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WHIM (warm‐hot intergalac@c medium) will tell us the 
evolu@on of the hot‐phase material in the universe 



Baryon phase 
Wide area in the 
baryon phase space is 
unexplored 

EDGE consor@um 

Oxygen line probes the dark 
baryon efficiently 

Bregman 07 

Branchini et al. 09 



Cosmic 
structure 

Cluster gas (107K) IGM (105‐107K) 

Galaxies (~104K) 

size = 30 h‐1 Mpc 
  ≈ 5 deg at z=0.1 

Dark macer 

WHIM (105‐107 K) traces 
the cosmic large‐scale 
structure 
  = “Missing baryon” 

Typical macer density:  
δ (=n/〈nB〉)  = 10 ‐ 100 

Yoshikawa et al. 2001, 
ApJ, 558, 520 



Sculptor Wall by Chandra and XMM

2

Sculptor Wall

H2356!309

Fig. 1.— Sky map (top) and wedge diagram (bottom), each ex-
pressed in R.A., of the region of the Sculptor Wall where the blazar
H 2356-309 is located. Galaxy redshifts are taken from NED. The
(blue) dashed lines in the upper panel define the range of declina-
tion of the galaxies displayed in the lower panel. Conversely, the
(blue) dashed lines in the lower panel define the redshift range of
the points in the upper panel. The blazar line-of-sight is indicated
by the (red) dotted line in the wedge diagram.

H 2356-309 in outburst, the apparent outbursts were not
long enough to enable the follow-up (10-40 hours after
triggering) to catch the blazar in a high state. The ob-
servations were performed four months apart because of
different triggering criteria used for the different satel-
lites.

Despite H 2356-309 being observed in its low state
(∼ 10−11 erg cm−2 s−1 0.5-2.0 keV flux), we detected
a candidate WHIM O VII resonance line in the Sculptor
Wall from a simultaneous fit of the XMM and Chandra

data. Although we examined other candidate lines from
other parts of the spectra using all the XMM and Chan-

dra data, here we present only the results for the O VII

line because only for it do we achieve a detection of at
least 3σ significance.

The paper is organized as follows. In §2 we present
the observations and describe the data preparation. The
spectral fitting, modeling approach, and systematic er-
rors are discussed in §3. We present our conclusions in
§4.

2. OBSERVATIONS

On June 2, 2007 XMM observed H 2356-309 (ObsID
0504370701) for approximately 130 ks with the Reflec-
tion Grating Spectrometer (RGS) as the primary instru-

ment. The RGS is comprised of two nominally identical
sets of gratings, the RGS1 and RGS2. But due to the
failure of one of the CCD chips early in the mission, the
RGS2 lacks sensitivity over the energy range (20− 24 Å)
relevant for the O VII lines. Consequently, we focus on
the RGS1 in this paper. We analyzed the RGS1 data
with the most up-to-date XMM-Newton Science Analy-
sis Software (SAS 8.0.0)6 along with the latest calibration
files.

We generated a light curve of the background events
using CCD number 9; i.e., the CCD that is close to the
optical axis and is most likely to be affected by the back-
ground flares. Inspection of the light curve does reveal
a flare near the end of the observation, which we re-
moved, resulting in a clean exposure of 126 ks for the
RGS1. Using these good time intervals, we reprocessed
the RGS1 data to produce the data files required for spec-
tral analysis; i.e., the response matrix, the background
spectrum, and the file containing the spectrum of H 2356-
309 (which also contains background). We restrict our
analysis to the first-order spectra, because the second or-
der does not cover the relevant O VII line energies and
its count rate is much lower.

Chandra observed H 2356-309 for 95.5 ks with the Low-
Energy Transmission Grating (LETG) and the HRC-
S detectors, which offer the best compromise between
sensitivity and spectral resolution in the wavelength
range of the O VII lines. We reduced the data using
the standard Chandra Interactive Analysis of Observa-
tions (CIAO) software (v4.0) and Chandra Calibration
Database (CALDB, v3.4.0) and followed the standard
Chandra data reduction threads7. To ensure up-to-date
calibration, we reprocessed the data from the “level 1”
events file to create a new “level 2” file for analysis. We
applied the lastest HRC gain map and pulse-height fil-
ter for use with LETG data8. This procedure removed
a sizable portion of background events with negligible
X-ray event loss. From inspection of the light curves ex-
tracted from source-free regions of the detector, we con-
cluded that the observation was not affected significantly
by background flares.

We used the CIAO software to produce the files re-
quired for spectral analysis; i.e., the response matrix, the
background spectrum, and the file containing the spec-
trum of H 2356-309 (which also contains background).
Unlike the RGS, different orders cannot be separated
from the LETG-HRC-S spectra, and so a given spec-
trum contains all orders. Consequently, by default we
use a response matrix that includes information up to the
sixth order. In §3.5 we compare results using a response
matrix that includes information only on the first-order
spectrum.

We re-binned the spectra to optimize detection of
the absorption lines. After some experimentation, we
achieved this by requiring a minimum of 75 and 40 counts
per bin respectively in the RGS1 and LETG spectra.

In Figure 2 we present the background-subtracted
Chandra and XMM spectra. (The background subtrac-
tion is achieved in the normal way in xspec via the ”data”
and ”backgrnd” commands.) Two candidate absorption

6 http://xmm.esac.esa.int/sas/8.0.0/
7 http://cxc.harvard.edu/ciao/threads/
8 http://cxc.harvard.edu/contrib/letg/GainFilter/
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Fang et al. 2010, ApJ 714, 1715  

  Scupltor wall (z = 0.03 ± 0.002) via 
absorp@on of blazar H2356‐309 (z = 
0.165) 

  XMM RGS (130 ks) + Chandra LETG 
(520 ks) combined 

 OVII (21.6 A) absorp@on line 
detected at z = 0.03 with 4.0σ 
significance (EW = 26 mA)

  If depth of L = 15 Mpc (filling the 
wall) and ZO = 0.1 solar assumed, 
overdensity becomes δ ∼ 30 

  Consistent with WHIM filling the 
filament  
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Figure 3. Panel (a) shows the stacked spectra of the ten Chandra data sets, and
panel (b) shows the XMM-Newton data set. The Chandra data were stacked using
an adaptive binning scheme (see the text) intended for display purposes only.
The red lines are not produced by fitting the stacked spectrum, but rather are
the results of simultaneous fitting of the individual Chandra data sets (Figure 2)
with the XMM-Newton data set.
(A color version of this figure is available in the online journal.)

that simply subtract a Gaussian from a continuum model. Note
following B09, in calculating the optical depth we ignore the
correction term from stimulated emission since it is negligible
at the gas temperature where the O vii ionization fraction
peaks.

To determine the significance of the WHIM line at ∼22.25 Å,
we adopt the following procedure. We first fit the Galactic (i.e.,
local) line in addition to the local continuum (all modified by
Galactic neutral hydrogen absorption), where, as noted above,
the latter is restricted to have power-law exponent consistent
with the 90% limits that were established by the broadband
fit. The redshift of the added line was restricted to match the
structure in the Sculptor Wall (z = 0.028–0.032; B09). We
then add the WHIM line, fit again, and the resulting C-statistic
difference between this fit and the previous one (local continuum
+ the Galactic line) gives the significance of the WHIM line.
For the Galactic line, we follow the same procedure by fitting
the WHIM line first and then adding the Galactic line, which
we restrict to have z < 0.0025.

We have two choices for spectral fitting. One is to stack all
the observations into one spectrum and combine the response
and effective area file of each observation into one response
file. This approach is advantageous for low signal-to-noise
spectra. However, due to the variation of each spectrum (both
power-law index and flux), which is typical for blazars, this
approach will produce significant systematic errors, as described
in Rasmussen et al. (2007). So instead of stacking all the spectra,
we simultaneously fit all the data sets, such as we did previously
with the Cycle-8 Chandra data and the XMM data in B09.
Each spectrum has its own RMF and ARF. While we allow
the continuum parameters (photon index and normalization)
to vary separately for each observation, the parameters for the
absorption lines are tied between each Chandra observation. We
also allow the redshift of the XMM data to be fitted separately
from the Chandra data, which we discuss more below.

In Figure 2, we display for each Chandra spectrum the best-
fitting model obtained from a simultaneous fit of the Chandra
and XMM data. Because the absorption lines are not immediately
apparent to visual inspection in every Chandra spectrum, to aid

Figure 4. Stacked Chandra data and best-fitting model as in Figure 3 except
shown for a wider wavelength range. We omit the corresponding expanded
RGS spectrum because much of the added bandwidth is contaminated by
instrumental features. We caution the reader against interpreting uninteresting,
narrow, statistical fluctuations in the spectra as real features. The likelihood of
finding such a statistical fluctuation is dramatically enhanced if the line energy
is not a priori known, in contrast to the case of the local and Sculptor wall
features we discuss in this paper.
(A color version of this figure is available in the online journal.)

visual interpretation we stacked the individual spectra into a
single combined spectrum using an adaptive binning scheme.
We show the resulting stacked spectrum for the Chandra data in
Figure 3 (along with the XMM data), which can be considered a
lightly smoothed spectrum constructed from some components
with a coarser bin scale. Also shown are the best-fitting models
obtained from the simultaneous fits to the individual exposures.
We re-iterate that the models displayed in Figure 3 are not fitted
to the stacked spectrum. In Figure 4, we show the expanded
Chandra spectrum between 20.5 and 23.5 Å.

Visual inspection of Figure 3 reveals very clearly the presence
of the WHIM line near 22.25 Å. This is confirmed by the
improvement in the spectral fits when adding the WHIM line.
The C-statistic decreases by 14.1 (229 bins) when using only
the Chandra data and decreases even more (20.4 for 271 bins)
when including the XMM data in the fits. The reduction in the
C-statistic and the total number of bins are over twice that
reported in B09 using only the Cycle-8 Chandra data along
with the XMM data, and thus the statistical significance of the
line detection is now much larger. (We note that the measured
line equivalent width of ≈26 mÅ (Table 2) is very close to, and
consistent with, the value of 30 mÅ obtained by B09.)

Following B09, we estimate the statistical significance of the
WHIM and local lines using Monte Carlo simulations (see B09
for details). Briefly, we make two sets of simulated spectra for
each observation. One includes both source and background,
and one is the background only. For the simulated background
spectra, we used the model parameters obtained by fitting the
real extracted background with a single power-law model. For
the source spectrum, we use a model that includes the continuum
and only one absorption feature, i.e., we include the Galactic
line when estimating the significance for the WHIM line, and
vice versa. We treat the two spectra in exactly the same way
as the real data sets. In particular, as above we restricted the
redshift of the WHIM line to lie between 0.028–0.032 to match
the Sculptor Wall.

First, we examined the significance of the Sculptor O vii line
using only the Chandra data. In 100,000 simulations of the
Chandra data without the Sculptor line, we obtained 64 false

Chandra 



XMM study of WHIM 
  Werner et al. 2008: X‐ray bridge between A222 and 
A223 (z = 0.21) 
  kT ~ 0.9 keV, δ ~ 150 (L = 15 Mpc), con@nuum only 

  Bregman & Lloyd‐Davis 2008: Local OVII absorp@on is 
due to Galac@c halo (not by Local group medium) 

A222‐A223 bridge 
EW vs M31 angle  EW vs GC angle 

? 



Suzaku search for WHIM
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  Suzaku has been searching for WHIM in  superclusters, cluster 
outskirts and in known filaments 

  No posi@ve detec@on of redshined O lines yet 
  Suzaku is giving fairly low upper limits: δ < 300 (L/2 Mpc)‐0.5 

for ZO = 0.1 solar 
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Sculptor SC 
Sculptor Wall 
(z = 0.03) 

Sculptor SC 
(z = 0.108) 

No. ] X-ray emission associated with the Shapley supercluster 3

!"# !"! !""!
$
#

!
$
!

!
$
"

%&'("("(")*++,(-)"

A3556
A3558

A3562

OFFSET-1deg

OFFSET-4deg

ON-FILAMENT

RA [degree] 200204

D
E
C

 [
d
eg

re
e]

-3
0

-3
2

Fig. 1. The distribution of galaxies with known redshifts (red crosses) in the range of 0.046 < z < 0.050. Circles indicate the virial radius of each cluster.
The virial radius of A3558 and A3562 are adopted in Rossetti et al. (2010) and A3556 is calculated using the equation (1) in Hoshino et al. (2010).
Three squares show the fields of view of Suzaku XIS in the OFFSET-1deg, OFFSET-4deg and ON-FILAMENT pointings.

Table 1. Observation log

ON-FILAMENT OFFSET-1deg OFFSET-4deg
Sequence number 803072010 803068010 803021010
Obs date 2008-07-10 to 2008-07-13 2008-07-19 to 2008-07-23 2008-07-18 to 2008-07-19
(α2000,δ2000) degree (201.5, -31.6) (201.1, -30.6) (204.9, -29.9)
(#, b) degree (311.4, +30.7) (311.4, 30.7) (315.2, 31.8)
Exposure ks 30.2∗ 143 47.2
NH cm−2 4.15 ×1020 4.78 ×1020 3.98 ×1020

∗ After the COR screening as described.

for the ON-FILAMENT, OFFSET-1deg and OFFSET-4deg re-
gions, respectively. Then, in order to determine the detection
limit, we evaluated NXB-subtracted fluxes of these sources in
the following way. The spectrum of each point source was pro-
duced, followed by subtraction of the NXB spectrum at the
same detector region. The NXB spectrum was re-normalized
by adjusting the count rate in 10–15 keV to the source inten-
sity. The re-normalization is applied to the whole spectrum.
Note that the effective area of XRT in 10–15 keV is so small
that all the counts in the source data can be considered as the
NXB contribution. The re-normalization factor is less than 5%
in most cases. To improve the spectral fit, we adopted this
re-normalization to the NXB spectrum. However, the best-fit
parameters did not change significantly even without this pro-
cess.

Next, we fitted the NXB-subtracted spectra of point source
candidates in 2.0–10.0 keV with an absorbed power-law model.
The absorption column was fixed to the Galactic value (Dickey
& Lockman. 1990 ) as shown in Table 1 and the photon in-
dex of the power-law was left free. The source fluxes in 2.0–

10.0 keV are larger than 1.2 ×10−13 ergs cm−2 s−1 for the ON-
FILAMENT, 2.8 ×10−14 ergs cm−2 s−1 for the OFFSET-1deg
and 4.1 ×10−14 ergs cm−2 s−1 for the OFFSET-4deg. XIS1 im-
ages in 0.4–2.0 keV from which the regions of point source
candidates are excluded are shown in Figure 2.

We removed cal sources by status filter in XSELECT located
in the edge of a CCD detector in order to analyze the data in
the energy band above 5 keV. We fitted the spectra of the FI
and BI sensors simultaneously, but in different energy ranges
which were 0.4-8.0 keV for the BI and 0.5-8.0 keV for the FI,
respectively, after the above data reduction.

3. Analysis & Results

3.1. Background/foreground Emission Analysis

Since the expected WHIM emission is soft and weak, a care-
ful treatment of the background and foreground emission is
mandatory. Thus firstly, we analyzed the data in the offset re-
gions (OFFSET-1deg and OFFSET-4deg). We fitted the spec-
tra with a sum of (1) an unabsorbed thin thermal collisionally-

4 Mitsuishi et al. [Vol. ,
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Fig. 2. The XIS1 images for the ON-FILAMENT (left), OFFSET-1deg (middle) and OFFSET-4deg (right) regions. The energy range is 0.4–2.0 keV in
units of cts ks−1 (64 pixel)−1 . The images are smoothed with a kernel of σ = 8.3 arcsec and the scale is logarithmic. Vignetting and background are not
corrected for and cal sources are removed. The FOV of Suzaku XIS is 18′ × 18′.

ionized equillibrium (CIE) plasma, (2) an absorbed thin ther-
mal CIE plasma and (3) an absorbed power law, modeled as
Lumb et al. 2002 . These first two plasmas represent contribu-
tions from the local emission (SWCX and Local Hot Bubble:
LHB) and Galactic halo (MWH: Milky Way Halo), respec-
tively. The abundance is set to 1 solar for both models. The
component (3) corresponds to the accumulation of unresolved
extragalactic point sources (cosmic X-ray background: CXB),
which is described by an absorbed power-law model with a
photon index of 1.4 in Kushino et al. (2002) . In summary, we
used the following models: apec1 + phabs× (apec2+ power-
law). These three components are known as the typical X-ray
background and foreground emission. The best-fit parame-
ters and spectra are shown in Table 2 (in columns labeled as
Nominal) and in Figure 3. The temperatures of the two ther-
mal plasmas (∼ 0.1 keV and ∼ 0.27 keV in both regions) are
typical values reported in Yoshino et al. (2009), which studied
14 Suzaku spectra in the blank sky fields. Kushino et al. (2002)
discussed the CXB surface brightness using a log N − logS re-
lation. According to the relation and the present detection lim-
its in the two regions, the normalizations are expected to be
6.8 and 7.3 photons s−1 cm−2 sr−1 keV−1 at 1 keV, in OFFSET-
1deg and OFFSET-4deg regions, respectively. These values are
consistent with the observed ones.

For each region, we evaluated line centers and surface
brightnesses of O VII Kα and O VIII Kα emission lines. In the
best-fit model of each region, we replaced the apec model with
a vapec model whose Oxygen abundance was set to be 0 and
added two Gaussian lines. These lines represented O VII and
O VIII emission lines. The abundances of other elements were
fixed to be 1 solar, and temperatures of the vapec components
were fixed to the best-fit values for the individual fits. The line
centers and the surface brightnesses were derived from these
spectral fits, and the results are summarized in Table 3. The
line centers are consistent with zero redshift within statical er-
rors and within the typical energy determination accuracy of
XIS. The implication for the line intensity will be discussed in
§ 3.3.

We also looked into the possible excess continuum in both
the spectra. While addition of another thermal model did not
improve the fit for OFFSET-4deg spectrum, it slightly im-
proved the fit for the OFFSET-1deg one. This is shown in

the column 3T (z = 0) of Table 2. The temperature of the ad-
ditional component is 0.8 keV. A similar improvement was
obtained by adding a thermal emission with the supercluster
redshift (3T (z = 0.048) of Table 2). Since this excess com-
ponent is apparently peaked around 0.9 keV, we also tried a
model with different metal abundance. Since Ne lines are con-
centrated in this energy, we tried to fit with a vapec model for
the MWH component with variable Ne abundance and other
elements fixed at 1 solar. As shown in the column (ZNe free
of Table 2), this model also showed an equally good fit. The
spectra fitted with these models are shown in Figure 3. Based
on these spectral fits, we adopted the OFFSET-4deg data as the
background for the ON-FILAMENT data analysis.

3.2. Emission Analysis in the ON-FILAMENT region

As shown in the previous section, the OFFSET-4deg region
was fitted well with the typical model for the blank X-ray
sky. Thus we adopted the Galactic emission obtained in the
OFFSET-4deg region as the template background for the ON-
FILAMENT region. Considering field-to-field variation of the
background intensity, we let the normalization of the two ther-
mal components vary with the same scaling factor (f in Table
4). Normalization of the CXB component was set as a free
parameter independent of f.

As the first step, we tried a typical Galactic + CXB model,
i.e., the same model fitted for the OFFSET-4deg data, to fit
the ON-FILAMENT spectrum. The energy band below 1 keV
is well represented by the typical Galactic emission. The re-
sultant CXB surface brightness was significantly higher than
the expected value (13.2 compared with 8.3 photons s−1 cm−2

keV−1 at 1 keV) considering its fluctuation amplitude of < 5%.
This suggests that some sort of continuum emission may exist
in addition to the CXB in the energy range above 1 keV.

As a next step, we added one more thermal plasma at a red-
shift of either 0 or that of the supercluster, with the abundance
of the additional plasma fixed to the solar value. This 3T mod-
els improved the fit compared to the 2T model. The differ-
ence in the goodness of the fit between the two redshifts are
small. Hence we cannot statistically determine the origin of
the emission. However, the best-fit temperature is higher than
2 keV, and seems too high for the Galactic emission. Hence this
plasma is likely to be associated with the supercluster. With

Shapley (z = 0.048) 

Sato et al. 2010, PASJ, 62, 1423  Mitsuishi et al. 2011, PASJ, submiced  

WHIM search 



Superclusters
9 

!"!#

"$"!

"$!

%
&
'(
)
*+,
-
.
/0
&
1
%
23
/3

!
!
/4
-
5
!
!

!"$6 7
!8
!7
"
7
8

!

9%-':;/<4-5=

Sculptor (z=0.108) 
 (> rvir) 

!"!#

"$"!

"$!

%
&
'(
)*
+,
-.
/0
&
1
%
23
/3
!
!
/4
-5

!
!

!"$6 7 6
!8

!7

"

7

8

!

9%-':;/<4-5=

Shapley (z = 0.048) 

  Emission in supercluster space is explained by the sum of 
cosmic background (CXB) and Galac@c emission (LHB + MWH) 

 Weak cluster emission is seen in Shapley (A3558, A3556) 
  Tight upper limits are given for redshined OVII and OVIII lines 
 Overdensity δ < 340 (Sha) and 210 (Scu) for L = 2 Mpc and 
ZO = 0.1 solar 



Cluster outskirts with Suzaku
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Rvir 
(2.7 Mpc) 

A2142 outskirt (z = 0.091) 

Akamatsu et al., arXiv:1106.5653 

No. 2] X-Ray Temperature and Mass Measurements to the Virial Radius of A 1413 with Suzaku 373

Fig. 1. (a) XMM-Newton MOS1 + MOS2 image of A 1413 in the 0.35–1.25 keV band. The image was corrected for exposure, vignetting, and
background. The white and blue boxes show the fields of view of the Suzaku XIS and Chandra ACIS (Vikhlinin et al. 2006). The green circle showsr200

of 14:08. The color scale unit is cts Ms!1 pixel!1 (1 pixel = 2:0049 " 2:0049). (b) Background-subtracted Suzaku FI+ BI image of the outskirts of A 1413
in the 0.5–5 keV band smoothed by a 2-dimensional Gaussian with! = 1600 . The image was corrected for the exposure time, but not for vignetting. The
color scale unit is cts Ms!1 pixel!2 (1 pixel = 1:0004 " 1:0004). COR2 > 8 GV and 100 < PINUD < 300 cts s!1 screening was applied. The 55Fe calibration
source regions are also included in the figure, because they have negligible counts in this energy band. Large white circles denote 70, 100, 150, and 200

from the surface brightness peak of the XMM-Newton image. Small white and blue circles show the excluded point sources.

background (CXB), and the galactic background components
(GAL) were subtracted, as described below, and the result
smoothed by a 2-dimensional Gaussian profile with ! = 1600

is shown. The image was corrected for exposure-time vari-
ations, but not for vignetting. Screening requirements are
COR2 >8 GV and 100 < PINUD < 300 cts s!1, where COR2
is the cut-off-rigidity calculated with the most recent geomag-
netic coordinates and PINUD is the count rate from the upper
level discriminatory of the Hard X-ray Detector (HXD) PIN
silicon diode detectors (see Tawa et al. 2008). The circles
with 7000 and 12500 radii enclose excluded point sources. The
small white circles indicate point sources detected in the
XMM-Newton data. Blue circles show sources selected by eye
in the Suzaku image.

We used HEAsoft ver 6.4.1 and CALDB 2008-06-21 for all
of the Suzaku analysis presented here. We extracted pulse-
height spectra in five annular regions from the XIS event
files. The inner and outer radii of the regions were 2:07–70,
70–100, 100–150, 150–200, and 200–260, respectively, measured
from the XMM-Newton surface brightness peak of A 1413
at (RA, Dec) = (11h55m18:s7, 23ı0104800) in J2000.0. We
analyzed the spectra in the 0.5–10 keV range for the FI detec-
tors and 0.4–10 keV for the BI detector. In the 2:07–70 annulus,
we ignored the energy band 5–7 keV for the FI detectors when
we analyzed the spectra, because those data were affected by
Mn-K˛ (5.9 keV) X-rays from the 55Fe calibration source. In
other annuli, the positions of the calibration sources them-
selves were masked out using the calmask calibration database
(CALDB) file.

2.2. XMM-Newton

We analyzed an image in the energy band 0.35–1.25 keV

taken with XMM-Newton (Pratt & Arnaud 2002). This obser-
vation was carried out in 2000 June (OBSID: 0112230501).
The exposure time was 25.7 ks (MOS1, MOS2). SAS ver
6.0 and HEAsoft ver 6.4.1 were used for the analysis.
XMM-Newton has a much higher spatial resolution compared
to Suzaku. We used this image as input for the response simu-
lators and to find point sources. Pratt and Arnaud (2002)
derived the ratio of the minor to major axes to be 0.71 and
a position angle of 2ı260 based on the XMM data. Since
Suzaku coverage is limited in the north section of the cluster,
as shown in figure 1, we did not include the cluster ellipticity
in our analysis.

3. Background Analysis

An accurate estimation of the background is particularly
important when constraining the ICM surface brightness and
temperature in the outer region of clusters. We assumed that
the background is comprised of three components: non–X-ray
background (NXB), cosmic X-ray background (CXB), and
galactic emission (GAL), which itself is comprised of two
components. In this section we describe how we estimated all
these background components.

3.1. Point Source Analysis

We wanted to excise point sources, because we are only
interested in this paper in the ICM. However, since the CXB
is comprised of faint point sources, we then needed to correct
the background level for the resolved sources. This and the
next sections describe the procedure we used for these tasks.

We used the XMM-Newton image to detect point sources
in the XIS FOV, because its spatial resolution (1400 half power

A1413 outskirt (z = 0.143) 

Rvir 

Hoshino et al. 2010 PASJ, 62, 371 
  Significant X‐ray emission detected out to Rvir 
  Systema@c errors due to fluctua@on of CXB, Galac@c 
background, non X‐ray background, XIS filter contamina@on 
evaluated 

  Effect of stray light from bright center less than 7% of the 
observed flux 
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Akamatsu et al., arXiv:
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Cluster outskirts with Suzaku
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4 Nagai & Lau

FIG. 4.— Effects of gas clumping on X-ray measurements of the ICM
profiles. Gas clumping causes the overestimate of electron number density
profile (top) and the flattening of the entropy profile (bottom) for gas with T >
106 K. Solid lines indicate observed profiles, while dotted lines indicate true
profiles. Thick and thin lines correspond to CSF and NR runs, respectively.

ature Tsl (Mazzotta et al. 2004) to calculate entropy.
3 The true

entropy profile is consistent with the self-similar prediction

with K ∝ r1.1 (Voit et al. 2005). Since C(r) is radially depen-
dent, gas clumping causes flattening of the observed entropy
profiles at r ! r200.

4.3. Comparison with X-ray measurements

In Figure 5 we compare the observed gas density, tempera-
ture, and entropy profiles of our CSF runs to the SuzakuX-ray
measurements of PKS0745-191 (George et al. 2009), Abell
1795 (Bautz et al. 2009), Abell 1689 (Kawaharada et al.
2010), Abell 1413 (Hoshino et al. 2010), and Perseus East
(Simionescu et al. 2011). The temperature and entropy pro-
files are normalized to T200 and K200 from the self-similar
model (e.g., Voit 2005).
The “observed" ICM profiles of the simulated clusters are

generally consistent with the Suzaku measurements, with
the exception of PKS0745-191 which deviates significantly
from our simulated clusters as well as other Suzaku mea-
surements. Since the spectroscopic-like temperature pro-
files (Mazzotta et al. 2004) are in good agreement (see also
Burns et al. 2010), the discrepancy in the entropy profile
arises primarily from the difference in the gas density profile.

3 We only consider X-ray emitting gas with T > 106 K when computing
Tsl.

FIG. 5.— Comparisons of simulated clusters and Suzaku X-ray measure-
ments. From top to bottom, we show the radial profiles for the electron num-
ber density, spectroscopic-like temperature, and entropy. For the simulated
clusters, we show the median profiles of the CSF runs. Dashed lines represent
the true profiles. Solid lines represent the observed profiles, with thin-solid
lines indicating the interquartile range. Black points areSuzaku observations
of PKS0745-191 (George et al. 2009) (circles), A1689 (Kawaharada et al.
2010) (triangles), A1413 (Hoshino et al. 2010) (stars), and Perseus East
(Simionescu et al. 2011) (squares). The black dot-dashed lines are the best-fit
profile of A1795 (Bautz et al. 2009) and the dotted black linesindicate±20%
uncertainty around the best-fit model.

While the flattening of the median profile of our simu-
lated clusters is not as significant as the observed profile of
PKS0745-191, we note that the simulated clusters show sig-
nificant cluster-to-cluster variations, owing to the large varia-
tions in the clumping factor shown in Figure 1). In fact, sev-
eral simulated clusters exhibit the level of flattening similar
to that of PKS0745-191 in their outskirts. For example, as
shown in Figure 1, one of the relaxed clusters, classified as
relaxed based on its morphology in the inner regions, exhibits
a large clumping factor ofC ∼ 100 at r = r200.

"Uniform" temperature profile 
by Burns et al. 2010, ApJ 721, 1105 

Nagai (2011) showed that gas clumping in accreting gas could cause overestimation of the
gas density since the emissivity scales as density squared. This density overestimation gives lower
entropy values, hence a flattening around r180. In the A2142 case, however, the entropy profile starts
to flatten around r500, and significant decrease is seen around r180 (∼ 26′). Such a large deviation of
the entropy profile from the model prediction suggests that the non-equilibrium effect may be more
effective than the gas clumping.
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Fig. 7. (a) Entropy profile — black curve: universal trend of the entropy curve ∼ r1.1, reported by Voit (2005). (b)
Entropy ratio relative to ∼ r1.1 profile. (c) tei (diamonds) as a function of radius, compared with estimated telapsed

(solid lines). Colors show different shock speeds (blue: 400 km s−1, cyan: 800 km s−1, green: 1200 km s−1). (d)
Radial profile of Te/Tgas for A2142, compared with the result for a relaxed cluster (Hoshino et al. 2010) and the
simulated result by Rudd & Nagai (2009).
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A2142 

r1.1 

  Entropy devia@on at > 0.5 rvir is seen in 
several clusters 

  Clumpiness explains only ∼10% drop 
  Non equilibrium (Ti > Te) more likely? 

Nagai and Lau 2011 ApJL 

Entropy 
K = kT/n2/3 

rvir 

Akamatsu et al., arXiv:1106.5653 
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<T
>

r/r200

A1413 k<T>= 7.4 keV
PKS−0745 k<T>= 7.0 keV

A1689 k<T>= 9.3 keV
A1795 north k<T>= 5.3 keV
A1795 south k<T>= 5.3 keV

A2142 k<T>= 8.6 keV

A2204 k<T>= 8.7 keV

Fig. 6. Scaled projected temperature profiles. The profiles have been normalized to the mean temperature. The r200

derived from Henry et al. (2009). Dotted line show simulation result Burns et al. (2010). Two gray dashed lines
show standard deviation.

2010) than the average curve. It has been discussed that A1689 still holds the heating feature caused
by recent matter infall. The same process may be working in A1413 which also shows somewhat
flatter temperature distribution (Hoshino et al. 2010) even though the presence of filament is not clear
in the observed direction.

Even though flatter temperature profiles are regarded as a sign of recent matter infall, steeper
temperature curves such as seen in A 2142 and abrupt temperature drops, as seen in A 3667 and Virgo
Cluster can also be a sign of recent heating (Finoguenov et al. 2010; Urban et al. 2011). This point
will be discussed further in the next section. Therefore, simple steepness of the temperature profile
seems to carry somewhat degenerate information about the cluster evolution.

6.2. Entropy Profiles

The entropy of ICM is used as an indicator of the energy acquired by the gas. We will refer to
“entropy” of the ICM by K = kTn−2/3

e following the recent convention. Numerical simulations indicate
that a self-similar growth of clusters commonly show entropy profiles approximated by r1.1 up to r200,
excluding the cool core region (Voit et al. 2003). Recent XMM-Newton results on the entropy profiles
of 31 clusters showed a median slope of 0.98 out to about r500 which is approximately 0.5r200 (Pratt
et al. 2010). The slope also showed positive correlation with the average temperature. They also
found that morphologically disturbed clusters show a large scatter (0.5–2.0) in the slope. Suzaku has
extended the entropy measurement close to r200 for several clusters, and showed a flattening or even a
decrease at r ! 0.5r200 as mentioned earlier. Discussion has been made that the ICM may not be under
equilibrium in the cluster outer regions (Hoshino et al. 2010).

Figure 7 shows the entropy profile of A2142 based on the present Suzaku measurements. The
solid line indicates the slope of 1.1. The entropy slope is consistent with this value in the radius
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Filament junction by Suzaku
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RASS map with SDSS galaxies 
DisPerSE : filament extractor  
Sousbie 2010, Sousbie, Pichon, & Kawahara 2010

Search for (and detec@on of ) X‐ray emission from large‐
scale junc@on of filaments at z ≈ 0.08 

Kawahara et al. 2011 ApJL 727, L38 
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Suzaku J1552+2739: a group of galaxies
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X‐ray intensity contour

NXB subtracted & vignexng 
corrected image 

Hardness ra@o map

1.64 keV 

"hot spot" 
3.91 keV 

LX = 2.4 × 1043 erg/s 
  Likely to be a group undergoing major merger 
  Filament junc@on could host many undetected X‐ray groups 
  These should explain some of the missing baryons 

Kawahara et al. 2011 ApJL 727, L38 



Future X-ray study of WHIM
  Requirements 

  Superior energy resolu@on: a few eV 
  Wide field of view (for emission study): ∼ deg 
  Good angular resolu@on: ∼ 10 arcsec 

  Large f.o.v. is not compa@ble with large X‐ray 
observatories such as ASTRO‐H and Athena 
  Dedicated X‐ray mission is desirable 

  The mission can be realized as a medium/small 
satellite program 

  Many addi@onal sciences are possible: clusters, 
SNRs, Galac@c ISM, SWCX etc

15 



WHIM emission with Athena
  Grasp of XMS: moderately large 

and 100 @mes of ASTRO‐H SXS 
  10” angular resolu@on resolves 

32 kpc at z = 0.2 (galac@c 
ouylow scale) 
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WHIM 

Galac@c 
Simulated spectrum 
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WHIM emission with Athena
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filaments!

OVII+OVIII!

 Athena XMS:  
    5000 cm2 at 0.5 keV, f.o.v. 2.4' × 2.4', ΔE = 2.5‐3 eV 

  1 emission system picked up in a 300 ksec poin@ng  
     300 filaments with δ ∼ 100 in 5 yrs 

  Simultaneous absorp@on and emission study can be done for  
20‐30 systems  cloud geometry can be constrained 

high/low metal 
diffusion model 
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18 

Exp Astron

C, N, O, Ne, and possibly Fe. At T ≥ 106 K, the primary tracers [8] (O VII,
O VIII) cannot be probed with UV observations and are only detectable by
soft X-ray spectroscopy [26]. Indications of the WHIM in this temperature
range were obtained with Chandra and XMM-Newton observations of the
21.6 Å resonance absorption line of OVII [24] in the sight line of the Sculptor
Wall. Evidence for the warm tail of the WHIM, where 10–15% of the missing
baryons reside, has been obtained via UV-absorption line studies with FUSE
and HST-COS. ORIGIN will have sufficient line sensitivity and energy res-
olution to measure gas densities down to 10−5 cm−3, ∼30 times smaller than
currently probed in clusters. ORIGIN can detect these WHIM lines both in
emission, and in absorption against early-stage GRB afterglows, which are the
only sufficiently bright, numerous, and distant (z > 1) sources to guarantee a
statistically significant sample size of WHIM detections. An example of what
GRB X-ray spectroscopy would yield is shown in Fig. 5. We modeled the
properties of the WHIM with large scale DM + hydrodynamic simulations,
with a parameterized treatment of stellar feedback, using the simulations of
Borgani et al. [5] and Viel et al. [35] to investigate various WHIM models.

While mere detections of X-ray absorption and emission from ionized
metals will reveal the presence of the ‘missing baryons’, our more ambitious
goal is to detect and characterize the physical state of the WHIM: its temper-
ature, density, spatial distribution, and trace the metal enrichment of the IGM
and its interplay with the history of star formation and feedback processes.
Figure 6 illustrates how well ORIGIN will discriminate among different IGM
metal enrichment models through absorption spectroscopy of the WHIM. In
absorption we expect to measure about 300 filaments in 5 years from a sample
of 500 bright afterglows [4]. These observations will allow us to estimate the
temperature and the density of each absorption system with ∼15% accuracy.
In addition, for about 30% of these systems we will also detect the associated
X-ray line emission, once the afterglow has faded. A deep field of several

Fig. 5 Emission spectrum of
a 4 arcmin2 area (top), and
absorption spectrum (bottom)
of the same region of the sky,
as measured by ORIGIN. The
top panel shows the emission
of two red-shifted
components in black, while
the emission of the Galactic
foreground is displayed in
purple. The bottom panel
shows the spectrum of the
same systems, but now in
absorption using a bright
GRB afterglow as a beacon

Exp Astron

Fig. 8 The three ORIGIN instruments including their main components. One TED unit at the
back is visible (orange). The lower section of BIRT contains the primary and secondary mirror

program (∼30% of the time) which allows for the community to exploit the
unique capabilities of ORIGIN (Fig. 8).

4 Instruments

The mission requirements correspond to a payload with three instruments: The
Cryogenic Imaging Spectrometer (CRIS) is the prime instrument. It allows for
wide field imaging of a 30′ area on the sky with a spectral resolution <2.5 eV
(inner array) and <5 eV (outer array). Its effective area is >1,500 cm2 at
1 keV and >150 cm2 at 6 keV. A separate section of the detector has been
optimized for the detection of the very high count rates expected from GRB
afterglows. Its confusion limit is 10−15 erg cm−2 s−1 for 0.5–2 keV and its point
source line detection sensitivity at 0.5 keV (5σ) is typical 2 · 10−7 photons
cm−2 s−1 for a 100 ks observation. The Transient Event Detector (TED) will
detect GRBs in the 5–150 keV energy range, similar to the Swift/BAT. Its
solid angle is >4 sr and its sensitivity is >0.4 photons/cm2/s in the 5–150 keV
range. The Burst InfraRed Telescope (BIRT) has the prime goal to determine

 Microcalorimeter: 1000 cm2 at 0.5 keV, f.o.v. = 30',  
        > 5000 pix (30 arcsec resol.), ΔE = 2.5 eV 

  Fast repoin@ng in 60 sec: GRB anerglow absorp@on line 
  Joint emission/absorp@on stury: aner GRB is faded out, 
WHIM emission can be studied 

  Proposed to CV M‐3, but ‐‐‐ 

Emis 

Abs 

den Herder et al. 2011 Exp. Ast. 



DIOS: Diffuse Intergalactic Oxygen Surveyor
19 

  To be proposed to JAXA's small satellite program for the 
WHIM survey study 

  Satellite mass = 400 kg, low‐earth orbit, mechanical coolers 
for ASTRO‐H, TES calorimeter array with ~ 400 pix 

den 
H

erde
r 

1.5 m 

5.9 m 

Effective Area 200 cm2 

   (> 100 cm2)   

F. o. v 50' diameter 

SΩ ~ 150 cm2deg2 

Angular resol. 3' (16 x 16 pix) 

Energy resol. 2 eV (FWHM) 

Energy range 0.3 – 1.5 keV 

Mission life > 5 yr 

Ohashi et al. 2010, SPIE, 7732 



Expected WHIM map
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Figure 7. Slice of gas density contour (top) and O emission map (bottom) at
z = 0.2117–0.2317, corresponding to comoving distance of 603–657 h−1 Mpc.
The field of view is 5.◦5 × 5.◦5. The blue region of the top panel corresponds to
ρgas/〈ρgas〉 = 75, while the green region corresponds to ρgas/〈ρgas〉 = 10. The
red regions (blobs) show where both O vii and O viii lines are identified with
>5σ significance, with 1 Ms exposure by Xenia CRIS-like instrument.

signpost for the WHIM since it probes gas with T ∼ 106.6

K. However, its emission line is too close to the Fe L lines to
eliminate the risk of spurious detection. Finally, the energies of
the redshifted N and C lines are typically found at the edges of
the instrumental range, where a forest of emission lines due to L
and M transition of heavier metals exists. For all these reasons,
we search the spectra for emission systems characterized by the
O vii Kα resonance and O viii Lyα pair and do not look for
additional ion lines.

Figures 7 and 8 compare the three-dimensional distribution of
the selected O vii + O viii line systems (lower panels) with the

Figure 8. Same as Figure 7, but slice at z = 0.0805–0.1004, corresponding to
comoving distance of 237–294 h−1 Mpc. The field of view is 5.◦5 × 5.◦5.

spatial distribution of the gas in the simulation (upper panels).
Both figures show the same FOV of 5.◦5×5.◦5, corresponding to a
6×6 mosaic with CRIS, but refer to two different redshift slice.
Figure 7 refers to the redshift interval z = [0.2117, 0.2317]
corresponding to a 54 h−1 Mpc slice at a comoving distance of
630 h−1 Mpc in the cosmological model of the hydrodynamical
simulation. Figure 8 shows a much closer slice of 57 h−1 Mpc
at a comoving distance of 265 h−1 Mpc, corresponding to
z = [0.0805, 0.1004].

In the gas map, the blue regions correspond to isoden-
sity surfaces drawn at ρgas/〈ρgas〉 = 75. The green surfaces
correspond to regions characterized by smaller overdensity
ρgas/〈ρgas〉 = 10. At these overdensity levels the spatial distri-
bution of the gas in the simulation is characterized by the well-
known network of filaments punctuated by virialized structures
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Figure 7. Slice of gas density contour (top) and O emission map (bottom) at
z = 0.2117–0.2317, corresponding to comoving distance of 603–657 h−1 Mpc.
The field of view is 5.◦5 × 5.◦5. The blue region of the top panel corresponds to
ρgas/〈ρgas〉 = 75, while the green region corresponds to ρgas/〈ρgas〉 = 10. The
red regions (blobs) show where both O vii and O viii lines are identified with
>5σ significance, with 1 Ms exposure by Xenia CRIS-like instrument.

signpost for the WHIM since it probes gas with T ∼ 106.6

K. However, its emission line is too close to the Fe L lines to
eliminate the risk of spurious detection. Finally, the energies of
the redshifted N and C lines are typically found at the edges of
the instrumental range, where a forest of emission lines due to L
and M transition of heavier metals exists. For all these reasons,
we search the spectra for emission systems characterized by the
O vii Kα resonance and O viii Lyα pair and do not look for
additional ion lines.

Figures 7 and 8 compare the three-dimensional distribution of
the selected O vii + O viii line systems (lower panels) with the

Figure 8. Same as Figure 7, but slice at z = 0.0805–0.1004, corresponding to
comoving distance of 237–294 h−1 Mpc. The field of view is 5.◦5 × 5.◦5.

spatial distribution of the gas in the simulation (upper panels).
Both figures show the same FOV of 5.◦5×5.◦5, corresponding to a
6×6 mosaic with CRIS, but refer to two different redshift slice.
Figure 7 refers to the redshift interval z = [0.2117, 0.2317]
corresponding to a 54 h−1 Mpc slice at a comoving distance of
630 h−1 Mpc in the cosmological model of the hydrodynamical
simulation. Figure 8 shows a much closer slice of 57 h−1 Mpc
at a comoving distance of 265 h−1 Mpc, corresponding to
z = [0.0805, 0.1004].

In the gas map, the blue regions correspond to isoden-
sity surfaces drawn at ρgas/〈ρgas〉 = 75. The green surfaces
correspond to regions characterized by smaller overdensity
ρgas/〈ρgas〉 = 10. At these overdensity levels the spatial distri-
bution of the gas in the simulation is characterized by the well-
known network of filaments punctuated by virialized structures
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5.5° × 5.5° field at  
z = 0.2117‐0.2317 

ORIGIN simula@on:  
OVII and OVIII joint 5σ 

  Survey of ~ 5 deg sky region 
can reveal dense knots in the 
filaments 

 ≤ 20% of the whole gas can be 
probed 
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Figure 4. Top left: contours of constant gas mass fraction in phase-space, i.e., the fraction in unit log ρ and log T intervals. The gas density is normalized to its cosmic
mean (X-axis) and its temperature is in units of K (Y-axis). The plots considers only gas particles in the redshift slice 0.202 < z < 0.274 and with temperature T > 105 K.
Color-coded contours are drawn with respect to different values of the gas mass fraction, indicated in the color scale. Top right: same as the top left panel, but referring
to gas elements characterized by O vii + O viii line systems strong enough to be detected with 1 Ms observation with CRIS. Bottom panel: the probability distribution
function of the gas density obtained by merging the gas mass fraction in the ρ–T plane over its temperature. Black curve: all gas elements. Red dotted curve: gas
elements in which both O vii and O viii are above 5σ detection threshold of 0.07 photons s−1 cm−2 sr−1, corresponding to 1 Ms exposure with CRIS. Blue dashed
curve: same as the red dotted curve but referring to a 100 ks exposure with detection threshold of 0.48 photons s−1 cm−2 sr−1.

Table 1
Emission Line Detections

Model texp fline dNO vii/dz dNO viii/dz dNO vii+O viii/dz NO vii+O viii per deg2

B2 1.0 0.07 4.2 (3.1) 2.6 (1.9) 2.4 (1.6) 639 (426)
B2 0.1 0.48 2.1 (0.6) 1.5 (0.5) 1.1 (0.2) 293 (53)
B1 1.0 0.07 3.3 (1.6) 2.1 (1.0) 1.8 (0.7) 479 (186)
B1 0.1 0.48 1.4 (0.03) 1.1 (0.05) 0.7 (<10−3) 186 (0)

Notes. Column 1: WHIM model; Column 2: exposure time (Ms); Column 3: minimum line surface brightness
required for a 5σ detection (photons s−1 cm−2 sr−1); Column 4: expected number of O vii detections per resolution
element and unit redshift; Column 5: expected number of O viii detections per resolution element and unit redshift;
Column 6: expected number of simultaneous O viii and O viii detections per resolution element and unit redshift;
Column 7: expected number of simultaneous O viii and O viii detections per square degree due to gas within
z = 0.5. All estimates assume an angular resolution of 2.′6 × 2.′6. The numbers in parenthesis indicate lines
contributed by the WHIM.

and the redshift range of 0.202 < z < 0.274. The angular size
of each volume element is 2.′6 × 2.′6 (the angular resolution) in
Section 4.1 and 1.′3 × 1.′3 in Section 4.2. The depth of a volume
element is 3 Mpc (comparable to the energy resolution).

4.1. Density and Temperature of Detectable WHIM

The thermal state of the gas can be appreciated from the
phase-space diagram shown in the top left panel of Figure 4.
Color contours are drawn in correspondence of the same

gas mass fraction, indicated in the color scale. This plot is
analogous to the one shown in Figure 6 of Branchini et al.
(2009) with some important differences. First of all here we
only consider particles with T > 105 K that are potentially
relevant for the line emission. Second, this plot refers to
redshift slice 0.202 < z < 0.274, considerably narrower than
0 < z < 0.2, the one considered by Branchini et al. (2009).
Finally, and most important, the plot refers to gas density and
temperature averaged in the 2.′6 × 2.′6 × 3 Mpc volumes and
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Summary
  WHIM will give us unique informa@on about the thermal 

and chemical evolu@on of the universe 
  Even though Suzaku is not detec@ng WHIM, it sets upper 

limits (δ < 300 for L = 2 Mpc) based on OVII, OVIII line 
constraints in cluster outskirts and superclusters 

  Suzaku also reveals temperature declining structure 
around rvir of clusters and a new group in a near‐by 
filament junc@on 

  Future X‐ray missions (Athena, ORIGIN, DIOS) with 
microcalorimeters will reveal WHIMand its spa@al 
distribu@on 

  X‐ray mission with wide field and high spectral resolu@on 
can explore new fron@ers of low density universe 
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