass
distribution of the Local Group, and that the measured vslazntroid of the absorption
lines appears characteristic of Milky Way gas, rather thanal Group gas. On the other
hand, a direct measurement of the Doppler broadening of the @as, from the curve of
growth of then =1—2 andn = 1— 3 absorption lines in the spectrum of Mrk421 and
PKS 2155-304 (Williams et all. 2005, Williams et al. 2007), indicatesian temperature of
Ti ~ 1080-63 K (Mrk 421) andT; ~ 10°2-64 K (PKS 2155-304), and these values favour
the low-density, Local Group solution. Regardless, thepeat of directly observing hot gas
expelled from the Galactic disk, or measuring the virial penature of the Galaxy and/or
the Local Group is exciting enough to warrant further attemto redshift zero absorption
and emission.

Finally, the spectrum of Mrk 421 shows the expected 0 innershell Ovi absorption,
at 22.0194, both with Chandra and withXMM-Newton. There has been some confusion re-
garding an apparent discrepancy between the &lumn densities derived from the FUV
and from the X-ray absorption lines, in the sense that theyXeolumn appeared to be
significantly larger than the FUV column_(Williams et al. Z)00Proposed physical expla-
nations for this effect involve a depletion of the lower leskthe FUV transitions ($229)
in favour of (at least) £2p, which weakens thd A 1032 1038 A absorption but does not
affect the 5— 2p X-ray absorption. However, it requires very high densit@snaintain a
finite excited state population, and, more directly, the sneed wavelength of the X-ray line
is actually not consistent with the wavelength calculatedl§— 2p in excited Ovi, off by
about 003—0.05 A, on the order of a full resolution element of both tBkandra LETGS
and thexXMM-Newton RGS (Raassen 2007, private communication). The conclisitrat
the discrepancy is due to an authentic statistical fluaoati the X-ray spectrum — or, more
ironically, to the presence of a weak, slightly redshiftediOCabsorption line.

5 Additional aspects
5.1 Results from numerical simulations

Cosmological simulations not only have been used to inyatgithe large-scale distribu-
tion and physical state of the warm-hot intergalactic mexlithey also have been applied
to predict statistical properties of high-ion absorptigatems that can be readily compared
with the UV and X-ray measurements (e.g., Cen &t al.[2001g BaBryan(2001; Chen et al.
2003; Furlanetto et dl. 2005; Tumlinson & Fang 2005; Cen &g2006). Usually, a large
number of artificial spectra along random sight-lines tgtothe simulated volume are gen-
erated. Sometimes, instrumental properties of existirgtspgraphs and noise character-
istics are modelled, too (e.@., Fangano et al. 2007). The mygsortant quantities derived
from artificial spectra that can be compared with obsermatidata are the cumulative and
differential number densities Kydz) of Ovi, Ovil, Oviil systems as a function of the
absorption equivalent width. An example for this is showrFig.[8. Generally, there is a
good match between the simulations and observations foovterll shape of the Nl/dz
distribution (see also Sect. 3.2), but mild discrepanckest at either low or high equivalent
widths, depending on what simulation is used (see,|le.@pTt al. 2007). For the interpre-
tation of such discrepancies it is important to keep in mirat the different simulations are
based on different physicatodels for the gas, e.g., some simulations include galaxy feed-
back models, galactic wind models, non-equilibrium iotiaconditions, etc., others do
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Fig. 8 The differential number of intervening oxygen high-ionf(QOvi11,0v1i1) absorbers in the WHIM in

a cosmological simulation is plotted against the equivtal@dth of the absorption (for details see Cen & Fang
2006). While for Ovil and Oviil no significant observational results are available to bepzved with the
simulated spectra (see Sect. 4.2), the predicted frequein@yvi absorbers is in good agreement with the
observations (Sect. 3.2). Adapted from Cen & FFang (2006).

not. For more information on numerical simulations of the Irsee Bertone et al. 2008 -
Chapter 14, this volume.

WHIM simulations also have been used to investigate theifrqy and nature of BLAs
at low redshift|(Richter et al. 2006b)). As the simulationggest, BLAs indeed host a sub-
stantial fraction of the baryons at= 0. From the artificial UV spectra generated from their
simulation Richter et al. derive a number of BLAs per unitstgift of (dN/dz)g_a = 38 for
H 1 absorbers with logN(cm2)/b(kms™1)) > 10.7, b > 40 kms%, and total hydrogen
column densitiedN(H 1) < 10°9% cm~2. The baryon content of these systems-i&5 per-
cent of the total baryon budget in the simulation. Theseltgsawe roughly in line with the
observations if partial photoionisation of BLAs is takemoimccount|(Richter et &l. 2006a;
Lehner et all_ 2007). From the simulation further followsttB&As predominantly trace
shock-heated collisionally ionised WHIM gas at temperdguogT ~ 4.4— 6.2. Yet, about
30 percent of the BLAs in the simulation originate in the mhatised Lyx forest (log
T < 4.3) and their large line widths are determined by non-thefmna&dening effects such
as unresolved velocity structure and macroscopic turlelefig[® shows two examples of
the velocity profiles of BLAs generated from simulationsgeneted in Richter et al. (2006b).

The results from the analysis of artificially generated U¥cpa underline that the com-
parison between WHIM simulations and quasar absorpti@ndindies indeed are quite im-
portant for improving both the physical models in cosmatagisimulations and the strate-
gies for future observations of the warm-hot intergalagés.

5.2 WHIM absorbers at high redshift
Although this chapter concentrates on the properties of Whlbsorbers at low redshift (as

visible in UV and X-ray absorption) a few words about high-iabsorption at high red-
shifts > 2) shall be given at this point. At redshifts> 2, by far most of the baryons are
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Fig.9 Two examples for BLA absorbers from the WHIM in a cosmolobgimulation are shown. The panels
show the logarithmic total hydrogen volume density, gagoemrature, neutral hydrogen volume density, and
normalised intensity for HLya and Ovi A10319 absorption as a function of the radial velocity along each
sightline. From_ Richter et al. (2006b).

residing in the photoionised intergalactic medium thaegivise to the Ly forest. At this
early epoch of the Universe, baryons situated in galaxidsrawarm-hot intergalactic gas
created by large-scale structure formation contributettogr with only< 15 percent to the
total baryon content of the Universe. Despite the relativienportant role of the WHIM at
highz, Ovi absorbers are commonly found in optical spectra of higlshigdguasars (e.g.,
Bergeron et al. 2002; Carswell etlal. Carswell et al. 200@1c8k et al. Simcoe et al. 2004).
The observation of intervening @ absorbers at high redshift is much easier than in the
local Universe, since the absorption features are re@shifito the optical regime and thus
are easily accessible with ground-based observatoriegettw, blending problems with the
numerous H Lya forest lines at higlz are much more severe than for low-redshift sight-
lines. Because of the higher intensity of the metagalacticbdckground at high redshift

it is expected that many of the @ systems in the early Universe are photoionised. Col-
lisional ionisation of O/1 yet may be important for high-redshift absorbers that odgg

in galactic winds (see, e.g., Fangano et al. 2007). Whildédiwrredshifts the population of
OviI absorbers is important for the search of the "mission ba¥/timat are locked in the
WHIM phase in the local Universe, @ absorbers at high redshift are believed to represent
a solution for the problem of the "missing metals” in the gapochs of structure forma-
tion. This problem arises from the facts that at high redstriflGM metallicity of~ 0.04 is
expected from the star-formation activity of Lyman-Brea&i&xies (LBGs), while observa-
tions of intervening Qv absorption systems suggest an IGM abundance of ery001
solar (Songaila 2001; Scannapieco et al. 2006), thus mame ¢ime order of magnitude
too low. Possibly, most of the missing metals at highre hidden in highly-ionised hot
gaseous halos that surround the star-forming galaxies (feegrara et al. 2005) and thus
should be detectable only with high ions such agi@ather than with intermediate ions
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such as Qv. Using the UVES spectrograph installed on ey Large Telescope (VLT)
Bergeron & Herbert-Fart (2005) have studied the propedfdsgh-redshift Ovi absorbers
along ten QSO sightlines and have found possible evidemcgufth a scenario. Additional
studies are required to investigate the nature of zighvi systems and their relation to
galactic structures in more detail. However, from the @xisineasurements clearly follows
that the study of high-ion absorbers at large redshifts igrefit importance to our under-
standing of the formation and evolution of galactic stroesuat highz and the transport of
metals into the IGM.

5.3 Concluding remarks

The analysis of absorption features from high ions of hedesnents and neutral hydrogen
currently represents the best method to study baryon cpmikysical properties, and dis-
tribution of the warm-hot intergalactic gas in large-sddiements at low and high redshift.
However, the interpretation of these spectral signaturésrins of WHIM baryon content
and origin still is afflicted with rather large systematiccertainties due to the limited data
quality and the often poorly known physical conditions in WHabsorbers (e.g., ionisation
conditions, metal content, etc.). Future instruments énuN (e.g., COS) and in the X-ray
band (e.g.XEUS Constellation X) hold the prospect of providing large amounts of new data
on the WHIM with good signal-to-noise ratios and substdlgtianproved absorber statis-
tics. These missions therefore will be of great importamcienprove our understanding of
this important intergalactic gas phase.
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