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Abstract

More than half of the baryons are unidentified in the local Universe, and majority of them are thought
to reside along the large-scale structure in the form of Warm-Hot Intergalactic Medium (WHIM). The
3-dimensional structure of WHIM will be probed by observing redshifted oxygen emission lines with high
resolution X-ray spectrometers. DIOS (Diffuse Intergalactic Oxygen Surveyor) has been developed aiming
for a launch by JAXA’s Epsilon Launch Vehicle around 2020. The payload consists of a 4-reflection X-ray
telescope and a TES calorimeter array cooled by mechanical coolers. With a large grasp (area times f.o.v.)
over 100 cm2 deg2, DIOS will identify 30–40% of dark baryons and will show us gas dynamics of cosmic
plasmas from Earth’s magnetosphere to cluster outskirts. We describe the design and outstanding issues
of DIOS.
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1. Introduction

Even though baryons occupy only about 4% of the en-
ergy density, more than half of them are left unidentified
(e.g. Shull et al. 2012). Numerical simulations predict
that most of the baryons trace large scale structure of
the Universe in the form of WHIM with temperatures
of a few million degrees. They contain metals injected
by galactic winds during the time of galaxy formation.
The gas density of WHIM is around 10−5 cm−3, 10–100
times the average density of the whole Universe, and
the continuum X-rays are practically undetectable due
to strong foreground Galactic emission. With high res-
olution X-ray spectroscopy, redshifted oxygen lines can
separate the WHIM component. This will enable us to
detect WHIM and its 3-dimensional distribution at var-
ious redshifts. WHIM receives energy emitted by the
release of gravitational potential energy during the for-
mation of galaxies and clusters of galaxies, so they will
show us the thermal and chemical evolution of the Uni-
verse from a new angle. The TES microcalorimeter with
large f.o.v. will enable us such observations. Detailed
account of DIOS is given elsewhere (Ohashi et al. 2012).

2. DIOS spacecraft and instruments

Fig. 1 shows a schematic diagram of the DIOS space-
craft. Long observing life is expected since no cryogen
will be used. The cooling system employs mechanical
coolers and adiabatic demagnetization refrigerators de-

Fig. 1. The DIOS spacecraft. A 4-reflection X-ray telescope is com-
bined with a dewar containing TES calorimeter array.

veloped for ASTRO-H SXS (Takahashi et al. 2012; Mit-
suda et al. 2012), and radiators at 300 K will exhaust the
heat. The satellite is 3-axis stabilized and a star tracker
can determine the attitude with 30 arcsec accuracy. The
large f.o.v. of 50 arcmin is the special point, and TES
calorimeter will have 256–400 pixels. Fig. 2 shows SΩ
against energy resolution, and the value of 150 cm2deg2

is almost the maximum among the previous missions:
about 200 times larger than the SXS one and close to
the level of Athena X-IFU to be launched in 2028. The
mirror limits the energy range to be less than about 2
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Fig. 2. Grasp (SΩ) against energy resolution for X-ray missions.

keV, but detection of Fe-L, Mg and Si lines will enable
study of hot gas in clusters and SNRs effectively.

Further studies are needed for cooling of the 256–400
pixel calorimeter, readout of these pixels with SQUIDs,
magnetic shield, multiplexing technique of the TES sig-
nal, thermal design for the large opening aperture, and
acoustic noise into the aperture part during the launch.
The payload mass is about 300 kg, and the total space-
craft mass is about 600 kg. This is within the capa-
bility of Epsilon launch. Cooling power estimated from
the performance of Stirling and Joule-Thomson coolers
on ASTRO-H is 280 W. This corresponds to 380 W for
the whole observing system, and the solar paddles will
have 4 panels on each side. There are issues such as
contamination control, possible use of pyrotechnic parts,
thermal-vacuum test of the calorimeter system, and we
perform close discussion with the satellite bus team.

3. Expected results

The Galactic hot gas produces 100 times stronger emis-
sion lines than the WHIM lines, and we need to pick up
energy ranges where Galactic lines are relatively sparse.
This corresponds to cut out in the redshift space. Based
on simulations by Takei et al. (2011), DIOS will need
observing time of 1 Msec per point and spending 2 years
to map a 5× 5 degree sky. With simultaneous detection
of OVII and OVIII lines above 5σ, we can avoid mixing
of lines from other redshifts. With 2 Msec, we can probe
the WHIM density down to dN/dz ∼ 1. By observing 20
square degrees with redshift range of 0.02, we can detect
100–200 WHIM clouds which corresponds to 30–40% of
the dark baryons.
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Fig. 3. Gas dynamics studied from DIOS. Gas motions will be resolved
at 10 km s−1 accuracy and dynamics of all categories of objects
will be observed.

DIOS will have the highest capability for X-ray spec-
troscopy of extended objects. Fig. 3 shows hot gas
dynamics in various scales, which will be measured by
DIOS. The followings are examples of specific subjects:
1) Metallicity and dynamics of the gas outside of clusters
of galaxies where accretion shock should be present. 2)
Metal distribution and thermal and non-thermal plasma
features in SNRs. 3) Outflows from starburst galaxies
and interaction between hot and cold gas. 4) Confirma-
tion of galactic fountain and the Fermi Bubble through
measuring the motion of the hot gas. 5) Structure of cusp
and earth’s magnetosphere through solar wind charge ex-
change X-rays.

4. Outlook

A group of X-ray scientists in Japan, US and Europe has
made a long collaboration effort for dark baryon search.
This collaboration will be carried on to the DIOS mis-
sion, and we expect that the multi-pixel TES calorimeter
will be produced jointly with international collaboration.
We aim for the launch of DIOS in 2020 with Epsilon,
which requires proposal submission in early 2016. We
will further improve the DIOS design to make it more
feasible and to give us the best science outcome.
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