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The Focusing On Relativistic universe and Cosmic Evolution (FORCE) mission is proposed as a
future Japan-lead X-ray observatory to be launched in the mid 2020s. FORCE is a successor of
Hitomi, focusing on the braodband X-ray imaging spectroscopy in 1-80 keV with a significantly
higher angular resolution of < 15” in half-power diameter. The sensitivity above 10 keV will
be 10 times higher than that of any previous hard X-ray missions with simultaneous soft X-ray
coverage. The satellite is planned to be launched by the Epsilon vehicle by ISAS/JAXA. In the
current design concept, FORCE is equipped with three identical pairs of supermirrors and wide-
band X-ray detectors. The focal length of the mirrors is 10 m. The silicon mirror with multi-layer
coating is our primary choice of optics to achieve a good angular resolution for the wide energy
band while maintaining a light weight. The detector is a hybrid of a SOI-CMOS silicon-pixel
detector and a CdTe detector responsible for the softer and harder energy bands, respectively. It
is basically a descendant of the hard X-ray imager onboard Hitomi with its soft-band detector
replaced with the SOI-CMOS. The primary scientific objective of the FORCE mission is to trace
the cosmic formation history by searching for “missing black holes” in the entire range of the mass
spectrum of BHs: “buried” supermassive black holes (SMBHs) (> 10* M), intermediate-mass
black holes (102-10* M), and “orphan” stellar-mass black holes (< 10% Mg). Also, investigation
of the nature of relativistic particles at various astrophysical shocks is in our scope, with high-
angular-resolution X-ray observations with the broadband coverage. FORCE will open a new era
in these fields.
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1. INTRODUCTION

The hard X-ray imaging spectroscopy is a highly sensitive probe of non-thermal emission, such
as synchrotron radiation, Compton scattering, and nuclear y-ray lines, from high-energy objects.
A “supermirror”’ technology expands its ability by focusing hard X-rays above 10 keV beyond the
conventional softer energy band. NuSTAR is the first hard-X-ray-dedicated satellite to utilize the
supermirror optics[d], and Hitomi, formerly called ASTRO-H, has followed[®]. Whereas this new
probe in the hard X-ray band alone is very powerful, simultaneous coverage on the soft X-ray band
would be ideal, considering the broadband and time-variable nature of non-thermal emission. It
would be especially beneficial in observing the sources in which multiple emission components
exists. Indeed, many NuSTAR and XMM-Newton/Suzaku joint observations have demonstrated
the benefit of the simultaneous broadband coverage[B]. Hitomi realized the broadband coverage,
carrying independent, soft- and hard-X-ray-imaging systems. However, if a single focal plane
detector were sensitive for a broad X-ray band, a combination of a supermirror and such a “su-
perdetector” would be the most effective way of achieving the objective with limited resources,
because suppermirrors focus not only hard X-rays but also soft X-rays.

Here we present an overview of the Focusing On Relativistic universe and Cosmic Evolution
(FORCE) mission, including the design of the satellite and the scientific objectives. FORCE is an
ISAS/JAXA medium-class mission proposed to be launched in the mid 2020s. FORCE provides
a capability of the broadband X-ray imaging spectroscopy in 1-80 keV with an angular resolution
of < 15” in half-power diameter (HPD), and achieves a sensitivity above 10 keV that is 10 times
higher than any previous missions with simultaneous soft X-ray coverage.

2. SCIENTIFIC OBJECTIVES AND REQUIREMENTS

Our primary scientific objective is to trace the cosmic formation history by searching for “miss-
ing black holes” in the entire range of the mass spectrum of black holes. The population of missing
black holes includes “buried” supermassive black holes (SMBHs) (> 10* M), which reside in cen-
ters of galaxies in a cosmological distance, intermediate-mass black holes (10?—10* M_,), which are
possible seeds from which SMBHs grow, and “orphan” stellar-mass black holes (< 10? M.,), which
have no companion, in our Galaxy. In addition to these missing BHs, investigation of the nature of
relativistic particles at various astrophysical shocks is also in our scope. In the following section,
we will briefly review the SMBHs case, which is our primary objective.

2.1 Supermassive Black Hole: Co-evolution with their host galaxies

One of the key questions with the evolution of active galactic nuclei (AGNs) is how many
buried and heavily obscured (Compton-thick) AGNs exist in the universe, as well as the extent of
their contribution to the growth of SMBHs. It still remains unclear whether or not Compton-thick
and Compton-thin AGNs are intrinsically the same population. Theories predict that galaxies may
contain Compton-thick AGNs shortly after major mergers, which are surrounded by a huge amount
of dust produced by the merger-driven starburst activity [B, H]. These Compton-thick AGNs may be
in the rapidly growing phase of the SMBH, and hence are key objects to understand the mechanism
of the galaxy-SMBH co-evolution.
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Most of present X-ray surveys were performed in energy bands below 10 keV, in which the
primary emission component from Compton-thick AGNs is hardly detectable. Although recent
all-sky hard X-ray surveys above ~10 keV have started to find a part of this population in the local
universe, the cosmological evolution of their X-ray luminosity function (XLF) is still virtually
unknown. The sole direct way to unveil the cosmological evolution of Compton-thick AGNs and
their contribution to the hard X-ray background (XRB) is to perform hard X-ray surveys in the
energy band above 10 keV with various depths and widths, as has been done in the past ~50 years
at energies below 10 keV.

Recent imaging surveys by NuSTAR with an arc-minute angular resolution have resolved
~35% of the hard XRB in the 8-24 keV band[B], providing us with new insights on Compton-
thick AGN populations. However, ~35% is hardly sufficient to solve the origin of the hard XRB.
The next logical step is to increase the sensitivity; for example, with a > 10 times higher sensitivity
than those by NuSTAR, ~80% of the hard XRB is estimated to be resolved into individual AGNss.
The sensitivity required is 2-3 x 10713 erg cm~2 s~! in the 1040 keV band. The population syn-
thesis model by Ueda et al. (2014)[] predicts that the fraction of Compton-thick AGNs drastically
increases around this flux limit. With this sensitivity, it would be also feasible to give some signifi-
cant constrains to the XLF of Compton-thick AGNs with Lx > 10*? erg s~ cm™2 by covering the
redshift range corresponding to the number-density peak inferred from the XLF of Compton-thin
AGN:E.

2.2 Scientific requirements
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Figure 1: Sensitivity curves for deep surveys as a function of exposure time with different angular res-
olutions. Black, red, and green lines indicate the cases of HPDs of 10”,15”, and 20", respectively, while
the blue line shows the Hitomi case. The cyan dashed line indicates the sensitivity required from the AGN
survey (see text)

In order to achieve the aforementioned scientific objectives, X-ray observations with simul-
taneous broadband coverage and with, crucially, a high sensitivity in the hard X-ray band are re-
quired. The sensitivity to point sources is generally limited by exposure time, background, and
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source confusion. Figure [ shows sensitivity curves for deep surveys as a function of exposure
time for four different angular-resolution cases, including the Hitomi case, where the background
level and effective area are assumed to be comparable to those of Hitomi hard X-ray telescope
and detector combination, and the standard XRB model[] is used. Although the sensitivity of an
observation improves with a longer exposure time in general, there is a limit for the improvement
due to source confusion limit. Thus, a higher angular resolution yields a better limiting sensitivity.
In particular, the angular resolution of < 15” in HPD is required to achieve a limiting sensitively
of 2-3 x101% erg cm™2 s~!, which is the requirement from the AGN survey described in the
previous section.

3. MISSION DESIGN AND SCIENCE INSTRUMENTS

Figure 2: Schematic view of the FORCE satellite.

FORCE has a weight of about 1 metric ton, and is planned to be launched with the Epsilon
vehicle, which is an ISAS/JAXA solid-fuel rocket. The satellite will be put into a circular orbit
with an altitude of 500600 km and inclination angle of 31 degrees or smaller which is similar
to those of the past Japanese X-ray satellites. Figure @ shows a schematic view of the satellite.
FORCE carries three co-aligned identical pairs of a supermirror with a high angular resolution and
a focal-plane detector with a broadband response. The supermirror and the detector are separated
by a focal length of 10 m; the long focal length is necessary to ensure a sufficient effective area
for hard X-ray focusing. An extendable optical bench (EOB) is an engineering requirement for it,
which can be stowed to fit inside the payload fairing during the launch and be deployed on-orbit. In
the current design, the 10 m length is achieved by a combination of 2 m fixed optical bench (FOB)
and 8 m EOB, and the mirror module is placed at the end of the EOB.

Table M summarizes key instrument parameters at the time of writing. High angular resolution
of < 15” in the broadband of 1-80 keV characterizes this mission. These parameters are defined
by the design concepts of the mirrors and detectors, which are described in the following sections.
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Table 1: Instrument parameters

Angular resolution (HPD) <15”

Multi-layer Coating Pt/C

Field of view (50% response) at 30 keV | ~7'x7’

Effective Area at 30 keV 370 cm?

Energy range 1-80 keV

Energy resolution (FWHM) at 6 keV <300 eV

Background comparable to those of Hitomi HXI
Timing resolution several x 10 us

Working temperature —20£1°C

3.1 X-ray supermirror based on light-weight, high-resolution silicon mirror

The mirror substrates of our X-ray supermirrors are made based on the single-crystal silicon
mirror technology, which has a high potential for making light-weight and high-angular resolu-
tion X-ray optics[B]. In general, a higher angular resolution is accompanied with a larger mass
and higher production cost, which may well be one of the biggest barriers in any satellite-based
missions with optics. The silicon mirror can provide us with a good compromise for this issue. Al-
though a number of technical issues still remain to be verified experimentally before a set of flight-
ready telescopes is manufactured, the silicon mirror with multi-layer coating is most promising and
is our primary choice to achieve light-weight, affordable, and high-angular resolution optics.
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Figure 3: Total effective area of the three FORCE mirror modules in comparison with that of the Hitomi
hard X-ray telescopes.

Figure B presents the total effective area of the three FORCE mirror modules based on the
design in comparison with that of the Hitomi hard X-ray telescope (HXT). A throughput of 0.8,
a reduction factor of the effective area from the design value, is assumed in this calculation. The
total effective areas of FORCE and Hitomi HXT are more or less comparable above 10 keV; three
mirror modules in FORCE against two in the Hitomi HXT compensate the 2 m shorter focal length
of FORCE. FORCE has a larger effective area in the soft X-ray band due to its larger geometrical
area.
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3.2 Wideband hybrid X-ray imager
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Figure 4: (Left) A schematic drawing of wideband hybrid X-ray imager (WHXI). (Right) Quantum effi-
ciency of WHXI (blue). Contributions of SOIPIX (red) and CdTe (green) are also shown.

The focal-plane detector of FORCE, wideband hybrid X-ray imager (WHXI), has the same
design concept as the hard X-ray imager (HXI) onboard Hitomi, comprising a Si and CdTe hybrid
detector with an active shield. Figure B left shows a schematic view of the WHXI focal plane part.
The major difference between the HXI and WHXI is that whereas the HXI consists of four layers
of double-sided Si strip detectors (DSSDs) and a single layer of CdTe double-sided strip (DSD)
detector[B], the WHXI replaces the former with a single SOI-CMOS pixel detector (SOIPIX)[I,
[T]. A low readout noise achievable by a SOIPIX is expected to lower the low-energy threshold
down to 1 keV and to provide a broadband energy response required for the focal-plane detector
of FORCE. We should note that the CCD, which is the most standard and well-established soft-
X-ray detector for imaging spectroscopy at the time of writing, is unsuitable in our case, where it
must be physically placed next to the CdTe DSD (Fig. B), because the operating temperature of
the CCD, typically < —60°C, is too compared with that of the CdTe of ~ —20 °C. The SOIPIX
has a good time resolution, and importantly, has a self-trigger function, which renders an anti-
coincidence technique, employable to achieve a low background. The mirror vignetting function
has an energy dependence and provides a larger field of view in the lower energy band. Thus,
the SOIPIX is designed to cover a larger area than CdTe DSD (Fig. B). Figure B right shows the
quantum efficiency (QE) of the WHXI. The QE at the lower energy side is currently limited by a
dead layer of 1 um thickness at the surface of the SOIPIX. The active shield of the WHXI will be
made with the same design concept as the one for the Hitomi HXI, which was proved to show a
very low background in orbit[H]. An upgrade to make it more simpler and easier to assemble may
be considered.

4. SUMMARY

We have presented the design concept of future Japan-led X-ray mission, FORCE. The mission
is characterized by broadband (1-80 keV) X-ray imaging spectroscopy with a high angular resolu-
tion (< 15” in HPD), providing about 10 times higher sensitivity than the previous missions above
10 keV. FORCE will trace the cosmic formation history by searching the missing black holes in a
wide mass range, and help us investigate the nature of relativistic particles at various astrophysical
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shocks. We are proposing FORCE to be launched to the orbit in the mid 2020s. FORCE will also
be a hard X-ray counterpart of large soft-X-ray missions, such as ATHENA and Lynx, which are

planned to be operated in the early 2030s.
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DISCUSSION

YURI EVANGELISTA: What is the status and the performance of the CMOS detector? How
thick is the depletion layer?
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KOJI MORI: Our CMOS detector is already properly working in the event-driven mode. We are
currently working on an improvement of the energy resolution in this mode. That in the frame-
readout mode meets the mission requirement. The thickness of the depletion layer reaches up to
500 pum.



