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ABSTRACT

We present our proposal for a small X-ray mission DIOS (Diffuse Intergalactic Oxygen Surveyor), consisting of
a 4-stage X-ray telescope and an array of TES microcalorimeters, cooled with mechanical coolers, with a total
weight of about 400 kg. The mission will perform survey observations of warm-hot intergalactic medium using
OVII and OVIII emission lines, with the energy coverage up to 1.5 keV. The wide field of view of about 50′

diameter, superior energy resolution close to 2 eV FWHM, and very low background will together enable us a
wide range of science for diffuse X-ray sources. We briefly describe the design of the satellite, performance of
the subsystems and the expected results.

1. INTRODUCTION

The study of warm-hot intergalactic medium (WHIM) is the remaining frontier of X-ray astronomy. The impor-
tance of the observational study of WHIM can be summarized as follows.

1. It is certain that baryons carry 4% of the energy density in the universe, and measurements of Lyman
α forests give consistent results. However, less than half of the baryonic matter is directly probed in
the present universe.1 Numerical simulations predict that WHIM carries about 50% of baryons. Direct
detection of WHIM will solve the problem of missing baryon, and the cosmic baryon budget will be fully
understood.

2. WHIM is the best tracer of the large-scale structure of the universe. Galaxies, by optical surveys, distribute
rather sparsely in probing the continuous large-scale structure and clusters of galaxies, by X-rays, only show
us the densest part of the filamentary structure. WHIM would reveal the faint part of the filament and
enable us to see the structure of dark matter directly.

3. WHIM is also an important probe for the thermal history of the universe. WHIM has been ionized,
heated and metal-enriched through the past star/galaxy/structure-formation processes, therefore thermal
and chemical properties of the WHIM and their evolution with redshift would give us unique information
in looking into the thermal history of the universe.

Since the emissivity scales a square of the density (n2), the continuum emission from the WHIM will be
completely masked by the strong thermal emission from the Milky-Way hot gas which is brighter by about
2 orders of magnitude. The only possible way to detect WHIM emission is through the oxygen lines, since
redshifted WHIM lines can be separated from the strong Galactic lines with energy resolution better than
several eV. The existing X-ray missions are not sensitive enough, since grating spectrometers are inappropriate
to cover a large sky region, for example. The observation of oxygen emission lines from the WHIM is only
possible with non dispersive device like microcalorimeters. This is the reason why we propose a dedicated
small mission to explore the structure of diffuse intergalactic medium, called DIOS (Diffuse Intergalactic Oxygen
Surveyor), which we hope to be launched around 2010. Details of this project will be available at our web site
http://www-x.phys.metro-u.ac.jp/dios/ .



2. SPACECRAFT AND INSTRUMENT

The view of the DIOS spacecraft is shown in Fig. 1 and main parameters of the satellite are listed in Table 1.
The spacecraft will weigh about 400 kg, out of which the payload takes ∼ 280 kg. This mass enables the satellite
to be launched as a piggy-back or sub-payload in H2 or Ariane rockets. It is also possible for a launch with the
new ISAS rocket, such as M-V light. The size in the launch configuration is 1.5×1.5×1.2 m, and one side will be
expanded to about 6 m after the paddle deployment. The total power is abour 500 W, and the weight is about
400 kg, out of which the payload takes about 280 kg. The attitude will be 3-axis stabilized with momentum
wheels. Typical pointing accuracy will be about 10′′. The allowed range for the direction of the field of view is
90◦ ± 25◦ from the sun direction.

Figure 1. The DIOS spacecraft. The length of the solar
paddle is 6 m.

Table 1. Parameters of the observing instruments on board
DIOS
Effective area > 100 cm2

Field of view 50′ diameter
SΩ ∼ 100 cm2 deg2

Angular resolution 3′ (16 × 16 pixels)
Energy resolution < 5 eV (FWHM)
Energy range 0.1– 1.5 keV
Observing life > 5 yr

Several new technologies will be introduced in the DIOS mission. The 4-stage X-ray telescope FXT (Four-
stage X-ray Telescope) is the first new feature.2 The details of the mirror development activity will be reported
in the same volume.3 As shown in Fig. 2, incident X-rays are reflected 4 times by thin-foil mirrors and are
focused at about 70 cm from the mirror level. The 4-stage reflection gives the focal length about half as long
as the usual 2-stage design, and saves the volume and weight of the satellite substantially. Also, a small focal
plane detector can cover a relatively wide field of view, which is a great advantage for the TES calorimeter array.
In our basic design, the outer diameter of the mirror and the effective area at 0.6 keV are 50 cm and 400 cm2,
respectively. Ray-tracing simulation indicates that the angular resolution is 2′ (half-power diameter), and the
image quality does not show significant degradation at an offset angle 30′. Therefore, FXT really gives the field
of view of about 1 degree. Appropriate choice of the multilayer material will give an energy coverage up to 1.5
keV (see Tawara et al.3 for details). With this technique, we can perform a spectral study of hot plasmas with a
temperature up to a few keV from the DIOS. Most of clusters of galaxies and supernova remnants will be good
targets.

Figure 2. Concept of the 4-stage reflection telescope.

Figure 3. Pulse-height spectrum for Mn-Kα X-rays ob-
tained by a single pixel Ti-Au TES microcalorimeter. The
energy resolution (FWHM) is 4.8±0.3 eV



The focal plane instrument XSA (X-ray Spectrometer Array) is an array of TES microcalorimeters, whose
development in Japan is a collaboration with Waseda University, Seiko Instruments Inc., and Mitsubishi Heavy
Industries. The array consists of 16×16 pixels covering an area of about 1 cm square. The corresponding field of
view is 50′. XSA will have an energy resolution better than 5 eV FWHM at 0.6 keV. An example of the pulse-
height spectra obtained for 5.9 keV X-rays with our TES calorimeter, which is a single pixel type made with Ti-Au
bilayer with a Au X-ray absorber, is shown in Fig. 3. The measured resolution is 4.8 eV FWHM. Since the energy
range of XSA is below 1.5 keV, the required heat capacity of the X-ray absorber is significantly low. Therefore,
a significantly better energy resolution will be achievable in the soft X-ray range. We are now developing several
new techniques toward the multi-pixel operation of TES calorimeters.4,5 Efficient multiplexing of the signals is
essential to take all the data out from the cold stage. We are trying to add the signals, e.g. 8 of them, in frequency
space by driving the TES calorimeters with AC bias at different frequencies for different pixels.6,7 The summed
signals are retrieved by single wire and then demodulated by a room-temperature electronics. The SQUID needs
to be operated at 1 MHz to obtain a dynamic range in the frequency space. We have produced 8-input SQUID
in collaboration with the Seiko Instruments Inc., to add the TES signals, and it is under a performance test now.

Another important feature of DIOS is the cryogen-free cooling system. We are considering a serial connection
of different types of coolers to achieve the ∼ 50 mK operation for XSA within the available power budget. The
first stage of the cooler is a 2-stage Stirling cooler which takes the temperature down to 20 K, and then 3He Joule-
Thomson cooler reduces it to 1.8 K as the second stage. Then a 2-stage adiabatic demagnetization refrigerator
obtains the operating temperature at 50 mK. Since no cryogen is involved, this cooling system ensures an
unlimited observing life in the orbit, which is a significant advantage of DIOS.

3. OBSERVATION

The main purpose of DIOS is a sky survey of WHIM using oxygen K emission lines, based on the superior energy
resolution and a large field of view. Yoshikawa et al.8,9 carried out detailed simulation for the spectra expected
from the DIOS observations. It is based on a cosmological hydrodynamic simulation for a cube of 75h−1 Mpc
size, which corresponds to an angular size of 5◦ at a redshift 0.3. The cosmological evolution of intergalactic
medium is included. The metallicity of the gas is explicitly given, and the effective oxygen abundance is 0.1–0.2
solar. The WHIM emission in a redshift range z = 0 − 0.3 is accumulated along various trial lines of sight in
the sky and the resultant X-ray spectra are calculated. In this simulation, WHIM is assumed to be under a
collisional ionization equilibrium.

The simulation shows that each pointing will need typically 100 ksec to obtain enough oxygen photons from
the IGM. Fig. 4 shows the expected pulse-height spectra for different sky regions. The strong emission lines
from our Galaxy are included in the simulated observation and then subtracted in this plot. So, the statistical
fluctuation of the data includes this effect. Strong oxygen lines are expected from relatively dense WHIM regions,
which are either close to clusters of galaxies or containing groups of galaxies (such as the region B). Note that
the hot interstellar medium in our galaxy produces typically 100 times stronger line emission, which can be
separated from the redshifted WHIM lines with the energy resolution of the XSA. When the data quality is
high, the lines in the OVII triplet are clearly resolved and we will be able to measure the temperature directly.
These 3 lines can also be used to separate individual plasma components when several emission regions in the
same line of sight but different redshifts are observed together.

The fraction of baryons probed by the detection limit of DIOS is shown in Fig. 5, in which mass fraction of
baryons are plotted as a function of detection flux. For a nominal detection limit of DIOS, i.e. 10−10 − 10−11

erg cm−2 s−1 sr−1, about 20% of all the baryons will be detected. We note that OVIII line is more efficient
than OVII line, since the temperature range in which the line is emitted is wider. Aside from the hot cluster
gas (T > 107 K), DIOS can detect roughly half of the missing baryons, namely the gas in the temperature range
106 − 107 K. This indicates that, even the DIOS satellite itself is quite small, the mission can carry out the
expected science.

The DIOS mission can also perform a mapping observation of the hot interstellar medium in our galaxy. The
high energy resolution (∆E < 5 eV) will reveal the Doppler shifts of the hot interstellar gas with a velocity
∼ 100 km s−1. The observations from DIOS can confirm the large-scale outflow and falling-in of the hot bubbles
in our galaxy (galactic fountain). Effective observing time will be approximately 40 ksec per day for a near earth
orbit. So if we spend 100 ksec in each pointing position, a sky map for an area of 10◦ × 10◦ can be produced
in about a year. This angular size is enough to see the large-scale structure of the universe at z < 0.3. This
survey observation of a limited sky region will be the first task of DIOS. Since oxygen lines from the galactic
ISM are stronger by roughly 2 orders of magnitude, 1 ksec in each point is enough to make a large map of the
ISM distribution. We plan to devote the second year for a survey of a 100◦ × 100◦ sky for the galactic ISM.



Figure 4. Simulated observations of WHIM observed from
DIOS.8 Typical observation time is 100 ksec. Foreground
Galactic emission is included in the simulation and sub-
tracted from the data.

Figure 5. Probed fraction of baryons plotted as a function
of detection limit.9 The left panel is for OVII line and the
right one for OVIII line, respectively.

4. PROSPECT

DIOS has been proposed to ISAS/JAXA in 2005 together with several tens of other small missions. Even though
the program of small missions has not started in JAXA, DIOS may have a chance of fairly early opportunity.
On the other hand, we have started a collaboration with EDGE (Explorer of Diffuse Emission and Gamma-ray
burst Explosions) which will be submitted as a medium size mission of ESA “Cosmic Vision “ program. It is
quite likely that hardware team would collaborate and concentrate on the most promising single mission.
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