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X-ray Spectroscopy of the Warm-Hot Intergalactic
Medium

Abstract

Theoretical studies suggest that highly ionized warm and ho extragalactic gas is
an important component of the baryonic Universe at the current epoch. Study of this
putative Warm-Hot Intergalactic Medium at small redshift w ill require a broad-based
observational strategy, due to the extremely heterogeneas hature of the medium, and
the likelihood that much of it is not relaxed. We argue that an indispensible component
of such a strategy is a survey based on wide eld, high specttaesolution, soft X-ray
emission line imaging in transitions of highly ionized C, O,Ne, and Fe, coupled with
sensitive, high resolution absorption spectroscopy.

1 Introduction: A Highly lonized Intergalactic Medium

The history of the highly ionized intergalactic medium (IGM), however little we know about
this medium, has had a checkered history. In his survey of thetergalactic matter content of
the Universe, George Field discussed the evidence for a hGM from the then-recently mea-
sured intensity of the X-ray background (Field 1972). Intepreted as thermal bremsstrahlung
from hot gas, the measured intensity indicated a total massetisity that could be as high
as the critical density of the Universe. Subsequently, in aifous observation of the bright
BL Lac object PKS2155 304, Canizares and Kruper detected a narrow absorption feaie
near photon energy 600 eV in its X-ray spectrum observed withe Einstein Objective Grat-
ing Spectrometer (Canizares and Kruper 1984). Interpreteds intergalactic H-like Oxygen
Ly absorption broadened by the expansion of the Universe, thetal amount of absorption
again indicated a gas density that could be as high as the ddal density. But this absorp-
tion feature was never seen again, nor was anything like it @vseen in any other object.
Meanwhile, accurate measurements of the shape of the cosmiicrowave background have
of course shown that it is indistinguishable from blackbodyrmly limiting any distortions
arising from Compton scattering by di use hot gas (other tha in overdense regions). In a
nal case of Cosmic Irony, a far infrared rocket experimentanducted shortly beforeCOBE
was launcheddid detect a large Comptonization bump, indicating the existete of a huge
reservoir of hot intergalactic gas (Matsumoto et al. 1988)ut the bump was not con rmed
by COBE and must have been due to a subtle instrumental e ect.

The IGM does show up in discrete (Hydrogen) Ly absorption of course (and in other
species), both at high and low redshifts. And, nal irony, nav that we know that the baryon
density constitutes only a small fraction of the total mas®nergy density of the Universe,
the density of intergalactic H indeed dominates the baryonehsity, at high redshifts €.g.
Fukugita, Hogan, and Peebles 1998). At small redshifts, thetuation appears more complex
and puzzling.

A careful inventory of the baryons in the local Universe indiates that the total baryon
density in stars and gas in galaxies, groups, and clusters)dain di use intergalactic matter
falls short of the baryon fraction measured az 3 by up to 50% (Fukugita and Peebles
2004). Independently, large scale simulations of the evtibn of Dark Matter and gas,
initiated by Cen and Ostriker, showed that a large fraction bthe high-redshift Ly forest



could have been turned into a highly ionized 'Warm-Hot Integalactic Medium' (WHIM),
which would easily have escaped detection (Cen and Ostrik&®99). Most likely, this is the
solution to the 'missing baryon problem'.

2 The Warm-Hot Intergalactic Medium

The properties of the WHIM, as found in large-scale DM/Hydrosimulations, can very
roughly be characterized as follows. Diuse gas starts to ffainto the gravitational po-
tential of the large-scale matter distribution, and encouters shock waves as it does so. The
gas is heated to temperatures between 21@nd 10 K as it gathers in regions of overdensity
10 100 (with respect to the mean matter density of the Universefor reference, at the
current epoch the mean baryon density i$n,i = 2 10 7 cm 3). At each temperature,
there is of order unity dispersion in the logarithm of the desity, or, at each density, there
is a spread of order unity in the logarithm of the temperaturearound an average of about
10° K.

As to the metal enrichment of the medium, essentially nothig is known experimentally,
other than that the high redshift Ly forest can have metal abundances as low as 0.1% Solar
(but doescontain metals), and the intracluster medium at small reddfts has a remarkably
consistent average metallicity of 30% solar. Simulations with parameterized star forma-
tion, metal production, and dispersal mechanisms and rateésdicate that the metal content
of the IGM should be highly inhomogeneous, strongly densiyependent, and range between
3 103 1:0 Solar .g. Cen and Ostriker 2006). In fact, there is ample observatiohavi-
dence for an intricate cycling of metals between galaxies dihe IGM, from high redshifts
down to the present (see Pettini 2004 for a review).

One feature that is beyond doubt is that the WHIM will be highly ionized, making it very
hard to detect. H is very highly ionized, but it does show up iy absorption in selected
sight lines as broad and shallow absorption lines(g. Richter et al. 2008). Likewise, far
UV spectroscopy reveals ubiquitous absorption by highly mzed Oxygen in the IGM, in
the formof OVIn=2 2 1032 1038A absorption (Tripp et al. 2008, and references
therein). Absorption by the corresponding ionization stag of Ne has been seen in the UV
(Ne VIII; Savage et al. 2006). But the bulk of the metals will le in the higher H- and He-like
ionization stages, of which the ground state transitions arall in the soft X-ray band.

The current generation X-ray spectrometers are not powelftenough to address this
problem in general. X-ray absorption has been seen in is@dtinstances (towards Mkn 421,
Nicastro et al. 2005; towards H2356309, through the Sculptor Wall; Buote et al. 2009),
but at the limits of detectability. Likewise, there is one irstance of a lament-like structure
seen in X-ray emission, between the clusters Abell 222 and32@Verner et al. 2008). Other
than these observations, no data on the high-ionization pka of the IGM exists, and since
the expected X-ray absorption line contrasts and surface ightnesses are small, none will
exist without dedicated experiments.
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Figure 1. Density-temperature phase plane of the intergalactic medim at small redshifts, derived
from coupled large-scale Dark Matter/Hydrodynamics simulations. The distribution of points
re ects the fate of gas elements in the primordial Warm-Hot IGM on its rst infall. The black
and blue dots represent phases currently observationally ot accounted for, containing potentially
up to half the baryon mass at the current epoch. The e ect of feedback by star forming galaxies,
in the form of fast, hot out ows (galactic Superwinds) will b e to populate the region < 30,
4 10°<T < 4 10 K with metal-rich gas, located close to the galaxies.

3 The Astrophysics of the WHIM

The basic properties of the IGM are most conveniently disceed in terms of the density and
temperature as independent variables. In the 'primordial WHIM (the gas falling into the
laments and clusters of the large-scale structure for therst time), a gas element initially
adiabatically expands with the Universal expansion, fromminitial  10* K photoionized
state at the end of Cosmic Reionization. It breaks o from theexpansion, and starts falling in,
encountering shocks as it does so, and jumping up in tempena¢ and density. Ultimately,
a fraction of the gas travels all the way up to the intracluste medium, at T > 10’ K,
overdensity > 500.

From numerical simulations, it has become clear that the ladscape in the temperature-
density plane is heavily a ected by feedback from galaxie<Cén and Ostriker, 1999, 2006),
often referred to as galactic Superwinds (GSW). Calculatis that include this feedback in a
semi-analytical way (meaning, the source of metals and kithe energy is parameterized, but
the subsequent evolution of the expelled material is cal@ated explicitly) show that bubbles
of hot, high-metallicity gas surround the galaxies, and thdamiliar lamentary web-like
structure seen in the gas density distribution in fact has spes of hot, high metallicity gas.
In the temperature-density plane, the low-density, high teperature region is lled almost
exclusively by this GSW material, and of course it containshe largest metal abundances



(up to Solar).

But the most striking property of the WHIM is its extremely low density, lower than
any other medium studied in astrophysics. This low density akes for a number of unusual
complexities. The relaxation timescales for a number of ingotant processes that a ect the
local evolution of the WHIM are in fact comparable to, or exced, the age of the Universe
(Yoshida et al., 2005; Cen and Fang 206; Yoshikawa and SasakiO6; Bykov et al. 2008).
A large fraction of the metal mass may not be in ionization edlibrium, and its ionization
may mostly be driven by photoionization by the X-ray backgrand, rather than by collisional
ionization following heating of the electrons at the shockdt may exhibit signs of incomplete
equilibration of electrons and ions at shocks, potentiallghowing e ects associated with the
rst ampli cation of intergalactic magnetic elds ( e.g. Dolag et al., 2008 and references
therein). It may end up being thermally unstable, generatig a 'second-generation’ lamen-
tary structure (e.g. Kritsuk and Norman 2002). Since all these deviations from adibrium
are strongly dependent on density and past history, they psent both obstacles and unique
opportunities: they make measurement of the physical propees of the WHIM more di -
cult, which means we will require multiple diagnostics, wke at the same time, they directly
encode information that is lost in equilibrium situations.

4 Determining the Physical Properties of the WHIM

The WHIM will turn out to be an extremely inhomogeneous medim, and determining its
basic properties from imaging and spectroscopy dictates areful, multi-disciplinary and
multi-wavelength observational strategy. The basic ingaients of such a strategy are as
follows.

High-resolution sensitive UV spectroscopy is needed to ndroad Ly absorption, and
O Vl-bearing gas. Hydrogen is the majority constituent, anda measure of its total mass
is needed in order to estimate abundances and metal masses, matter how di cult the
measurement (the lines are broad and shallow). Any experimedesigned to probe the
highly ionized gas will have to seek synergy with the data gerated by the Cosmic Origins
Spectrographon HST. Likewise, UV spectroscopy will probe the Li-like ios of the abundant
low-Z elements, which trace the fraction of gas up to temperaturesf 6 8 10 K.
In general, UV spectroscopy can take advantage of the highsaving powers that can be
realized in this band (and therefore the excellent sensiity and velocity resolution), due to
fact that background continuum source photon uxes are higér in the UV than in the X-ray,
and focusing and di raction of UV radiation requires less éxeme (and ine cient) optics
than X-rays. For model-independent measurements of the H dhow-Z ion distribution, the
absorption spectroscopy would have to be complemented by ission line imaging, in order
to obtain densities and linear sizes from measured absogati column densities and emission
measures.

X-ray spectroscopy is essential to probe the highest ionizan stages of the WHIM, where
most of the matter resides, to fully lay out its properties ad its dynamical, chemical, and
thermodynamical history, and to determine its relation to he other baryonic components of
the Universe. This applies to the primordial WHIM as well asa the GSW-blown material.
High resolution X-ray absorption spectroscopgf sight lines to bright background continuum
sources will be sensitive to the lower-overdensity end ofdhWHIM (since absorption line
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contrasts scale with density, while emission line intensés will scale with the square of the
density). In practice, high spectral resolution, capableforesolving the expected velocity
broadening and shifts, is most readily achieved with di ratton grating spectrometers, such
as the X-ray Grating Spectrometer XGS) designed for thelnternational X-ray Observatory.

Finally, an essential complement to the long-wavelength studies and X-ray
absorption spectroscopy will be a sensitive, high spectral resolution, soft X-ray
imaging spectrometer with a large eld of view . Such an instrument, with capabilities
that can in practice not be realized in traditional mission é@signs based on large focal length
telescopes, can image the distribution of di use, highly mized gas. High spectral resolution
will allow redshift- and velocity-resolved imaging in narow metal emission lines, yielding
the 3D distribution and the peculiar velocity elds imprinted on the highly ionized gas.

Spectral resolution, both in absorption and in emission, isrucial in this context for
several reasons, other than the 3D imaging (Paerels et al. GB). First, the density in the
WHIM is extremely low, and the expected surface brightness ithe strongest emission lines
(the n =1 n°lines in the H- and He-like ions of O, C, and Ne; and maybe thershgest
n =2 3emission line of Ne-like Fe) is extremely lowwithout the advantage of high spectral
resolution to isolate the line emission, the X-ray emissiocontrast will be too low to ever be
observable against the pervasive backgrounds of unresbbatinuum point sources, di use
thermal Galactic and circum-Galaxy and Local Group X-ray eission, and the instrumental
backgrounds Second, in order to determine model-independent propezs of the medium
(densities, masses, velocity elds, abundances, etcjdint high resolution emission and ab-
sorption spectroscopy is crucial Absorption line strengths will scale with column density,
while emission line surface brightness will scale with line emission measure, so joint mea-
surement of both yields estimates for volume densities andéar sizes; large resolving power
is essential to detect the faint absorption and emission &s. Third, as indicated above, the
fact that the conditions in the WHIM are likely to be complex axd possibly not in equi-
librium requires access to multiple spectral diagnosticdqf instance, measurement of the
complete ionization balance, distinguishing photoionizen from collisional ionization, etc.;
e.g. Paerels 1999 and references therein). Finally, there wileba strong foreground, both
in absorption and emission, by hot gas in and around our Galgxand spectral resolution is
needed to separate these foregrounds from the true intergelic signal.

5 Requirements for X-ray Imaging and Absorption Spec-
troscopy

We take spectroscopy of the H- and He-like ions of Oxygen asroducial example. Oxygen
is abundant, and its K-shell spectra are simple, and are lotes in a spectral region that is
otherwise clean. In the absence of additional Doppler broading, the thermal broadening
at T 10° K is so narrow that the strongest Oxygen absorption lines wilsaturate at
very modest velocity widths, and at small column densitiesFilaments of cross section 1
Mpc, at overdensities of 10 or more (assuming 10% Solar abamde) will have saturated
n=1 2 absorption lines. The corresponding equivalent widths arof order 30 km s?* (or
0.05 eV, or 2 nd\), which suggests that resolving power approaching 10; 000 is required.
In practice, peculiar velocity elds of up to several hundrd km s ' are probably present,



Figure 2: The power of combined X-ray absorption and emission line speroscopy of the Warm-

Hot IGM. The lower simulated spectrum shows absorption towads a bright Gamma-Ray Burst

afterglow, detected at 2 eV energy resolution, revealing tw absorption line systems in H- and
He-like Oxygen, Carbon, Fe, and Ne, atz = 0:069 0:298. The upper spectrum shows the cor-
responding emission line spectrum, as detected with instrmentation as designed forXenia, or

comparable. Unrelated line emission originates in the lodaGalactic and circumgalactic environ-

ment. Joint absorption and emission spectroscopy eliminad ambiguity, increase signi cance, and
provide complementing physical and astrophysical diagndics on the state of the gas.

which would reduce the resolving power requirement to a felmausand. These requirements
suggest that X-ray absorption spectroscopy of the IGM shoule pursued with a di raction
grating spectrometer of resolving poweR 3000, on a telescope with a large e ective area
Absorption spectroscopy with cryogenic spectrometers witpracticable resolving powers
( E 2 eV), while certainly sensitive to the larger column densgs, cannot probe the
smallest columns, nor will it be robustly sensitive to the gxected velocity elds. The
di raction grating spectrometer projected for the International X-ray Observatory satis es
these requirements.

Emission line imaging spectroscopy should be pursuwdth a large eld of view (of order
one degree), short focal length, large grasp (e ective arganes eld of view) soft X-ray
telescope, with a high resolution imaging X-ray spectroneetat the focus The expected
emission line intensities are very small. A simple estimat@Paerels et al. 2003) suggests
that H- and He-like Oxygenn =1 2 line emission will have an average surface brightness
of order @1 1 photon cm 2 s ! sr !, and a successful experiment will need a grasp of
order several hundred crh ded, and a spectral resolution of order 1 2 eV or better; the
latter is feasible with current-generation cryogenic X-naspectrometers (microcalorimeters).
Angular resolution is important, in order to spatially sepaate emission from the SWG-blown
bubbles from the primordial WHIM, and should be of order 203 arcsec or better.



Figure 3: X-ray emission line imaging spectroscopy provides a 3D, hlycontrast map of Oxygen-
line emitting gas. The left panel shows the result of a simuléion of a5 5 deg (38.5 Mpc on a
side),z=0:11 0:13 slice of the Universe, showing the density distribution n the Warm-Hot IGM.
The right panel shows the detection of Oxygen line emissiondt 2 eV spectral resolution); blue
regions indicate volume elements with> 5 signi cance on the line detection against background.
The red volume shows the regions of overdensity > 5, for comparison.

These joint requirements are in fact met by the mission desigfor Xenia, which will
be designed to also take advantage of X-ray absorption spexgcopy, by using Gamma-Ray
Burst afterglows as a 'renewable resource'. Two gures ildrate the potential of X-ray
absorption- and emission line spectroscopy for study of thidarm-Hot Intergalactic Medium
(Figures 2 and 3). With a grasp of 700 cfkdeg and imaging spectroscopy at 2 eV energy
resolution, up to 30-40% of the mass in the WHIM down to overdsities below 100,
can be surveyed (Takei et al. 2009).
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