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The Warm Hot Intergalactic 
Medium (WHIM)
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FIG. 3.ÈSpatial distribution of the warm/hot gas with temperature in the range 105È107 K at z \ 0. The green regions have densities about 10 times the
mean baryon density of the universe at z \ 0 ; the yellow regions have densities about 100 times the mean baryon density, while the small isolated regions
with red and saturated dark colors have even higher densities reaching about 1000 times the mean baryon density and are sites for current galaxy formation.

Finally, Figure 4 shows the distribution of emission of the
gas, which convolves the density-weighted distribution with
the familiar cooling curve "(T ). We see two peaks at z \ 0,
one at 108 K, and a higher and broader one at 105 K, with a
broad Ñat valley in between. Note that cooling due to
metals is included in the calculation, where metals are pro-
duced self-consistently in the simulation. The computed
metallicities are consistent with observations where com-
parisons can be made.

4. DISCUSSION

How robust are these results to variation of model
assumptions? We believe that any model that is consistent
with other well-measured local universe observations would
give essentially the same result. The reason for this is simply
that the temperature is determined by the nonlinear mass
scale (eq. [4]), and that, in turn, is close to the 8 h~1 Mpc
scale that !xes the abundance of rich clusters and is fairly
robustly determined to a narrow range (see, e.g., Cen 1998) :

for Only a veryp8 B (0.50 ^ 0.05))0~0.40 0.2 \ )0 \ 1.0.
small extrapolation is needed to go from this well-observed
scale to the nonlinear scale, so the estimated temperature of
collapsed regions that we !nd will be common to all models
based on the gravitational growth of structureÈas normal-
ized to local cluster observations. In fact, analysis of our
earlier work (Ostriker & Cen 1995) covering nearly a dozen
di†erent models (at lower resolution) has shown that from
one-half to two-thirds of all baryons in all models are con-
sistently and robustly in this warm/hot gas at z \ 0. We
also show in Figure 2b the warm/hot component for two

other models, an open CDM model with and)0 \ 0.40
(dotted lines), and a mixed hot and cold darkp8 \ 0.75

matter model with and (dashed lines))hot \ 0.30 p8 \ 0.67
computed completely independently by Bryan & Norman
(1998). Yet their results are in excellent agreement with ours.
The density Ñuctuation amplitude normalization of their
mixed dark matter model is somewhat below that required
to produce the abundance of local galaxy clusters. There-
fore, an appropriately normalized mixed dark matter model
would yield the warm/hot gas fraction in still better agree-
ment with the other two models.

How robust are these results to the input modeling
physics? In addition to gravity and hydrodynamics, there
are three major pieces of relevant input physics : the metaga-
lactic radiation !eld, energy deposition into IGM from
young galaxies, and metal cooling. All of these three pieces
of physics are already included in the simulations examined
here. Let us discuss them in turn. First, changing the meta-
galactic radiation !eld would not make any signi!cant dif-
ference to the baryons at the relevant temperature and
density ranges, because the warm/hot gas is heated pri-
marily by collisions. Second, energy feedback from young
galaxies is secondary compared with shock heating due to
structure collapse. An estimate can be made : the equivalent
kinetic energy input per unit mass due to supernova energy
feedback, averaged over all baryons, is fgal eSN c2 D (0.1)
] (1.0 ] 10~5) ] c2 \ 3002 (km s~1)2, or 2 ] 106 K
(where is the mass fraction of baryons that isfgal D 0.1
formed into galaxies by z \ 0Èopen squares in Fig.
2bÈand is the fraction of energy that supernovaeeSN

• About 30%-40% of baryons 
at z≤2 resides in filaments 
connecting galaxy clusters.

• The temperature of these 
baryons is 105-107 K.

• Density 4x10-6 to 10-4 cm-3 
corresponding to 15-400 of 
mean baryonic density
(Warm-Hot intergalactic 
medium; Cen et al. 1999; 
Dave et al. 2002).



Previous attempts to detect the 
WHIM in the X-ray band

•  In emission: 

- with ROSAT: Kull & Böhringer 1999, Zappacosta et al. 2002

- with XMM-Newton: Kaastra et al. 2003, Finoguenov et al. 2003 

•  In absorption: 

- marginal detections near clusters: Fujimoto et al. 2004, Takei et al. 2007 

- blind search: Fang et al. 2002, Mathur et al. 2003, Nicastro et al. 2005 
(but Kaastra et al. 2006 & Rasmussen et al. 2007) 



Search for WHIM in cluster pairs

• XMM-Newton EPIC allows to probe  
densities down to 3x10-5 cm-3

• XMM-Newton could reveal the 
densest, hottest parts of WHIM 
filaments

• Detection of filaments between pairs 
a differential test - less sensitive to 
systematics 

• Proposed dedicated missions will 
probe densities of ~1x10-5 cm-3 

10-30 Mpc
Observer



The pair of clusters Abell 222/223
456 J. P. Dietrich et al.: Weak lensing study of dark matter filaments and application to the binary cluster A 222 and A 223

Fig. 2. Weak lensing surface mass density contours overlaid on the R-band mosaic observed with the Wide-Field imager at the ESO/MPG-2.2 m
telescope. The shear field was smoothed with a ! = 1.!75 Gaussian, corresponding to the diameter of the circle at the lower left corner. Each
contour represents an increase in " of 0.005 ("1.6 # 1013 h70 M$ Mpc%2, assuming zFBG = 1) above the mean " at the edge of the field.

Both clusters are well detected in the reconstruction, the
two components of A 223 are clearly visible, and the ellipti-
cal appearance of A 222 is present in the surface-mass density
map. The strong mass peak West of A 223 is most likely asso-
ciated with the reflection ring around the bright V = 7.98 mag
star at that position. Although the prominent reflection ring was
masked, di!use stray light and other reflection features are vis-
ible, extending beyond the masked region, well into A 223,
probably being the cause of this mass peak.

The peak positions in the weak lensing reconstruction are
o!-set from the brightest galaxy in A 222 and the two sub-
clumps of A 223. The centroid of the mass of A 222 is 57!!

South-East of the brightest cluster galaxy (BCG); the mass cen-
troids of A 223-N and A 223-S are 86!! and 37!! away from the
BCGs of the respective sub-clumps.

To estimate the significance of these o!-sets we performed
lensing simulations with singular isothermal sphere (SIS) mod-
els of various velocity dispersions. The SIS models were put
at the cluster redshift of z = 0.21; catalogs with a random
distribution of background galaxies with a number density of
15 arcmin%2, and 1-d ellipticity dispersion of !#1D = 0.27 were
created for 200 realizations. The shear of the SIS models was
applied to the galaxy ellipticity of the catalog. Weak lensing
reconstructions based on these catalogs were performed with

Weak lensing map 
(Dietrich et al. 2005)

• z ~ 0.21

• separation on the sky ~14’ (2.8 Mpc)

• line of sight distance 15 Mpc

• filament detected by weak lensing

• over-density of colour selected 
galaxies (7 sigma)



 XMM-Newton image of A222/223



 Spectrum of the filament



 Spectrum of the filament

kT = 0.91 ± 0.25 keV
Z = 0.2 Solar
EM = (1.72 ± 0.67) × 1065 cm−3

l = 15 Mpc
n = (3.4 ± 1.3) × 10−5 l−1/2 cm−3

 ρ/<ρ> ~ 150 
kT / n2/3 ~ 870 keV cm2 l1/3

Mgas ≈  1.8 × 1013 M⊙☉

Mtot ≈  1.1×1014 M⊙☉
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Fig. 1. Wavelet decomposed 0.5–2.0 keV image of Abell 222 (to the
South) and Abell 223 (the two X-ray peaks to the North). We only show
sources with > 5! detection, but for these sources we follow the emis-
sion down to 3!. The filament connecting the two massive clusters is
clearly visible in the image. The regions used to extract the filament
spectrum and the regions used to determine the background parameters
are indicated with red and yellow circles, respectively.

Galactic absorption in our model to the value deduced from H !
radio data (NH = 1.6 ! 10

20 cm"2, Kalberla et al. 2005). We
modelled the background with four components: with the extra-
galactic power-law (EPL) to account for the integrated emission
of unresolved point sources (assuming a photon index ! = 1.41
and a 0.3–10.0 keV flux of 2.2 ! 10"11 erg s"1 cm"2 deg"2 after
extraction of point sources, De Luca & Molendi 2004), with two
thermal components to account for the local hot bubble (LHB)
emission (kT1 = 0.08 keV) and for the Galactic halo (GH) emis-
sion (kT2 # 0.2 keV), and with an additional power-law to ac-
count for the contamination from the residual soft proton parti-
cle background. The best fitted fluxes, temperatures, and photon
indices of the background components using the 3.2$ circular ex-
traction region are shown in Table 1.

We model the spectrum of the filament with a collisionally
ionized plasma model (MEKAL), the metallicity of which is set
to 0.2 Solar (proto-Solar abundances by Lodders 2003), the low-
est value found in the outskirts of clusters and groups (Fujita
et al. 2007; Buote et al. 2004). However, since the average
metallicity of the WHIM is not known we report the results
also for metallicities of 0.0, 0.1, and 0.3 Solar. The free param-
eters in the fitted model are the temperature and the emission
measure of the plasma.

3. Results

3.1. Imaging

We detect the filament in the wavelet decomposed soft band
(0.5–2.0 keV) X-ray image with 5! significance. In Fig. 1,
we show the wavelet decomposed image produced by setting
the detection threshold to 5! and following the emission down
to 3! (for details of the wavelet decomposition technique see
Vikhlinin et al. 1998). There is a clear bridge in the soft emission
between the clusters which originates from an extended compo-
nent. We note that no such features are detected in any XMM-

Fig. 2. The spectrum of the filament between the clusters A 222/223
- the data points on the top were obtained by EPIC/pn and below by
EPIC/MOS. The contributions from the X-ray background and from
the filament to the total model are shown separately.

Newton mosaics of empty fields in observations with similar but
also much larger depths. We do not detect the bridge between
the clusters in the 2.0–7.5 keV image.

If the emission in the bridge between the clusters originated
from a group of galaxies within the filament, then this group
would be well resolved in the image. Groups of galaxies at the
redshift of this cluster emit on spatial scales of %0.5$ as shown in
Fig. 1 by the six extended sources detected at the 4! significance
around Abell 222/223 marked by ellipses numbered from 1 to 6.
The filament seen in the image is about 6$ wide, which at the
redshift of the cluster corresponds to about 1.2 Mpc.

To verify our result we created an image modeling the X-
ray emission from the two clusters without a filament with
two beta models deterimned by fitting the surface bright-
ness profile of A 222 and A 223. We applied on this image
the wavelet decomposition alghoritm, which did not reveal a
bridge like the one observed between A 222 and A 223.

The observed filament is by about an order of magnitude
fainter than the ROSAT PSPC detected filament reported by
Dietrich et al. (2005). The ROSAT detection was based on an
image smoothed by a Gaussian with ! = 1.75$ and the fila-
ment could be the result of the combination of the emission
from the cluster outskirts and from a few previously unre-
solved point sources between the clusters.

The point sources (mostly AGNs) detected by XMM-
Newton and Chandra do not show an overdensity between
the clusters and the uniform contribution from the distant
unresolved AGNs was subtracted from our image. Our de-
tection limit for point sources is # 0.8 ! 10"15 erg s"1 cm"2,
which corresponds to a luminosity of 1041 erg s"1 for the
faintest resolved galaxy at the cluster redshift. The number
of X-ray emitting galaxies with this luminosity required to
account for the observed emission in the filament would be
# 10 times larger than is expected from the distribution func-
tion of Hasinger (1998), assuming a filament overdensity of
"/ &"' # 100. Moreover, the spatial scales of the filament de-
tection with XMM-Newton are larger than the PSF of the in-
strument which makes the explanation by unresolved point
sources unlikely.



 What’s the connecting bridge?



430 G. W. Pratt et al.: An update on galaxy cluster entropy scaling

Fig. 1. Cluster entropy profiles obtained from the deprojected, PSF corrected temperature profiles and the best fitting analytical model for the
gas density. Solid lines, included to improve visibility, are entropy profiles obtained from analytic model fits to the temperature and density
information. On the left, the profiles are plotted in physical units (h!1

70 kpc); on the right, they are plotted in units of R200. (This figure is available
in colour in electronic form.)

The present paper is the third in a series based on
XMM-Newton observations of ten clusters in the temperature
range from 2 keV to 9 keV. In Pointecouteau et al. (2005, here-
after Paper I), we investigated the shape and scaling properties
of the dark matter distribution, and in Arnaud et al. (2005, here-
after Paper II) we examined the relation between the total mass
and the X-ray temperature. In the present paper we extend the
work of Pratt & Arnaud (2005) by exploring the entropy scal-
ing properties over a larger temperature/mass range.

All results given below were calculated assuming a
!CDM cosmology with "m = 0.3 and "! = 0.7 and H0 =
70 km s!1 Mpc!1. Unless otherwise stated, errors are given at
the 68 per cent confidence level.

2. Sample and analysis

The sample (Table 1) comprises 10 systems ranging in temper-
ature from 2 keV to "8.5 keV. In Paper I, spatially resolved
temperature and density data were used to calculate gravitat-
ing mass profiles. These were then fitted with an NFW model,
yielding values for M200 and R200 (“virial” mass and radius cor-
responding to a density contrast2 of 200). The mean temper-
ature of each system, Tspec, needed to investigate the scaling
properties of the profiles, was estimated from fits to a spec-
trum built from all events in the region 0.1R200 # r # 0.5R200

(see the discussion in Paper II). The data reduction steps are
described in detail in Paper I.

We calculated the entropy profile of each system using the
deprojected, PSF corrected temperature profile and an analyti-
cal model for the gas density derived in Paper I. Analytic gas
density model parameters are listed in Appendix A. In Fig. 1,

2 The density contrast, ! = 3M(< r)/4"r3#c(z), where #c(z) =
h2(z)3H2

0/8"G, and h2(z) = "M(1 + z)3 + "!.

Table 1. Basic cluster data.

Cluster z T

(keV)

A1983 0.0442 2.18 ± 0.09

A2717 0.0498 2.56 ± 0.06

MKW9 0.0382 2.43 ± 0.24

A1991 0.0586 2.71 ± 0.07

A2597 0.0852 3.67 ± 0.09

A1068 0.1375 4.67 ± 0.11

A1413 0.1427 6.62 ± 0.14

A478 0.0881 7.05 ± 0.12

PKS0745 0.1028 7.97 ± 0.28

A2204 0.1523 8.26 ± 0.22

the raw entropy profiles are shown in physical units (h!1
70 kpc),

and in terms of the measured virial radius, R200. All profiles
increase monotonically with radius and, while the slope of the
profile becomes shallower towards the centre in some of the
clusters, none shows an isentropic core.

3. Entropy scaling properties

3.1. Introduction

In a self-similar cluster population expected from simple grav-
itational collapse, the scaled profiles of any physical quantity
coincide, and thus measures of these quantities at any scaled
radius should correlate with global quantities such as the mean
temperature, or the virial mass. In this standard model, the en-
tropy is expected to scale as S $ h(z)!4/3T or S $ h(z)!2/3M2/3.

 Cluster outskirts?

For l = 2.5 Mpc
kT / n2/3 ~ 420 keV cm2

Pratt et al. 2006
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does cluster around dense regions that are sites of galaxy
formation. However, we show below that the majority of
WHIM gas is contained in the "laments.

The top panel of Figure 4 quanti"es the spatial distribu-
tion of WHIM gas in the universe. It shows a histogram of
WHIM gas mass as a function of density for simulations
D1, D2, C1, and C2. All four simulations consistently show
that the dominant fraction of WHIM gas is at relatively low
densities, with a peak around an overdensity of D10È30.
Simulations B1 and B2 are not shown because B1 does not
include cooling and B2 has only been evolved to z \ 0.75.
Still, B1 at z \ 0 and B2 at z \ 0.75 show peak over-
densities of 18 and 21, respectively, so they are consistent
with the other simulations. We see that 70%È80% of
WHIM baryons lie in the overdensity range 5 \ d \ 200,
typical of "laments. Note that the densities in TreeSPH are
computed slightly di†erently than in mesh-based runs ; in
the former, the density "eld is smoothed by the (variable)
smoothing length of the particle, while in the latter the
smoothing is "xed at the cell size. However, since in both
cases the smoothing is done on scales smaller than the

FIG. 4.ÈTop : Mass fraction of WHIM gas as a function of density at
z \ 0 in our simulations. Bottom : The same quantity at z \ 0, 1, 2, and 3 in
simulation D1.

density variations, this is not expected to produce any sys-
tematic di†erences in the resulting densities.

The typical overdensities of WHIM gas are much smaller
than that of matter contained in bound, virialized objects. A
maximal estimate of the bound fraction of WHIM gas can
be obtained as the fraction of WHIM gas with d Z 60,
which is approximately the overdensity at the virial radius
of an isothermal sphere in a "CDM cosmology. The mass
fraction of WHIM gas with is B30% in our simula-d Z 60
tions. Clearly, some of this gas will not be bound, but rather
infalling material. As an independent check, we use the
group-"nding algorithm SKID2 (Spline Kernel Inter-
polative DENMAX) to identify bound warm-hot particles
in simulation D1, and "nd a bound fraction of WHIM gas
between D10% and D25%, depending on the linking
length used (50È500 h~1 kpc). The lower end of this range
probably corresponds to gas contained in galactic halos,
although the extent of a galactic halo becomes ill-de"ned
when it resides within a group or cluster. In summary,
WHIM gas is mostly an intergalactic component, with a
majority of it residing outside of virialized structures such
as galaxies or groups. Note that coronal gas in galaxies also
lies in the warm-hot temperature range, but it is a small
fraction of the galactic baryonic mass (perhaps 10%; see,
e.g., Blitz & Robishaw 2000), since most galactic baryons
are tied up in stars and cold gas.

How can intergalactic gas be heated to T [ 105 K
without being bound in a massive virialized halo? One way
would be if energy were added from nonthermal processes
such as supernova feedback. However, this is not the
driving process for WHIM gas in these simulations. Super-
nova feedback energy is added in all simulations shown in
Figure 4, but in simulations D1, D2, and B2 the e†ect is
negligible, since, as discussed above, feedback is added
purely thermally into very dense regions, where it radiates
away almost immediately and adds no heat to di†use
regions. Yet even in these high-resolution simulations,
where supernovae add negligible heat to WHIM gas, the
typical overdensities are smaller than those typical of viria-
lized halos.

Supernova heating is, however, likely to be responsible
for the somewhat lower overdensities in simulations C1 and
C2 as compared to the higher resolution simulations, so its
e†ect is nonnegligible. The di†erences cannot be due to
other spatial resolution e†ects such as cooling, since C1 and
C2 are themselves quite similar, as are D1 and D2. Instead,
the lower spatial resolution in C1 and C2 results in signi"-
cant supernova energy being deposited in intergalactic gas,
as described in the previous section. This additional feed-
back heating raises the pressure of intergalactic gas and
lowers the typical density. Furthermore, because supernova
energy is not radiated away immediately, there is a small
component of warm-hot gas in and around galaxies, seen as
the high-density bump for C1 and C2 in Figure 4. R. Cen
has recently run a simulation analogous to C2 except with
no feedback, and "nds WHIM distributions more along the
lines of the TreeSPH and AMR simulations, further sup-
porting the idea that supernova energy distribution rep-
resents the dominant di†erence between high and low
spatial resolution runs.

2 SKID is available at : http ://www-hpcc.astro.washington.edu/
TSEGA/tools/skid.html.

Davé et al. 2001

Do we detect the missing baryons?



Search for X-ray signatures of the cosmic web
in superclusters
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Introduction

According to the standard theory of structure formation, the spatial distribution of matter in the
Universe evolved from small perturbations in the primordial density field into complex struc-
ture of sheets and filaments with clusters of galaxies at the intersections of this filamentary
structure. The filaments have been identified in optical surveys of galaxies already 30 years
ago (Joeveer et al. 1978) but evidence of the cosmic web from X-ray observations was for a
long time weak and controversial.
We search for signs of the cosmic web by combining XMM-Newton data of cluster of galaxies
within superclusters obtained over the last 10 years. We report the initial results of our work
in progress.

Results

In the left panel we show the image after co-adding all the cluster images
scaled to the same fraction of r500 with their nearest neighbour at a random
position angle. In the right panel we show another co-added image, where
the closest neighbour of each cluster is at the same position - at the top.
For both images, we subtracted a radially symmetric surface brightness
profile and used wavelet decomposition to identify structures. The black
circle indicates the radius of r500.
We detect a substructure in the expected direction. The size of the sub-
structure is approximately r500. It is probably due to a different density pro-
file toward the filament connecting the cluster with its closest neighbour.
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Method

Based on the ROSAT-ESO Flux Limited X-ray (REFLEX) Galaxy Cluster
Survey, we selected all X-ray bright clusters within superclusters observed
with XMM-Newton. Our final sample, after excluding peculiar clusters like
mergers or those which had groups of galaxies present within the field of
view, contains 46 clusters within 37 superclusters with a total expos-
ure time of 1.1 Ms (13 days). We co-added the images in 0.5-2.0 keV
band from all instruments. The background was subtracted and the images
were corrected for vignetting. We scaled the images, so that every pixel
on every image corresponds to the same fraction of r500. We determined
the r500 for each cluster based on their EPIC temperatures using the for-
mula r500 = 0.45Mpc !

!
kT/keVh!1

70 h(z)!1 (Finoguenov et al. 2005).
Using the REFLEX catalogue, we selected the nearest neighbour cluster
within the same supercluster. We rotated every image so that the nearest
neighbour of the cluster in the image would be at same position angle - the
top (see the Figure above). Then we co-added all the images into a single
image. We did the same with the images which were not rotated and so in
which the direction to the nearest neighbour is at a random position angle.
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The Extreme Universe in the Suzaku Era, December 4 - 8, 2006 - Kyoto, Japan

Search for the cosmic-web in 
superclusters

• XMM data of 46 clusters within 39 
superclusters (1.1 Ms)

• images rotated so that the nearest 
X-ray detected neighbour at same 
pos. angle 

• images scaled: each cluster same 
fraction of r500 per pixel

• all cluster images stacked into 
single image

• see poster by Oliwia Madej H. 21



Search for the cosmic-web in 
superclusters

Madej et al. in prep.
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Search for the cosmic-web in 
superclusters

Profile to 
the North

Profile to 
the South



• we detect hot gas in the cosmic-web filament between the 
clusters A 222 and A 223

• the density of the gas is n = (3.4 ± 1.3) × 10−5 l−1/2 cm−3 and the 
temperature kT = 0.91 ± 0.25 keV

• we detect the densest and hottest parts of the warm-hot 
intergalactic medium

• clusters have shallower density profiles toward filaments 
connecting them with closest massive neighbour 

Conclusions


