
Journal of The Korean Astronomical Society
37: 387 ∼ 392, 2004

TRACING BRIGHT AND DARK SIDES OF THE UNIVERSE WITH X-RAY
OBSERVATIONS

Yasushi Suto1, Kohji Yoshikawa1, Klaus Dolag2, Shin Sasaki3, Noriko Y. Yamasaki4,
Takaya Ohashi3, Kazuhisa Mitsuda4, Yuzuru Tawara5, Ryuichi Fujimoto4,

Tae Furusho4, Akihiro Furuzawa5, Manabu Ishida3, Yoshitaka Ishisaki3, and Yoh Takei4
1 Department of Physics, School of Science, University of Tokyo, Tokyo 113-0033, Japan
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ABSTRACT

X-ray observations of galaxy clusters have played an important role in cosmology, especially in
determining the cosmological density parameter and the fluctuation amplitude. While they represent
the bright side of the universe together with the other probes including the cosmic microwave background
and the Type Ia supernovae, the resulting information clearly indicates that the universe is dominated
by dark components. Even most of cosmic baryons turns out to be dark. In order to elucidate the
nature of dark baryons, we propose a dedicated soft-X-ray mission, DIOS (Diffuse Intergalactic Oxygen
Surveyor). Recent numerical simulations suggest that approximately 30 to 50 percent of total baryons
at z = 0 take the form of the warm-hot intergalactic medium (WHIM) with 105K < T < 107K
which has evaded the direct detection so far. The unprecedented energy resolution (∼ 2eV) of the
XSA (X-ray Spectrometer Array) on-board DIOS enables us to identify WHIM with gas temperature
T = 106 ∼ 107K and overdensity δ = 10 ∼ 100 located at z < 0.3 through emission lines of Ovii and
Oviii. In addition, WHIMs surrounding nearby clusters are detectable with a typical exposure time of
a day, and thus constitute realistic and promising targets for DIOS.

Key words : cosmology – methods: numerical – X-rays

I. INTRODUCTION

More than 98 percent of the universe at z = 0 is dark;
23 percent in dark matter, 73 percent in dark energy
(Spergel et al. 2003), and most of the baryons, which
comprise the remaining 4 percent baryons, has largely
evaded the direct detection so far (Fukugita, Hogan
and Peebles 1998; see also Fig.1). Recent numerical
simulations (Cen & Ostriker 1999a,b) indeed suggest
that approximately 30 to 50 percent of total baryons
at z = 0 take the form of the warm-hot intergalactic
medium (WHIM) with 105K < T < 107K which does
not exhibit strong observational signature. Figure 2
depicts snapshots of distribution of different species of
matter in the universe at z = 0 from a smoothed hydro-
dynamic simulation in a Λ CDM universe (Yoshikawa
et al. 2001); Ωm = 0.3, Ωb = 0.015h−2, ΩΛ = 0.7,
σ8 = 1.0, and h = 0.7, where Ωm is the density pa-
rameter, Ωb is the baryon density parameter, ΩΛ is
the dimensionless cosmological constant, σ8 is the rms
density fluctuation top-hat smoothed over a scale of
8h−1Mpc, and h is the Hubble constant in units of 100
km/s/Mpc. It employs 1283 dark matter particles and
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the same number of gas particles in a comoving sim-
ulation cube of L3

box = (75h−1Mpc)3. Clearly WHIM
(105K < T < 107K; lower right) traces the large-scale
filamentary structure of mass (dark matter) distribu-
tion (Upper left) more faithfully than hot intracluster
gas (T > 107K; Lower left) and galaxies (Upper right)
both of which preferentially reside in clusters that form
around the knot-like intersections of the filamentary re-
gions. This implies that WHIM carries important cos-
mological information in a complementary fashion to
distribution of galaxies (in optical) and of clusters (in
X-ray).

II. DIOS: DIFFUSE INTERGALACTIC OXY-
GEN SURVEYOR

The dark components in the universe have very dif-
ferent implications in physics. The existence of dark
matter has been established in astronomy for more
than 30 years. The nature of dark matter is supposed
to be deeply related to new physics beyond standard
model. Thus its direct detection is recognized as one of
the most important goals in experimental high-energy
physics, which may be indeed feasible even in the next
decade. While dark energy has an even longer history
since Einstein introduced the cosmological constant in
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Fig. 1.— Composition of the universe and cosmic baryons

1917, its existence has attracted serious attention only
around the end of the last century. The origin and the
underlying physics of dark energy are even more chal-
lenging problems in physics than those of dark matter,
the satisfactory understanding of which may require yet
another century.

In contrast, the nature of baryons should be fully
understood using ‘old’ physics, at least in principle.
So the question why most of cosmic baryons is dark
does not have to invoke ‘new’ physics but should be
answered in astrophysics by properly putting together
many pieces of ‘known’ physics. Moreover recent ob-
servational progress may enable to locate a fair fraction
of dark baryons in the universe using their oxygen line
emissions in the soft X-ray band.

While several groups have reported the detections
of WHIM features using the conventional X-ray satel-
lites including XMM-Newton and Chandra (c.f., Henry
and Kaastra in these proceedings), the unambiguous
detection and the detailed statistical characterization
require a dedicated mission. DIOS (Diffuse Intergalac-
tic Oxygen Surveyor) is such a mission currently un-
der serious consideration in Japan (Ohashi et al. 2004;
Suto et al. 2004). The primary scientific purpose is a
systematic sky survey of WHIM using oxygen K emis-
sion lines, Ovii (561eV:1s2–1s2s), Ovii (568eV:1s2–
1s2p), Ovii (574eV:1s2–1s2p), Ovii (665eV:1s2–1s3p)
and Oviii (653eV:1s–2p). To this end, both unprece-
dented energy resolution (∆E ≈ 2 eV) and large field of
view are required. These features will be made possible
by a combination of two innovations; a 4-stage X-ray
telescope and a large array of TES (Transition Edge
Sensor) micro-calorimeter. DIOS will also perform a
mapping observation of the hot interstellar medium
in our Galaxy. Taking advantage of the high energy-
resolution, DIOS can detect the Doppler shifts of the
hot interstellar gas with a velocity ∼ 100 km s−1, di-
rectly revealing the dynamics of heavy elements in hot
bubbles in our Galaxy (galactic fountain).

III. WHIM IN THE LOCAL UNIVERSE

The detectability of WHIM through Oviii and Ovii
emission lines via DIOS was examined in detail by
Yoshikawa et al. (2003). They concluded that within
the exposure time of Texp = 105 ∼ 106 sec DIOS will

be able to reliably identify Oviii emission lines (653eV)
of WHIM with T = 106 ∼ 107 K and the overdensity
of δ = 3 ∼ 100, and Ovii emission lines (561, 568,
574, 665eV) of WHIM with T = 3 × 106 ∼ 107 K and
δ = 10 ∼ 100. The WHIM in these temperature and
density ranges is difficult to identify with the current X-
ray observations except for the oxygen absorption fea-
tures toward bright QSOs. DIOS is especially sensitive
to the WHIM with gas temperature T = 106 ∼ 107K
and overdensity δ = 10 − 100 up to a redshift of 0.3
without being significantly contaminated by the cos-
mic X-ray background and the Galactic emissions. The
high-spectral resolution of DIOS turned out to be es-
sential in identifying the redshifts of several WHIMs at
different emission energies, i.e., Oxygen emission line
tomography of the WHIMs at different locations.

As well as such a blind survey that is implicitly as-
sumed in Yoshikawa et al. (2003), targeted observa-
tions of WHIM surrounding nearby clusters (z < 0.03)
are also very important as discussed by Yoshikawa et
al. (2004). They presented the analysis of mock ob-
servations using the constrained numerical simulation
of the local universe by Dolag et al.(2003). Figure 3
plots the simulated all-sky maps of the bright side (X-
ray continuum in 0.5–2 keV; upper panel) and of the
dark side (Ovii emission at 574 eV; lower panel) in the
universe in the supergalactic coordinate. The maps re-
produce well many known nearby structures, including
the Great Attractor region, the Great Wall structure,
the Pisces–Perseus supercluster, and the Local Void,
as well as other rich clusters such as Virgo, A3627 and
Coma. In contrast to the 0.5–2.0 keV X-ray emission,
oxygen emissions preferentially come from small ob-
jects like galaxy groups and the outskirts of rich galaxy
clusters and superclusters. Furthermore, as is clear for
simulated Virgo and Pisces–Perseus in Figure 3, Ovii
(574 eV) emission avoids the very central regions of rich
galaxy clusters. This is because the emissivity of Ovii
emission lines sharply drops beyond T = 107 K.

The simulation reproduces also many galaxy clus-
ters and superclusters near the supergalactic equator-
ial plane. The left panel in Figure 4 show the simu-
lated temperature field of a 9h−1Mpc thick slice paral-
lel to the Super-Galactic plane, extending from SGZ =
−4.5h−1Mpc to SGZ = 4.5h−1Mpc in real space. The
right panel shows the simulated Ovii surface bright-
ness distribution on the supergalactic equatorial plane
(−15◦ < SGB < 15◦) in redshift space ( a vacant strip
extending at SGL = 0◦ and SGL = 180◦ is due to the
Galactic extinction).

Figure 5 plots the fraction of celestial areas in the
local universe where Ovii (left) and Oviii (right) line
emissions exceed the given detection limit. Three filled
patterns indicate the different ranges of the temper-
ature mass-weighted over the “observed” regions. At
lower temperature regions, the line emission is not nec-
essarily responsible for all the mass inside the cell.
Therefore, the mass fraction shown here does not fol-
low the detected mass precisely and it should be rather
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Fig. 2.— Simulated distribution of matter in the universe; Upper-left: dark matter, Upper-right: galaxies (cold baryon
clumps below T 4K), Lower-left: hot intra-galactic medium (T > 107K), and Lower-right: warm-hot intergalactic medium
(105K < T < 107K). The size of the plotted boxes corresponds to 30h−1Mpc ×30h−1Mpc with the depth of 10h−1Mpc.

interpreted as the upper limit of the “detected” frac-
tion. These plots again indicate that more than 90 %
of the “detected” mass has temperature higher than
106 K and that ∼ 60 % has temperature with 106K <
T < 107K. Since baryons with T > 107 K are de-
tectable through continuum X-ray emission by con-
ventional X-ray missions, previously unexplored and
detectable only through the oxygen emissions will be
about 20 % if we adopt the nominal detection limit of
DIOS, 10−11erg s−1 cm−2 sr−1.

For the detection of WHIM through its emission,
outskirts of rich galaxy clusters are the most promis-
ing regions for the targeted survey. We estimate the
probability that Oviii (653 eV) and Ovii (574 eV)
line emissions are brighter than a given limiting flux
within a 0.5◦ × 0.5◦ region around rich galaxy clus-
ters, Coma, Perseus, Hydra, A3627 and Centaurus clus-
ters. Incidentally figure 3 indicates that the brightest
oxygen emission in this simulation comes from Virgo

cluster. However, considering the 2eV energy resolu-
tion of XSA on-board DIOS, the minimum redshift
of an extra-galactic oxygen line emitter where it can
be discriminated from the Galactic oxygen emission
is zmin ' (2eV/600eV) = 0.0033. Therefore, oxygen
emission lines of Virgo cluster at redshift z = 0.0038
will be seriously contaminated by the strong Galac-
tic oxygen emission. Thus unfortunately Virgo cluster
does not seem to be an ideal target for DIOS.

Figure 6 shows such probabilities for those regions
whose separation rs from cluster centers is rs < 1h−1Mpc,
1h−1Mpc < rs < 2h−1Mpc, and 2h−1Mpc < rs <
4h−1Mpc. Near the central regions of galaxy clusters,
Ovii emission cannot be detected so frequently as Oviii
emission because the emissivity of Ovii rapidly drops
at high temperature T > 107K. Approximately (20–
30)% area of the outskirts of known galaxy clusters
(1h−1Mpc < rs < 4h−1Mpc) in the local universe
(Coma, Hydra, Centaurus, A3627, and Perseus) ex-
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Fig. 3.— All-sky maps of X-ray continuum (0.5–2keV) (upper) and Ovii (574 eV) (lower) emissions in the supergalactic
coordinate.

Fig. 4.— Projected maps of temperature (left) and Ovii surface brightness (right) in the simulated local universe on the
supergalactic plane.
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Fig. 5.— Baryon mass fraction detected through Ovii (574 eV) (right) and Oviii (653 eV) (left) emission lines. Contributions
of baryons with T < 106 K, 106K < T < 107K, and T > 107K are shown separately.

ceeds the nominal detection limit of DIOS (10−11

erg s−1 cm−2 sr−1) for Ovii and Oviii emissions.
We note here that all the results presented here

assume the collisional ionization equilibrium. In re-
ality, however, the validity of this assumption at the
density and temperature ranges relevant for WHIM is
not clear. Thus further careful consideration of radia-
tive processes need to be done. For instance, Kang et
al. (2004) considered the effect of the photo-ionization
background on the oxygen emission from WHIM, and
Yoshida et al. (2004) pointed out that the majority
of WHIM is still in the two-temperature phase where
the electron temperature is much below the shock-
heated ion temperature. We are currently working on
improving the thermal physics of WHIM assumed in
Yoshikawa et al.(2003, 2004), which will be presented
elsewhere (Kawahara et al. 2004).

IV. DISCUSSION

Approximately 30 to 50 percent of the total baryons
in the present universe is supposed to take a form of
warm/hot intergalactic medium (WHIM) whose X-ray
continuum emission is very weak. In order to carry
out a direct and homogeneous survey of elusive cos-
mic missing baryons, we propose a dedicated soft-X-
ray mission, DIOS (Diffuse Intergalactic Oxygen Sur-
veyor).

We have presented a complementary role of a ded-
icated soft X-ray mission to search for cosmic missing
baryons, DIOS, in exploring the (currently) dark side of
the universe. In particular we have examined the pos-
sibility to locate the Warm-Hot Intergalactic Medium

in the nearby universe on the basis of the constrained
numerical simulations. We found that several filamen-
tary structures around nearby clusters in the local uni-
verse are plausible and promising targets for the WHIM
search with DIOS. Thus their targeted survey plays a
complementary role to the blind survey for WHIM lo-
cated at 0.0 < z < 0.3. In those regions both Ovii and
Oviii emissions are likely to be identified simultane-
ously, and one can use their line ratio as a diagnostics
for the nature of the observed WHIM, in particular its
temperature. We also found that we will be able to
detect Ovii or Oviii emission in approximately (20–
30)% area of the outskirts of known galaxy clusters in
the local universe (Coma, Hydra, Centaurus, A3627,
and Perseus). In conclusion, DIOS promises to open a
new window of detection and characterization of cosmic
missing baryons located at nearby and distant universe,
and to provide yet another important and complemen-
tary tool to trace the large-scale structure of the uni-
verse.

ACKNOWLEDGEMENTS

Y.S. thanks Hyesung Kang and Dongsu Ryu for the
wonderful hospitality during the conference, and Ha-
jime Kawahara for drawing Figure 3. Numerical com-
putations presented in this paper were carried out at
ADAC (the Astronomical Data Analysis Center) of
the National Astronomical Observatory, Japan (project
ID: yys08a, mky05a). This research was supported in
part by the Grants-in-Aid by Japan Society for the
Promotion of Science (14102004, 14204017, 15340088,
15740157, 16340053).



392 SUTO ET AL.

Fig. 6.— Cumulative distribution of the oxygen flux for a 0.5◦ × 0.5◦ region separated from rich galaxy clusters; (Left) for
Oviii, and (Right) for Ovii. Different lines correspond to the different regions of radius rs away from the center of those
clusters; rs < 1 h−1Mpc (solid), 1 h−1 < rs < 2 h−1Mpc (dotted), and 2 h−1 < rs < 4 h−1Mpc (dashed).

REFERENCES

Cen, R. & Ostriker, J. 1999a, ApJ, 514, 1

Cen, R. & Ostriker, J. 1999b, ApJ, 519, L109

Dolag, K., Grasso, D., Springel, V., & Tkachev, I. 2003,
astro-ph/0310902

Fukugita, M., Hogan, C. J., & Peebles, P. J. E. 1998, ApJ,
503, 518

Kang, H., Ryu, D., Cen, R., & Song, D. 2004, ApJ, in press
(astro-ph/0410477)

Kawahara, H. et al. 2004, in preparation

Ohashi, T. et al. 2004, in the proceedings of “Modelling
the Intergalactic and Intracluster Media”, Vulcano, Italy
(astro-ph/0402546)

Spergel, D. N. et al. 2003, Astrophys. J. Supplement, 148,
175

Suto, Y. et al. 2004, Journal of the Korean Physical Society,
45, S110 (astro-ph/0402389)

Yoshida, N., Furlanetto, S., & Hernquist, L. 2004, submit-
ted to ApJL (astro-ph/0410498)

Yoshikawa, K., Taruya, A., Jing, Y. P., & Suto, Y. 2001,
ApJ, 558, 52

Yoshikawa, K. et al. 2003, PASJ, 55, 879

Yoshikawa, K. et al. 2004, PASJ, 56, December 25 issue, in
press.


