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OXFORD

JASMINE: Near-infrared astrometry and time-series
photometry science
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Abstract

The Japan Astrometry Satellite Mission for INfrared Exploration (JASMINE) is a planned M-class science space mission by the Institute of Space
and Astronautical Science, the Japan Aerospace Exploration Agency. JASMINE has two main science goals. One is Galactic archaeology with a
Galactic Center survey, which aims to reveal the Milky Way's central core structure and formation history from Gaia-level (~25 pas) astrometry
in the nearinfrared (NIR) H,, band (1.0-1.6 um). The other is an exoplanet survey, which aims to discover transiting Earth-like exoplanets in the
habitable zone from NIR time-series photometry of M dwarfs when the Galactic Center is not accessible. We introduce the mission, review
many science objectives, and present the instrument concept. JASMINE will be the first dedicated NIR astrometry space mission and provide
precise astrometric information on the stars in the Galactic Center, taking advantage of the significantly lower extinction in the NIR. The precise
astrometry is obtained by taking many short-exposure images. Hence, the JASMINE Galactic Center survey data will be valuable for studies
of exoplanet transits, asteroseismology, variable stars, and microlensing studies, including discovery of (intermediate-mass) black holes. We
highlight a swath of such potential science, and also describe synergies with other missions.

Keywords: astrometry — Galaxy: Center — infrared: planetary systems — space vehicles: instruments — techniques: photometric

1 Introduction life itself. The near-infrared (NIR) astrometry space mission,
the Japan Astrometry Satellite Mission for INfrared Explo-
ration (JASMINE)! (figure 1; Gouda 2011), has been selected
for an M-class space mission by the Institute of Space and

Since the discovery that the Galaxy is one among hundreds
of billions in a vast cosmic web—a gravitational framework
set in place at the very first moments of the universe—it has
been understood that it is an ancient record, carrying within . o .

it th d di . f the ohvsi fth . d ! The JASMINE mission detailed in this paper was originally known as
1t the products and imprints of the p ySIES O the universe an Small-JASMINE in previous documentation, but is now simply referred to
the processes that eventually resulted in our Sun, Earth, and as JASMINE (http://jasmine.nao.ac.jp/index-en.html).
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Fig. 1. Artist's impression of JASMINE.

Astronautical Science (ISAS), the Japan Aerospace Explo-
ration Agency (JAXA), with a planned launch in 2028. JAS-
MINE has two main science goals. One is to decipher the
ancient stellar fossil record: to reveal the Milky Way’s cen-
tral core structure and its formation history from Gaia-level
(~25 pas) astrometry in the NIR Hy, band [1.0-1.6 um, H,, ~
0.9] + 0.1H — 0.06(] — H)?]. This is referred to as the Galac-
tic Center survey (GCS), spanning 2.52 deg?. The other goal
is an exoplanet survey (EPS) to discover Earth-like habitable
exoplanets from the NIR time-series photometry of M dwarf
transits, obtained when the Galactic Center is not accessible
to JASMINE. JASMINE will be the first dedicated NIR as-
trometry space mission and will provide precise astrometric
information on the stars in the Galactic Center, taking advan-
tage of the significantly lower extinction in the NIR band than
in the visual band. The precise astrometry is obtained by tak-
ing many short-exposure (~12.5 s) images. Hence, JASMINE
can also provide time-series NIR photometry data in addition
to precise astrometry. The aim of this paper is to describe the
novel science opened up by the unique new capabilities of the
JASMINE mission.

1.1 Gaia revolution and next step: NIR astrometry

The European Space Agency’s Gaia mission (launched in
2013, Gaia Collaboration 2016) made its second data release
(DR2, Gaia Collaboration 2018a) in 2018 April, followed by
a third data release (EDR3 in 2020 and DR3 in 2022, Gaia
Collaboration 2021, 2023), which provided measurements of
the positions, motions, and photometric properties for more
than one billion stars with unprecedented precision. Gaia DR2
and DR3, in combination with ground-based spectroscopic
surveys, such as the RAdial Velocity Experiment (RAVE,
Steinmetz et al. 2006), the Sloan Digital Sky Survey (SDSS),
the Sloan Extension for Galactic Understanding and Explo-
ration (SEGUE, Yanny et al. 2009), the Apache Point Obser-

vatory Galactic Evolution Experiment (APOGEE, Majewski
et al. 2017), the Large Sky Area Multi-Object Fiber Spectro-
scopic Telescope (LAMOST, Zhao et al. 2012), the Gaia-ESO
survey (Gilmore et al. 2012), and the Galactic Archaeology
with HERMES survey (GALAH, Martell et al. 2017), have
revolutionized our view of the Galactic disk and halo, includ-
ing their various stellar streams and the impact of satellite
galaxies, and the interplay between the disks and stellar and
dark halos.

For the Galactic disk, Gaia enabled us to analyze the 6D
phase-space distribution (position, proper motion, radial ve-
locity, parallax) of large samples of stars within a few kpc
of the Sun for the first time, and revealed that the Galac-
tic disk is heavily perturbed (Gaia Collaboration 2018b; An-
toja et al. 2018; Kawata et al. 2018; Bland-Hawthorn et al.
2019b). These fine kinematic structures have provided insight
into the origin of the spiral structure, possibly transient (e.g.,
Baba et al. 2018; Hunt et al. 2018, 2019), and the pattern
speed of the bar, including the possibility of it slowing down
(e.g., Monari et al. 2019b; Chiba & Schonrich 2021). In ad-
dition, the discovery of phase-space features correlating in
and out of plane motion of the disk stars (e.g., Antoja et al.
2018; Hunt et al. 2022) opened up a heated discussion of the
origin of these features, which have been attributed to vari-
ous causes including: phase mixing after a tidal perturbation
by a dwarf galaxy passing through the Galactic plane (e.g.,
Binney & Schonrich 2018; Laporte et al. 2019), bar buck-
ling (Khoperskov et al. 2019), and/or a persistent dark matter
wake (Grand et al. 2023).

Regarding the stellar Galactic halo, Gaia and ground-based
spectroscopic data have revealed that a significant fraction of
halo stars are moving on very radial orbits. This has been
interpreted as a remnant of a relatively large galaxy, the so-
called Gaia-Sausage-Enceladus, falling into the Milky Way
about 10 Gyr ago (Belokurov et al. 2018; Helmi et al. 2018;
Di Matteo et al. 2019; Gallart et al. 2019). This merger is
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considered to have disrupted the proto-Galactic disk and cre-
ated the inner metal-rich halo stars, which are suggested to
be of the same population as the thick disk (Di Matteo et al.
2019; Gallart et al. 2019; Belokurov et al. 2020).

Future Gaia data releases will undoubtedly yield further
discoveries pertaining to the Galactic disk and halo struc-
tures and provide an even deeper insight into the formation
and evolution history of the Milky Way. However, due to the
high dust extinction in the optical band where Gaia operates
(~0.6 um), Gaia cannot provide reliable astrometry for stars
near the Galactic nucleus. This is an unfortunate hindrance, as
this is where the history of the first structure and the forma-
tion of the super-massive black hole (SMBH) of the Galaxy
should be imprinted. The JASMINE GCS targets the Galac-
tic Center field (spanning a projected Galactocentric radius of
Rge <100 pe). JASMINE is designed to achieve Gaia-level as-
trometric accuracy toward the Galactic Center in the NIR H,,
band. The JASMINE GCS will provide precise astrometric in-
formation on the stars in the Galactic Center. In this survey, for
objects brighter than Hy, = 12.5 mag, JASMINE will achieve
a parallax accuracy of o, ~ 25 pas and a proper motion ac-
curacy of o, ~ 25 pas yr—'. JASMINE plans to downlink the
data for all stars brighter than H,, = 14.5 mag. For stars as
bright as Hy, = 14.5 mag, JASMINE will achieve an accuracy
of o, = 125 pas yr~!. Section 2 describes the scientific details
of the JASMINE GCS.

1.2 Habitable zone exoplanet search

A major ambition of modern astronomy is to identify the
biosignatures of terrestrial exoplanets located in habitable
zones (HZ). Directly imaged planets and transiting planets
are the two primary targets for the astrobiological explo-
ration of exoplanets. The space-based direct imaging mis-
sions, HabEx (Gaudi et al. 2020) and LUVOIR (The LUVOIR
Team 2019) and its successor LUVeX (National Academies
of Sciences, Engineering, & Medicine 2021), are capable
of searching for metabolic gas biosignatures in the atmo-
spheres of planets orbiting solar-type stars. The James Webb
Space Telescope (JWST) and subsequent planned missions
with larger telescopes, such as LUVeX, will characterize ter-
restrial planet atmospheres using stable low-dispersion spec-
troscopy of transiting exoplanets (e.g., Lustig-Yaeger et al.
2019). Extremely large ground-based telescopes, such as the
Thirty Meter Telescope (TMT), the Giant Magellan Tele-
scope (GMT), and the European Extremely Large Telescope
(E-ELT), will search for biosignatures using transmission spec-
troscopy (e.g., Snellen et al. 2013; Rodler & Lopez-Morales
2014) and direct imaging spectroscopy (e.g., Kawahara et al.
2012; Crossfield 2013) of terrestrial planets around late-
type stars. There are also plans to use the UV spectrograph
on the World Space Observatory-Ultraviolet (WSO-UV) and
Life-environmentology, Astronomy, and PlanetarY Ultravio-
let Telescope Assembly (LAPYUTA) to search for the atomic
oxygen (O1) line (130 nm), a potential biosignature, in the
upper atmosphere of terrestrial transiting exoplanets orbiting
late-type stars (e.g., Tavrov et al. 2018).

The future exploration of terrestrial planet atmospheres re-
lies crucially on identifying suitable targets prior to charac-
terization. Among transiting planets, those in the HZ around
late-type stars are best suited for two reasons. First, the
HZ planets around low-luminosity, late-type stars have much
shorter orbital periods than the Earth. This makes it more

plausible to find them via the transit method in the first place,
and it also allows multiple monitorings of their transits. Sec-
ondly, the small radius of late-type stars deepens the transit
signal compared to Sun-like stars. Various efforts have been
made to detect terrestrial planets transiting late-type dwarfs,
from both the ground and space. Several planets in the HZ of
an ultra-cool dwarf, TRAPPIST-1, are good examples of tran-
siting terrestrial planets that are ideal for further atmospheric
characterization (Gillon et al. 2017). NASA’s Spitzer telescope
determined that the Earth-like planets of the TRAPPIST-1
system lie in the HZ. Unfortunately, the Spitzer mission ter-
minated in 2020 January, removing a key instrument from
the exoplanet community’s toolbox. The Transiting Exoplanet
Survey Satellite (TESS, Ricker et al. 2014) is an all-sky sur-
vey that discovered a similar planet around an early M dwarf,
TOI-700d and e (Gilbert et al. 2020, 2023). With its 10.5 cm
diameter camera apertures, TESS is mainly suited for target-
ing bright early-to-mid M dwarfs. In contrast, ground-based
surveys, such as MEarth (Irwin et al. 2009), TRAPPIST, and
SPECULOOS (Delrez et al. 2018), take advantage of their
larger telescope aperture to find terrestrial planets around
ultra-cool dwarfs with even later spectral types.

In summer and winter,” the NIR and high-cadence time-
series photometry capability of JASMINE will be used to con-
duct an exoplanet transit survey, which aims to fill a gap in
TESS and ground-based surveys. The NIR photometry ca-
pability of JASMINE is similar to that of Spitzer and offers
long-term (a few weeks) follow-up transit observations of exo-
planet systems discovered by TESS and ground-based surveys.
This allows for the detection of outer orbiting planets that
could be in the HZ. The scientific goals and strategies of the
exoplanet transit survey are described in section 3, including
other potential ways of finding exoplanets using microlensing
and astrometry in the GCS field.

1.3 The JASMINE mission

To achieve these main science objectives of the Galactic Cen-
ter archaeology survey and the exoplanet survey, JASMINE
will have a scientific payload with a 36 cm aperture telescope
with a single focal plane. JASMINE will provide photomet-
ric observations within a 1.0-1.6 um passband over a field of
view (FoV) of 0955 x 0255. JASMINE will orbit the Earth in a
temperature-stable Sun-synchronous orbit. Figure 1 shows an
artist’s impression of the spacecraft. The telescope structure
is made of Super-Super Invar alloy (Ona et al. 2020). A large
Sun shield and telescope hood are installed to maintain ther-
mal stability. The satellite is expected to be launched aboard
a JAXA Epsilon S Launch Vehicle from the Uchinoura Space
Center in Japan in 2028. More detailed instrumental specifi-
cations and survey strategies of the mission are provided in
section 4.

The unique NIR astrometric and time-series photomet-
ric capabilities of JASMINE are applicable to other science
targets and the unique data from the JASMINE GCS will
be valuable for a wide range of scientific topics. In sec-
tion 5, we summarize some examples of science cases to
utilize the data from JASMINE. Section 6 summarizes the
potential synergies with other relevant projects operating

2 JASMINE can observe the Galactic Center field only in spring and fall,
because the Sun is aligned in the same direction as the Galactic Center in
Northern Hemisphere winter. In Northern Hemisphere summer, it is pro-
hibitively difficult for the satellite to meet the required thermal conditions
for precision astrometry.
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when JASMINE launches. Finally, section 7 provides a brief
summary of the paper.

2 Galactic Center survey (GCS): Galactic
Center archaeology

At the heart of the Galaxy, the Galactic Center, lies an
SMBH with a mass of (4.297 £ 0.013) x 10° M, (GRAVITY
Collaboration 2021), the origin of which remains an area of
intense study in modern astrophysics. What is known is that
the masses, Mpy, of SMBHs correlate with the stellar mass,
concentration, and velocity dispersion, o,, of their host bulge
(Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt
et al. 2000; Graham et al. 2001), and there is an emerging de-
pendence on the host galaxy morphology (Graham & Sahu
2023a, 2023b). The initial relationships were unexpected be-
cause the gravitational sphere of influence of the SMBH has a
radius of the order of ~1 pc, thousands of times smaller than
the scale of the Galactic bulge (for reviews, see Kormendy &
Ho 2013; Graham 2016a and references therein).

From the turn of the millennium when the initial correla-
tions were discovered, it has arguably been the singular uni-
fying focus of research on SMBHs and galaxies. It is slowly
coming to be understood as resulting from an interplay be-
tween periods of baryonic mass accretion on to the SMBH
and neighboring stellar populations, and the “feedback” from
the resultant active galactic nucleus (AGN) activity (King &
Pounds 2015), a process that may have started at the earliest
epochs (e.g., Shen et al. 2015). Indeed, the existence of SMBHs
at redshifts exceeding 7.5 (Bafiados et al. 2018), when the uni-
verse was barely 500 million years old, implies that much cos-
mic history may be imprinted upon the environment of the
Galactic Center, motivating Galactic archaeology (Freeman
& Bland-Hawthorn 2002) at the Galactic Center. While it is
now apparent that major “dry” mergers have established the
bulge-black hole (BH) scaling relations in elliptical galaxies
(Graham & Sahu 2023a; Graham 2023a), with AGN feed-
back relegated to a maintenance role (Benson et al. 2003),
the new morphology-aware scaling relations have recently re-
vealed how accretion and minor mergers have likely built spi-
ral galaxies from lenticular galaxies (Graham 2023b). Indeed,
it is not just the Milky Way that shows evidence of disrupted
satellites (e.g., Javanmardi et al. 2016; Mao et al. 2021). More-
over, some of these satellites may be delivering massive BHs
into the spiral galaxies, possibly evidenced by the X-ray point
source in the disrupted Nikhuli system captured by NGC 4424
(Graham et al. 2021a).

Galactic Center archaeology has been a distinctly multi-
wavelength field. The highest-energy observations have ap-
propriately revealed the most conspicuous evidence of past
AGN activity from the SMBH of the Milky Way, Sagittar-
iusA” (SgrA”), in the form of the Fermi bubble. The Fermi
bubble is seen in y-rays, which extend to ~10 kpc and are
considered to be due to AGN activity several Myr ago (Guo
& Mathews 2012; Fox et al. 2015), although the origin of
the bubble is still in debate and a star formation driven bub-
ble (e.g., Crocker & Aharonian 2011; Sarkar et al. 2015;
Nogueras-Lara et al. 2019) is also a possible origin. The X-
rays likewise implicate past AGN activity, such as the pres-
ence of Fe Ka (hv = 6.4 keV) fluorescence at the interfaces
of cold molecular regions in the vicinity of Sgr A” (e.g., Ponti
et al. 2010, 2013, Clavel et al. 2013), or the presence of a

hot-gas cavitation, symmetric about Sgr A”, extending out to
several kpc (Nicastro et al. 2016; Predehl et al. 2020). These
“light echos” are also seen at lower energies (Sofue & Handa
1984; Tsuboi et al. 1985; Bland-Hawthorn & Cohen 2003),
with He emission seen in the Magellanic Stream requiring an
illumination by UV ionizing photons generally only possible
from AGNs (Bland-Hawthorn et al. 2013, 2019a).

From visual to NIR wavelengths, Galactic Center archae-
ology studies have been focused predominantly on the his-
tory and makeup of the Galaxy’s stellar populations. Sev-
eral key parameters, such as the stellar chemical abundances,
e.g., [Fe/H] and [a/Fe]], surface gravities, effective temper-
atures, and kinematics, are of interest to these studies. Al-
though there are many optical photometric and spectroscopic
surveys of stars in the central region of the Galaxy, because
of the extremely high extinction at optical wavelengths, the
optical surveys tend to avoid the Galactic Center and focus
instead on the global properties of the bulge/bar. To study the
Galactic Center, NIR observations are crucial. For example,
photometric data from the IRSF/Simultaneous InfraRed Im-
ager for Unbiased Surveys (SIRIUS, Nagayama et al. 2003;
Nishiyama et al. 2006), the Two Micron All Sky Survey
(2MASS, Skrutskie et al. 2006), VISTA Variables in the Via
Lactea (VVV, Minniti et al. 2010), and GALACTICNUCLEUS
(Nogueras-Lara et al. 2018) revealed the detailed stellar struc-
ture of the Galactic Center, including the nuclear star cluster
(NSC, subsection 2.1) and nuclear stellar disk (NSD: subsec-
tion 2.3). Meanwhile, the APOGEE spectroscopic survey, with
its NIR (1.51-1.70 pm) high spectral resolution (R ~ 22500),
has been critical for understanding the chemical makeup of
stellar populations in the Galaxy, as well as providing line-
of-sight velocities. Results from APOGEE include kinemat-
ical and structural differentiation between metal-poor and
metal-rich stars in the inner Galaxy (Zasowski et al. 2016;
Garcia Pérez et al. 2018; Wylie et al. 2021), detailed chemical
abundances (Zasowski et al. 2019), signatures of the central
bar (Nidever et al. 2012; Queiroz et al. 2021), and measur-
ing the rotation of both the bulge (Ness et al. 2016a) and the
NSD (Schonrich et al. 2015), which may extend to kpc scales
in size (Debattista et al. 2015, 2018). Recently, using the K-
band Multi-Object Spectrograph (KMOS) on the Very Large
Telescope (VLT), Fritz et al. (2021) surveyed the stars in the
NSD, and analyzed their line-of-sight velocities and metallic-
ities. Schultheis et al. (2021) found that the NSD is kinemat-
ically cold, and that more metal-rich stars are kinematically
colder. The presence of the NSD in other galaxies has been
used to infer the longevity of galaxy bars and their role in
transporting gas to the innermost regions (Gadotti et al. 20135,
2019; see also subsection 2.4).

However, while there has been an explosion of archaeo-
logical studies of the Galactic Center as a result of these and
other new facilities and methods to exploit line-of-sight veloc-
ities and chemical abundances to access relic stellar signatures
that tell the history of the Galaxy formation, high-precision
proper motions and parallaxes—critical to providing the re-
maining three dimensions of phase space needed for map-
ping the gravitational potential of the Galactic Center—have
thus far been unavailable. This is because the Galactic Center
can exhibit upwards of 30-60 mag extinction at visual wave-
lengths (e.g., Fritz et al. 2011), precluding the use of Gaia data.
JASMINE will close this gap by mapping the positions, mo-
tions, and parallaxes of stars in the NIR H,, band, where the
extinction is much lower, i.e., of the order of Ay, ~ 56 mag
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Fig. 2. Planned survey area of the JASMINE GCS program (highlighted with a yellow open square) overlaid on an the image of the SIRIUS survey (Nishiyama

et al. 2006).

(e.g., Fritz et al. 2011; Gonzalez et al. 2013; Nogueras-Lara
et al. 2021).

The GCS of JASMINE will provide the parallax and proper
motion of stars in a Galactic Center field defined by a rectan-
gular region of —1°4 <[ < 0?7 and —026 < b < 026. Note that
027 corresponds to about 100 pc at the distance of the Galactic
Center. This survey region is still subject to change, and may
become —0°7 <] < 194 and —026 < b < 026, i.e., shifting to-
ward the positive longitude without changing the size of the
survey area, depending on the scientific values and operation
and/or data analysis requirements. In this paper, unless oth-
erwise stated, we consider the region of —124 < [ < 027 and
—026 < b < 026 as highlighted in figure 2. Within this main
survey area, JASMINE is expected to produce accurate posi-
tions and proper motions for about 120000 stars up to Hy, <
14.5 mag, including about 68000 Galactic Center stars.?

The proper motion accuracy achieved by JASMINE for
bright stars with Hy, < 12.5 mag is expected to be about
25 wpas yr~!', and the proper motion accuracy for the
faintest stars with H,, = 14.5 mag is expected to be
about 125 pas yr—!. These accuracies respectively corre-
spond to transverse velocity accuracies of ~0.98 km s~! and
~4.9 km s~! at the distance of the Galactic Center. Recently,
careful analysis of long-timespan, NIR, ground-based imaging
data has yielded sub-mas yr~! proper motion accuracy. For
example, the VVV InfraRed Astrometry Catalogue (VIRAC,
Smith et al. 2018) reaches a mode in the proper motion un-
certainty distribution of 0.3 mas yr~! in version 2 of VIRAC
(Sormani et al. 2022). However, the systematic uncertainties
of the ground-based data are difficult to quantify due to atmo-
spheric effects, the distortion of telescope optics, and detector
deformation, which are not well controlled. JASMINE will
provide independent and improved measurements of proper
motion from space, as well as a critical NIR reference frame
for the Galactic Center region, which will be a valuable as-
set in improving the proper motion accuracy for these legacy
ground-based data. In addition, for bright stars with Hy, <
12.5 mag JASMINE will provide precise parallax measure-
ments with an accuracy of ~25 pas. This corresponds to

3 We estimate the number of stars in the Galactic Center by considering
that all the stars with | — H > 2 mag are in the Galactic Center, although
a redder cut is likely required at lower galactic latitudes. These numbers are

obtained from the combined data of the 2MASS point source catalog and
the SIRIUS catalog.

~20% accuracy of the parallax distance for the stars in the
Galactic Center, which enables us to identify the Galactic
Center stars less ambiguously. These unique distance confir-
mations using trigonometric parallaxes will provide a criti-
cal verification of the color selection methods that are cur-
rently most predominantly used to create samples of Galactic
Center stars.

This section summarizes the science objectives of the GCS.
The section is organized by increasing physical scale, from
parsec-scale dynamics of the nuclear star cluster in subsec-
tion 2.1 to kiloparsec-scale dynamics of the Galactic bar,
bulge, and inner disk in subsection 2.6. Note that at a Galac-
tic Center distance of 8.275 kpc (GRAVITY Collaboration

2021), the angular scale is 0.04 pc arcsec™!.

2.1 Kinematics and history of the nuclear star
cluster

On scales of only a few parsecs, the stellar structure closest
to and therefore most affected by SgrA” is the nuclear star
cluster (NSC), which has a stellar mass of about ~107 Mg
(Launhardt et al. 2002; Feldmeier et al. 2014; Chatzopoulos
et al. 2015; Feldmeier-Krause et al. 2017). The first separa-
tion of the NSC from the other components of the Galaxy
(NSD/bulge/bar/disk) yielded an NSC light profile that ap-
peared well matched by a Sérsic model with an index of ~3
and an effective half-light radius of 3.2 pc (Graham & Spitler
2009). A recent estimate reports an index of 2.2 &+ 0.7 and R,
= 5.1 £ 1.0 pc (Gallego-Cano et al. 2020). However, perhaps
the core-Sérsic model (Graham et al. 2003), fitted separately
to the NSC’s different stellar populations, may prove more apt
at quantifying it and, in turn, yielding insight into its origins
and evolution. This could be relevant in the case of binary
collisions preferentially removing red giant stars (Davies et al.
1991).

When present, NSCs scale with the mass of their host
bulge, possibly in a manner dependent on the host galaxy
morphology (Balcells et al. 2003; Graham & Guzmaén
2003). Furthermore, a positive correlation between NSC
mass and the central BH mass has also been observed
(Graham 2016b, 2020). NSCs in late-type galaxies show
extended periods of star formation (for a review, see Neu-
mayer et al. 2020), resulting in a younger stellar population
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(Walcher et al. 2006). The NSC of the Milky Way also shows
extended star formation (Neumayer et al. 2020). Most stars
formed more than 5 Gyr ago, followed by a low level of
star formation, until the burst of star formation in the last
100 Myr (e.g., Blum et al. 2003; Pfuhl et al. 2011; Nogueras-
Lara et al. 2019). Wolf-Rayet and O- and B-type stars (with
ages of a few Myr) are found in the central 0.5 pc of NSCs
(Paumard et al. 2006; Bartko et al. 2009; Neumayer et al.
2020), which indicates the in situ formation of the NSC of the
Milky Way, at least for the youngest population (Aharon &
Perets 2015).

On the other hand, using NIR drift-scan spectroscopic ob-
servations, Feldmeier et al. (2014) found a kinematic misalign-
ment between the NSC with respect to the Galactic plane
and a rotating substructure that suggests past accretion of
at least one other star cluster. Dynamical friction may lead
to the capture and central deposition of globular clusters
(Tremaine et al. 1975). This scenario has some theoretical
support, as N-body simulations have shown that an NSC
like the one in the Milky Way can be produced by the in-
fall of a few globular clusters that are shredded by the SMBH
(Antonini et al. 2012; Perets & Mastrobuono-Battisti 2014).
Interestingly, high-resolution spectroscopy of the NSC (Rich
et al. 2017) finds a wide abundance range spanning [M/H] =
—1.25 to supersolar metallicities, [M/H] > 0.3. This is con-
firmed in larger low-resolution surveys, e.g., using the inte-
gral field spectrograph KMOS on VLT by Feldmeier-Krause
et al. (2020). They further find that the subsolar population
with [M/H] < 0 shows an asymmetric spatial distribution,
which might be the signature of a recent globular cluster
merger.

Hence, the nature and origin of the NSC of the Milky Way
are still in debate, and could link to the in situ star formation
at the Galactic Center and/or mergers of globular clusters or
ancient mergers with other galaxies. These are distinct dynam-
ical processes, where spectroscopic and numerical studies have
made great headway so far. What is missing is the other two
dimensions of kinematical information in the proper motion
that an astrometric mission, such as JASMINE, can provide.
We expect JASMINE to observe about 100 NSC stars with Hy,
< 14.5 mag. Although this is a small number of stars, the novel
~100 pas yr~! level of proper motion for the NSC stars, com-
bined with high-precision radial velocities, will likely yield ac-
celerations and orbits. JASMINE astrometry data will also be
complementary to astrometry of the fainter infrared sources
(e.g., Schodel et al. 2009) and the millimeter—submillimeter
sources in the inner region of the NSC, i.e., close to Sgr A”. Re-
cently, Tsuboi et al. (2022) demonstrated that the proper mo-
tions of millimeter—submillimeter bright young stars within
0.5 pc of Sgr A" can be obtained with the Atacama Large Mil-
limeter/submillimeter Array (ALMA), measuring the relative
astrometry with respect to SgrA”. Combined with this in-
formation, JASMINE will enhance our understanding of the
nature and origin of the NSC.

2.2 SMBH formation history

As alluded to at the beginning of this section, remnants of
the earliest epochs can be imprinted on the centers of galax-
ies, and indeed the formation of the SMBHs themselves may
leave a mark on their environment. The presence of 10° M,
SMBHs that powered quasars when the universe was only a
few hundred Myr old (e.g., Bafiados et al. 2018; Yang et al.

2020; Wang et al. 2021) is a major conundrum for the mech-
anism of formation of SMBHs (e.g., Rees 1984; Volonteri
2010; Woods et al. 2019). This is especially challenging for
the “light” seed scenario, where stellar-mass BHs (<100 M)
formed from massive first-generation stars (Pop III stars) in
mini-halos. Even if accreting at the maximum stable rate set
by the balance of gravity and radiation pressure (the Edding-
ton limit), these light BHs did not have sufficient time to grow
into the monster SMBHs powering the earliest quasars. On
the other hand, super-Eddington accretion from disk-fed BHs
rather than an idealized spherical model may circumvent this
concern (Alexander & Natarajan 2014).

Nonetheless, this had made an alternative “heavy” seed sce-
nario more attractive (e.g., Woods et al. 2019). If a metal-
free halo is massive enough to host atomic cooling, i.e., Ty;
~ 10* K, and is exposed to strong Lyman—Werner radiation,
H, cooling is completely suppressed, and the high tempera-
ture prevents fragmentation (Omukai 2001). This leads to the
formation of a super-massive star, also known as a quasi-star
(e.g., Bromm & Loeb 2003; Inayoshi et al. 2014), which di-
rectly collapses into a BH with a mass of ~10*-10° M, (e.g.,
Ferrara et al. 2014; Umeda et al. 2016; Woods et al. 2020).
These massive BH seeds also form in relatively massive halos
with high-density gas, which enables further gas accretion on
to the BH. Hence, the heavy seeds can grow rapidly enough
to explain the massive SMBHs found at z ~ 7.

Although the heavy seed scenario is attractive for explain-
ing SMBHs at high redshift, they are considered to be rare,
with a comoving number density of about 1076-10~* Mpc—3
(e.g., Habouzit et al. 2016). This is a smaller number density
than that for the Milky Way-sized galaxies. It is an interesting
question whether or not the SMBH of the Milky Way formed
from a single massive direct collapse to a BH, mainly via ac-
cretion. Alternatively, the SMBH of the Milky Way could be
formed from more abundant Pop III origin BHs, via accretion
and mergers, i.e., the light seed scenario. The light seeds from
Pop III stars can be as massive as 1000 Mg, (Hirano et al.
2014), and using cosmological numerical simulations Taylor
and Kobayashi (2014) demonstrated that such light seeds can
reproduce the observed BH mass-stellar velocity dispersion
relation. In this scenario, BHs are expected to be found ubiq-
uitously in galaxies of all masses, with intermediate-mass BHs
(IMBHs, Chilingarian et al. 2018; Greene et al. 2020) of Mpy
< 10°-10° M, perhaps common in low-mass galaxies (e.g.,
Graham et al. 2021b).

Building off the promise of earlier discoveries of AGNs in
local dwarf galaxies (e.g., Filippenko & Ho 2003), this pre-
dictive framework has fueled an intense search for IMBHs in
dwarf galaxies, with some promising results (e.g., Greene &
Ho 2004; Farrell et al. 2009; Satyapal et al. 2009; Secrest et al.
2012,2015; Reines et al. 2013; Graham & Scott 2015; Baldas-
sare et al. 2015, 2020; Graham et al. 2016; Jiang et al. 2018;
Davis & Graham 2021), including a dynamically estimated
BH mass of NGC 205 having Mpy = 6.8f2:57‘6 x 10° Mg (3 o,
Nguyen et al. 2019). The mergers of BHs with ~10*-10” M,
at the Galactic Center are a prime gravitational wave target of
ESA’s Laser Interferometer Space Array (LISA, Amaro-Seoane
et al. 2017). These multi-messenger astronomy sources will
provide strong constraints on the population and merger rates
of IMBHs, ultimately revealing the formation mechanism of
SMBHs (e.g., Volonteri et al. 2020) and adding detail to the
suspected accretion-driven origin of spiral galaxies (Graham
2023b).
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Fig. 3. Density (left) and velocity dispersion distribution (right) profiles of the stellar system. The red line shows the original density and velocity dispersion
profile. The blue lines indicate the profiles at different times, as shown by the time labels, since the simulation of the mergers of the five BHs with

8 x 10° M, started.

JASMINE can provide an independent test of the signifi-
cance of the IMBH mergers for the formation of the SMBH of
the Milky Way, because if the SMBH was built up by the merg-
ers of IMBHs, these coalescences would heat up the older stars
within 100 pc of the Galactic Center, with the stellar profile
becoming cored (Tanikawa & Umemura 2014). To demon-
strate this, we set up an N-body simulation of a spherical
bulge model, following Tanikawa and Umemura (2014). Al-
though, as discussed in previous and following sections, the
Galactic Center has a complex structure—and there are an
NSC (subsection 2.1) and NSD (subsection 2.3)—here, for
simplicity we consider a spherical isotropic bulge component
only. Hence, this merely serves to show the potential capabil-
ity of the JASMINE data with a simple model. More com-
plex modeling studies are required to address how the differ-
ent populations of the Galactic Center stars are affected by
the mergers of IMBHs, and how gas may spare the ejection of
stars.

We have first assumed a spherical stellar component fol-
lowing a Hernquist profile (Hernquist 1990) with a mass
of 9 x 10° M and a half-mass radius of 1.1 kpc.* We use
524288 particles to describe this stellar system. We then add
five 8 x 10° M, BHs, which follow the same distribution
function as the stellar system. Because of dynamical friction,
these BHs fall into the center of the system, and merge into an
SMBH on a timescale of about 1 Gyr (Tanikawa & Umemura
2014). The back reaction of dynamical friction heats up the
stellar system in the central 100 pc. Figure 3 shows the density
profile (left) and velocity dispersion profile (right) evolution
when the BHs merge into a central SMBH. The red lines of
these figures show the initial condition of the Hernquist pro-
file with the central density profile slope of #~!. Blue lines show
how the density and velocity dispersion profiles change as the

4 Our assumed bulge mass is slightly larger than the current upper limit of
the bulge mass in the Milky Way from kinematics of the stars in the Galactic
Center region, e.g., about 10% of the disk mass, i.e., ~5 x 10° Mg, sug-
gested by Shen et al. (2010). However, for this simple numerical experiment,
we consider a higher mass for increased stability, and as it would provide
more conservative results for the dynamical response.

BHs merge into the center of the system, and dynamical fric-
tion heats up the stellar system. After 3 Gyr, the density profile
becomes significantly shallower with a slope of less than 7~%-
within » = 100 pc, and the velocity dispersion could differ
from the initial velocity dispersion by as much as 30 km s~!
at r ~ 10 pc. We ran the simulations with different seed BH
masses of 4 x 10° and 2 x 10° My, and found that as long as
the total massis 4 x 10° M like the SMBH of the Milky Way,
the cored density distribution with a similar size and slope can
be caused by the BH mergers, independent of the initial seed
mass. A difference, depending on the mass of the seed BHs, is
that lighter seed BHs take a longer time to merge into a single
central SMBH.

JASMINE is expected to observe about 6000 (68000) stars
with Hy, < 12.5 (14.5) mag and ] — H > 2 mag in the Galactic
Center, and measure their parallax and proper motion with
accuracies of 25 (125) pas and 25 (125) pas yr~! [about
1(5) km s~! at d = 8.275 kpc], respectively. The superb par-
allax accuracy of JASMINE for bright (H,, < 12.5 mag) stars
will minimize the contamination of the foreground Galactic
disk stars. Because the intrinsic NIR colors of giants are almost
constant irrespective of their intrinsic luminosity, the color se-
lection criterion for the Galactic Center stars obtained from
the parallax—color relation of bright stars at different posi-
tions in the sky can be applied to select the Galactic Center
stars for the fainter stars (e.g., Nogueras-Lara et al. 2021).
Then, we can use the larger number of faint stars with sim-
ilar colors, which enables us to observe the velocity disper-
sion profile within 100 pc to tell the difference in velocity
dispersion by about 10 km s~! as shown in figure 3. Hence,
JASMINE can detect relics of possible BH mergers, if the
SMBH of the Milky Way was built up via mergers of IMBHs.
If such a heated velocity dispersion profile is not observed, it
could be a sign that the SMBH started from a relatively mas-
sive BH and grew mainly via accretion, although there could
be some alternative scenarios, such as an adiabatic contrac-
tion of the bulge stars due to the formation of an NSC and/or
NSD.
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2.3 The nuclear stellar disk: Structure

Extending out to ~200 pc, the Galactic Center hosts an NSD
coincident with and of the same scale as the Central Molec-
ular Zone (CMZ, Launhardt et al. 2002). The NSD has an
exponential profile (Nishiyama et al. 2013), in accord with
other galaxies (Balcells et al. 2007; Ledo et al. 2010; Morelli
et al. 2010). The radial extent of the disk is around 230 pc
(Bland-Hawthorn & Gerhard 2016), and the vertical scale
height is measured to be around 45 pc (Nishiyama et al. 2013;
Bland-Hawthorn & Gerhard 2016). The total mass of the
nuclear stellar disk is estimated to be around 1.4 x 10° Mg
(Bland-Hawthorn & Gerhard 2016). The presence of classi-
cal Cepheids (Matsunaga et al. 2011, 20135) reveals a thin disk
of young stars continuously formed over the past ~100 Myr
(Dékany et al. 2015). While line-of-sight velocity studies have
been done to understand the kinematics of the NSD (e.g.,
Schonrich et al. 2015), a full 6D phase-space characterization
awaits a high-precision astrometric mission for the Galactic
Center stars, which JASMINE will provide, as demonstrated
with the current existing dataset in Sormani et al. (2022).

2.3.1 Non-axisymmetry

An interesting question is whether there is a connection be-
tween the NSD and the nuclear bar as seen in simulations
(e.g., Athanassoula & Misiriotis 2002; Athanassoula 20035;
Cole et al. 2014) and inferred in NIR photometric campaigns
(Alard 2001; Nishiyama et al. 2005; Rodriguez-Fernandez &
Combes 2008; Gonzalez et al. 2011). Nuclear bars are fre-
quently found in earlier galaxy types (Shlosman et al. 1989;
Friedli & Martinet 1993; Laine et al. 2002; Erwin 2004),
and appear to be a distinct kinematical structure from the
main outer bar. Using the VVV survey data, Gonzalez et al.
(2011) suggested that the Milky Way has a nuclear bar with
a size of about 500 pc that is misaligned with the long bar.
Such a nuclear bar, if it exists, can drive the inflow of the
gas from the size of the CMZ, from about ~200 to 10 pc,
without destroying the NSD or CMZ’s disk (or ring) struc-
ture (Namekata et al. 2009). However, Gerhard and Martinez-
Valpuesta (2012) suggested that the nuclear bar observed in
the star counts can be explained by the projection effect of the
inner boxy bar (see also Fujii et al. 2019), thus casting doubt
on the nuclear bar’s existence.

However, the NSD may still have a non-axisymmetric struc-
ture, and the strength of the non-axisymmetry could deter-
mine the efficiency of the gas inflow. The precise motion
of the stars in the NSD provided by JASMINE can enable
the assessment of the non-axisymmetry of the NSD, because
the kinematics of the NSD stars should be affected by non-
axisymmetry, and will provide a stronger constraint than the
star count observations.

2.3.2 Young star clusters

There are two young star clusters, the Arches (Nagata et al.
1995) and the Quintuplet (Kobayashi et al. 1983; Nagata et al.
1990; Okuda et al. 1990), within about 30 pc of the Galactic
Center. The stellar mass of the Arches is estimated to have an
upper limit of 7 x 10* M (Figer et al. 2002) and the age is
about 3.5 Myr (Schneider et al. 2014). The line-of-sight veloc-
ity and the proper motion of the Arches cluster are estimated
to be v os =95 £ 8 kms~! (Figer et al. 2002) and Vpm =172 £
15 km s~! (Clarkson et al. 2012), respectively. The stellar mass
and age of the Quintuplet are 10* M (Figer et al. 1999) and

4.8 Myr (Nogueras-Lara et al. 2019), respectively. The line-
of-sight velocity and proper motion of the Quintuplet cluster
are estimated to be v1os = 102 &+ 2 km s~! (Stolte et al. 2014)
and vp, = 132 £ 15 km s™! (Stolte et al. 2014).

Based on high-resolution numerical simulations of a barred
Milky Way-like galaxy that resolve the star formation in the
CMZ, Sormani et al. (2020) argued that the current position
and estimated velocity for the Arches and Quintuplet clusters
indicate that both clusters formed at the location where the
gas inflow from the bar collides with the CMZ. This is con-
sistent with what is also discussed in Stolte et al. (2014), who
suggested that the young star clusters formed at the transition
place between the x-orbits (the gas in the leading side of the
bar) and x,-orbits (CMZ).

Recently, Hosek et al. (2022) measured the absolute proper
motion of these clusters using multi-epoch Hubble Space Tele-
scope data and the Gaia EDR3 reference frame, and obtained
(mcos b, ip) = (=2.03 £ 0.025, —0.30 % 0.029) mas yr—! for
the Arches and (—2.45 4 0.026, —0.37 & 0.029) mas yr~! for
the Quintuplet, where (ucos b, wy) are the proper motion in
the galactic longitude and latitude directions. These results in-
dicate that these clusters are moving parallel to the Galactic
mid-plane.

JASMINE is expected to observe about 10 stars in
the Arches and about 20 stars in the Quintuplet with
0.125 mas yr~! proper motion accuracy. The accuracy of the
proper motion measurements of these clusters is comparable
to previous studies, but JASMINE will have a longer time
baseline and an improved absolute reference frame. The com-
bination of the JASMINE data and that from the existing liter-
ature will further improve the proper motion measurements.
The enhanced proper motions will test the above-mentioned
scenario and pinpoint the formation location of these clusters.

JASMINE is also capable of detecting the presence of new
young star clusters (see also sub-subsection 5.3.2). Revealing
the formation location of hidden young clusters in addition
to the Arches and Quintuplet clusters will help us understand
the star formation mechanism in the CMZ and their relation
to the NSD, by comparison with observations of molecular
gas in the Galactic Center region (e.g., Henshaw et al. 2016;
Sormani et al. 2020; see also the next section). The recent
ability to make precise measurements of the proper motion
of star-forming regions by very long baseline interferometry
(VLBI) observations, such as the VLBI Exploration of Radio
Astrometry (VERA), would provide further information on
star formation in the Galactic Center (e.g., Sakai et al. 2023).
JASMINE data will be complementary to the VLBI astrometry
data to further study the formation and evolution mechanism
of the NSD.

2.4 Nuclear stellar disk: The formation epoch of the
galactic bar

The central few kpc region of the Milky Way shows a promi-
nent bar structure (e.g., Binney et al. 1997; Bland-Hawthorn
& Gerhard 2016). The shape of the inner region of the
bar/bulge has been found to display a so-called boxy/peanut
morphology (McWilliam & Zoccali 2010; Wegg & Gerhard
2013; Ciambur et al. 2017). The inner stellar kinematics
shows a cylindrical rotation (Howard et al. 2008; Bekki &
Tsujimoto 2011; Kunder et al. 2012; Ness et al. 2016a), which
indicates that the inner bulge is dominated by the bar (Shen
etal.2010; Bekki & Tsujimoto 2011). Shen et al. (2010) found
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Table 1. Selection of estimations of the age of the Galactic bar based on various observations.

Age [Gyr] Method/tracer Literature

~3-4 N-body sim., pattern speed of the bar Tepper-Garcia et al. (2021)

~3-6 Spatial distribution/infrared carbon stars in the outer bar Cole and Weinberg (2002)

~6-8 Spatial distribution/red giants in the inner ring Wylie, Clarke, and Gerhard (2022)
~8-9 Spatial distribution/O-rich Miras in the BP-shaped bulge Grady, Belokurov, and Evans (2020)
>8 Spatial distribution/red clumps in the NSD Nogueras-Lara et al. (2019)

~10 Kinematics and spatial/red giants in the outer bar Bovy et al. (2019)

that a classical bulge with a merger origin makes up less than
8% of the Galaxy’s disk mass. The Galactic bulge is therefore
primarily a disk-like structure built up with a more secular for-
mation history (Combes et al. 1990; Kormendy & Kennicutt
2004; Athanassoula 2016).

The central bar components affect the radial and rotational
velocity distribution of the Galactic disk stars. The presence of
groups of stars moving with particular radial and rotational
velocities in the solar neighborhood is considered to be due
to the bar (Dehnen 2000). The Hercules stream, which is a
group of stars rotating more slowly than the average local az-
imuthal velocity and moving outward in the disk, has been
suggested to be caused by the outer Lindblad resonance of the
bar being just inside the Sun’s orbital radius, allowing us to de-
rive the pattern speed of the bar (Dehnen 1999, 2000; Ramos
et al. 2018; Fragkoudi et al. 2019). However, recent studies
demonstrate that such moving groups can also be caused by
transient spiral arms (De Simone et al. 2004; Quillen et al.
2011; Hunt et al. 2018; Fujii et al. 2019; Khoperskov &
Gerhard 2022), as well as the other resonances of the bar, in-
cluding the co-rotation resonance (e.g., Pérez-Villegas et al.
2017; Monari et al. 2019a; Chiba et al. 2021; Chiba &
Schonrich 2021) and the 4:1 resonance (Hunt & Bovy 2018).

On the other hand, NIR photometric surveys, such as VVV,
and spectroscopic surveys, such as the Bulge Radial Veloc-
ity Assay (BRAVA, Kunder et al. 2012), the Abundances and
Radial velocity Galactic Origins Survey (ARGOS, Freeman
et al. 2013; Ness et al. 2013), the Pristine Inner Galaxy Survey
(PIGS, Arentsen et al. 2020), and APOGEE, have revealed the
detailed stellar structure and line-of-sight velocities of the bar.
These observations were directly compared with theoretical
models (e.g., Shen et al. 2010; Portail et al. 2015), suggesting
a slower pattern speed for the bar than that inferred by as-
suming that the outer Lindblad resonance lay just inside the
solar radius. Recently, both the gas dynamics (Sormani et al.
2015; Li et al. 2022) and stellar dynamics from the Optical
Gravitational Lensing Experiment (OGLE, Rattenbury et al.
2007), BRAVA, ARGOS, APOGEE, VVV, and/or Gaia DR2
data (Portail et al. 2017; Sanders et al. 2019; Bovy et al. 2019;
Clarke & Gerhard 2022) have converged to a value for the
bar pattern speed of around 35-40 km s~! kpc~'.

Bovy et al. (2019) further analyzed the age and stellar abun-
dances of the stars within the bar region, and found it pop-
ulated mainly by stars with older ages and higher levels of
[« /Fe], akin to the properties of old thick disk stars. Bovy et al.
further suggested that the Galactic bar formed when the old
thick disk formed at an early epoch of the Milky Way’s evo-
lution. If the bar did form as early as 10 Gyr ago, it may have
affected the chemical distribution of stars in the Galactic disk.
For example, the Lindblad resonances due to the bar act as a
barrier for stellar migration, and the stars formed inside and
outside the outer Lindblad resonance do not mix (Halle et al.

2015; Haywood et al. 2018a). Hence, identifying the epoch
of bar formation is an imperative task in understanding the
evolution of the Galactic disk. Table 1 summarizes examples
of observed estimations of Galactic bar age in the literature.
It should be noted that the age of the stars in the Galactic
bar does not tell us the formation epoch of the bar, because
stars born both before and after the bar can be captured by it
(Wozniak 2007; Baba et al. 2022). Hence, the creation epoch
of the bar remains a challenging question even in the post-
Gaia era.

It is known that bar formation induces gas inflow to the
central sub-kpc region of the host galaxy, which leads to the
formation of a compact and kinematically cold rotating nu-
clear gas disk (e.g., Athanassoula 1992; Sormani et al. 2018).
Subsequently, the stars formed from the nuclear gas disk build
up the NSD (e.g., Friedli & Benz 1993; Athanassoula 20035;
Wozniak & Michel-Dansac 2009; Martel et al. 2013; Cole
et al. 2014; Ness et al. 2014; Debattista et al. 2015; Seo
et al. 2019). Using an N-body/hydrodynamics simulation of
a Milky Way-sized disk galaxy, Baba and Kawata (2020)
demonstrated that bar formation triggers an intense burst of
star formation in the central region, which creates the NSD
(figure 4). Consequently, the oldest age limit of the NSD stars
displays a relatively sharp cut-off, and it tells us the age of the
bar. In this way, the age distribution of the NSD in the Milky
Way can tell us the formation epoch of the Galactic bar (see
also Fragkoudi et al. 2020).

Baba and Kawata (2020) showed that the NSD is kinemati-
cally colder than the other stellar components, which is consis-
tent with the recent observation mentioned above (Schultheis
et al. 2021). Hence, the NSD stars can be identified kinemat-
ically. Baba and Kawata (2020) also suggested that stellar
proper motions in addition to line-of-sight velocities are cru-
cial to reducing contamination from other, kinematically hot-
ter, stars, such as those from the bulge, bar, and Galactic disk.
The superb astrometric accuracy of JASMINE will enable us
to identify the NSD stars and reduce the contamination from
the other stellar components.

To obtain the age of the NSD stars, we will use Mira vari-
ables, because they are known to follow an age—period re-
lation (Feast & Whitelock 1997; Grady et al. 2019; Zhang
& Sanders 2023). Mira variables are intrinsically bright, and
there are expected to be enough Miras in the JASMINE
GCS to enable a robust age distribution study of the NSD.
From the number of observed Miras in a smaller region of
the Galactic Center in Matsunaga et al. (2009), it is ex-
pected that about 2000 Miras whose color is red enough
to be at the distance of the NSD and with a luminosity
brighter than Hy, = 14.5 mag will be observed within the
GCS region of JASMINE. The proper motion measurements
by JASMINE as well as the line-of-sight velocity from ground-
based spectroscopic follow-up data (see section 6 for potential
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Fig. 4. Morphological evolution of a simulated Milky Way-sized galaxy (Baba & Kawata 2020) in face-on views of the whole galaxy scale (top row), the
central region (middle row), and in an edge-on view of the central region (bottom) at times (a) prior to, (b) during, and (c) after bar formation. Orange colors
indicate the surface density of stars on a logarithmic scale, and the dark filamentary structures in the face-on views (top and middle panels) indicate the
cold dense gas. After the bar has formed, the major axis of the bar is orientated such that its major axis lies 25° from the y-axis.

instruments to be used) will enable us to pick out Miras in
the NSD.

Before the launch of JASMINE, we need to identify Miras in
the JASMINE GCS field (figure 2) with long-term time-series
photometric surveys. Recently, Sanders et al. (2022) identified
more Miras from the VVV survey. We will also use the up-
coming data from the Prime focus Infrared Microlensing Ex-
periment (PRIME, see sub-subsection 6.1.1), which is a joint
Japan-USA-South Africa 1.8 m NIR telescope (with 1.3 deg?
FoV) built in South Africa. The PRIME data will allow us to
identify brighter Miras that are saturated in the VVV data and
be valuable to verify the VVV Miras.

Although the age—period relation of the Miras is still not
well calibrated, we expect that it will be improved with Gaia
data (e.g., Zhang & Sanders 2023). Even without such a rela-
tion, the period of such Miras will be measured precisely, while
identifying the shortest period of Miras in the NSD and com-
paring it with the period of Miras in the other Galactic com-
ponents will tell us the relative formation epoch of the Galac-
tic bar (see figure 5), e.g., with respect to those for the thick
and thin disks. This was demonstrated in Grady, Belokurov,

and Evans (2020), who focused on the age of stars in the bar,
but who could not reach the NSD because they studied Miras
detected by Gaia (see also Catchpole et al. 2016).

2.4.1 Slowdown of the bar pattern speed

Producing a sample of NSD stars with age information will
also help to further uncover the slowdown history of the pat-
tern speed of the Galactic bar. Recently, Chiba, Friske, and
Schonrich (2021) and Chiba and Schonrich (2021) suggested
that the kinematics of local stars observed in Gaia DR2 can be
naturally explained if the pattern speed of the Galactic bar is
slowing down. The slowdown of the bar pattern speed is often
seen in N-body simulation of barred galaxies and is considered
to be due to the transfer of the angular momentum of the bar
to the dark halo (e.g., Weinberg 1985). The size of the NSD is
likely affected by the location of the inner Lindblad resonance
of the bar or the existence of x;-orbits (e.g., Regan & Teuben
2003; Li et al. 2015), which is likely affected by the pattern
speed of the bar. Hence, it is expected that the age distribu-
tion of the NSD disk as a function of radius and/or angular
momentum could be sensitive to the slowdown history of the
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Fig. 5. Expected period distribution of the Mira variables in the NSD of
the simulation shown in figure 4. The periods of Miras are derived from
the age of star particles in the simulation snapshot at t = 5 Gyr, using the
empirical age—period relation in Grady, Belokurov, and Evans (2019). The or-
ange line indicates the period distribution of Miras, when the star particles
are chosen by spatial information only, i.e., by the location correspond-
ing to the galactic longitude and latitude range of the NSD. The blue line
shows the period distribution when the stars are selected by the galactic
longitude and latitude region of the NSD and the line-of-sight velocity and
proper motion region corresponding to the NSD kinematics. In this sim-
ulation snapshot, the bar age is 3.5 Gyr (green shaded region). Here, we
have assumed that there is a kinematically hot component, i.e., a classical
bulge, which is 1 Gyr older than the formation age of the bar. The orange
line shows significant contamination from such a component, while the
blue line with the additional kinematical selection of the NSD shows a
sudden decrease of the population with shorter periods than about 250 d,
which corresponds to the formation age of the bar.

Galactic bar. Interestingly, a radial dependence of the age of
the NSD stars was recently indicated by Nogueras-Lara et al.
(2023), motivating further studies. JASMINE will be able to
provide the age and kinematics of stars in the NSD, which will
open up this new window to unravel the history of the Galac-
tic bar pattern speed. How the NSD stellar age and kinemat-
ics are affected by the change in bar pattern speed is not well
understood. Also, the bar pattern speed may not monoton-
ically spin down, but may spin up, for example, due to gas
infall. This could cause a more complicated mix of the age—
kinematics relation of NSD stars. More theoretical studies on
this topic are also encouraged.

2.4.2 Impacts on radial migration and the Sun’s birth radius

Identifying the bar formation epoch and the evolution of the
pattern speed is crucial to answering how radial migration
shaped the current chemodynamical structure of the Galac-
tic disk. Bar formation induces significant radial migration in
stars of the Galactic disk (e.g., Di Matteo et al. 2013; Khop-
erskov et al. 2020), and the coupling between bar resonances
and spiral arm resonances further induces strong radial mi-
gration of disk stars (Minchev & Famaey 2010). The slowing
down of the bar pattern speed means that the resonances of
the bar sweep a large radial range of the Galactic disk, and af-
fect the kinematics of the disk stars at these radii and enhance
radial migration (Halle et al. 2015, 2018; Khoperskov et al.
2020; Chiba et al. 2021).

The Sun is considered to have been formed in the inner disk
(R ~ 5-7 kpc), and to have radially migrated outward to reach
its current radius (e.g., Wielen et al. 1996; Sellwood & Binney
2002; Minchev et al. 2018; Feltzing et al. 2020; Tsujimoto
& Baba 2020). It is a fascinating question as to whether the

Galactic bar formed before or after the formation of the Sun.
If the Galactic bar is younger than the age of the Sun, the or-
bital history of the Sun is likely impacted by the Galactic bar
formation, in addition to radial migration due to resonances,
making this a key question in understanding the Sun’s dynam-
ical history.

Recently, the accurately measured chemical abundance pat-
tern of a large number of disk stars by APOGEE combined
with the kinematics provided by Gaia has enabled modeling
of the history of the inside-out disk formation of the Galactic
disk and the impact of the radial migration of stars (Hayden
et al. 2015; Frankel et al. 2018, 2020; Imig et al. 2023). How-
ever, radial migration due to bar formation and evolution has
not yet been taken into account, because of the complexity
of such a model with additional parameters needed to fit the
data and thus requiring additional priors. One such key prior
is the formation epoch of the bar. As discussed in this section,
JASMINE will provide this important piece of information
from the age distribution of the NSD.

2.4.3 Comparison with the cosmic bar fraction and the past
merger history of the Milky Way

It would be also interesting to compare the bar formation
epoch of the Milky Way with the cosmic bar fraction (e.g.,
Sheth et al. 2008), to study how common the formation epoch
of the Milky Way is. Identifying the bar formation epoch in
the Milky Way allows us to study the physical process of the
Galactic bar formation by comparing it with the expected for-
mation epochs of the bar with different mechanisms from
cosmological simulations (e.g., Cavanagh et al. 2022;
Izquierdo-Villalba et al. 2022). Another intriguing question is
if the formation epoch of the bar of the Milky Way is similar to
the time of the merger events of the Gaia—Sausage-Enceladus
and the Sagittarius dwarf, whose impact could have induced
the bar formation of the Milky Way.

2.5 Nuclear stellar disk: A link to high-redshift
progenitors

The size of the Galactic nuclear disk is similar to the size of
star-forming galaxies at redshift, z > 6 (Shibuya et al. 2015;
Kikuchihara et al. 2020), as also recently seen by JWST (Ono
et al. 2023). The compact disks observed at high redshift dis-
play a surface brightness profile following an exponential law,
like a rotating disk (Shibuya et al. 2019). The theoretical study
of Bekki (2000) suggested that the gas accretion to a mas-
sive BH can create an NSD-like compact disk at high redshift.
It would be a fascinating question whether the Milky Way
started its formation from a compact disk similar to those ob-
served at high redshift, and, if so, whether part or the majority
of the NSD could be a relic of such a compact disk epoch.
The age and metallicity distribution of the NSD disk stars
identified from the proper motions measured by JASMINE
will answer this question regarding the early structure of the
Milky Way. If JASMINE finds an old and metal-poor popu-
lation in the NSD, in addition to the populations formed af-
ter bar formation, they could be a relic of the high-redshift
disk. A comparison of the kinematics and metallicity proper-
ties between the Milky Way’s old disk and the high-redshift
disks in Milky Way progenitors will be a new window to con-
nect Galactic archaeology to the observations of high-redshift
galaxies (see also Clarkson et al. 2008; Renzini et al. 2018),
which will be further advanced by the advent of JWST and
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future 30 m class ground-based telescopes, such as E-ELT,
GMT, and TMT.

2.6 Inner disk: Spiral arms and galactoseismology

The foreground stars of the JASMINE GCS field will give ac-
cess to Galactic disk kinematics from the solar radius to the
Galactic Center. The Gaia data revealed the striking ridge-like
features in the stellar rotation velocity distribution as a func-
tion of radius, i.e., the Rgc—Vy diagram (Antoja et al. 2018;
Kawata et al. 2018; Ramos et al. 2018). These features also
correlate with the radial velocity of the stars (Fragkoudi et al.
2019), and are considered to be due to bar resonances and ef-
fects of the spiral arms (e.g., Hunt et al. 2018, 2019; Friske &
Schonrich 2019; Asano et al. 2020). Because of the heavy dust
extinction in the inner disk, the Gaia data can reach only up
to about 3 kpc, i.e., Rgc = 5 kpe, in the mid-plane toward the
Galactic Center. The NIR astrometry of JASMINE can extend
this analysis all the way to the Galactic Center.

The nature of spiral arms, especially whether they are clas-
sical density wave-like features (Lin & Shu 1964) or transient
features (e.g., Sellwood 2011), is currently hotly debated (see
Dobbs & Baba 2014; Sellwood & Masters 2022 for reviews).
Spiral arms could be related to the bar (e.g., Athanassoula
2012) and induced by satellite galaxy interactions (e.g., Purcell
et al. 2011; Pettitt et al. 2016). Also, the effects of spiral arms
on radial migration depend on the nature of the spiral arms.
Radial migration is much more significant if the spiral arms
are transient features (e.g., Sellwood & Binney 2002; Grand
et al. 2012). JASMINE will provide detailed kinematics of the
stars towards the Galactic Center, which covers the Sagittar-
ius arm and the Scutum—Centaurus arm. The locations of the
spiral arms of the Galaxy are still not measured confidently
from the stellar kinematics, although they can be traced with
the gas, star-forming regions, and young stars (e.g., Nakan-
ishi & Sofue 2006; Reid et al. 2019; Skowron et al. 2019;
Colombo et al. 2022). It is also debated whether the Sagittar-
ius arm is the major arm, i.e., a stellar arm, or purely a gas
arm (e.g., Benjamin et al. 2005; Pettitt et al. 2014), although
the recent Gaia EDR3 data indicate an excess of young stars
in the Sagittarius arm (Poggio et al. 2021). A crucial piece
of information regarding the nature of spiral arms and the
strength of stellar spiral arms is the stellar kinematics both in-
side and outside of the arm (Baba et al. 2013, 2018; Kawata
et al. 2014). In addition to the GCS, we plan to run a Galac-
tic mid-plane survey (see subsection 5.1 for more details). A
combination of these data can provide the kinematics of both
sides of the Sagittarius arm and the Scutum-Centaurus arm at
different radii. Comparison between these data and N-body
modeling of disk galaxies will be necessary to ultimately an-
swer the long-standing question in Galactic astronomy of the
nature of spiral arms.

The Gaia data also revealed a vertical corrugation in
the vertical velocity, v,, of the disk stars as a function
of Galactocentric radius (Schonrich & Dehnen 2018; Gaia
Collaboration 2018b; Kawata et al. 2018), which is related
to the phase spiral most clearly seen in the z-v, diagram
when colored by the radial velocity, v,,q (Antoja et al. 2018;
Bland-Hawthorn et al. 2019b; Hunt et al. 2022). Hence, they
are likely closely linked with in-plane kinematical features,
such as moving groups, the Rgc—V, ridge-like features, and
spiral arm features (e.g., Laporte et al. 2019; Khanna et al.
2019; Bland-Hawthorn & Tepper-Garcia 2021; Hunt et al.

2021; Antoja et al. 2022). These vertical kinematical features
are considered to be due to the recent (<Gyr) perturbation
from the Sagittarius dwarf galaxy (Bland-Hawthorn et al.
2019b; Laporte et al. 2019) and/or the wake of the dark mat-
ter halo induced by an earlier phase of the infall of the Sagit-
tarius dwarf a few Gyr ago (Grand et al. 2023). However, it
is also possible for them to have been induced by bar buck-
ling, which may have happened recently and created the X-
shaped/boxy inner Milky Way bar (Khoperskov et al. 2019).
Tracing the vertical corrugation seen around the solar radius
towards the Galactic Center will be key to answering whether
this dynamical phenomenon is ubiquitous in the inner disk. A
comparison of the observed corrugation features as a function
of radius with different models of the Sagittarius dwarf per-
turbation and the bar buckling model will allow us to reveal
the origin of the corrugation. Both the impact of the dwarf
perturbation and the bar buckling can also significantly affect
radial migration. The Galactoseismic information on both in-
plane and vertical kinematics as measured in the inner disk
by JASMINE will provide crucial information regarding the
recent dynamical evolution of the Galactic disk.

The foreground disk stars of the JASMINE GCS field up
to d ~ 6 kpc from the Sun are dominated by red giants. The
time-series photometry of JASMINE with about 46 instances
of ~12.5 s exposures every ~530 min for 3 yr of the nominal
lifetime of the telescope will be highly valuable for asteroseis-
mology. It will allow for the measurement of precise stellar
masses, which will provide relative ages of stars, crucial in-
formation for Galactic archaeology studies (e.g., Chaplin &
Miglio 2013; Miglio et al. 2021a).

It is also likely that a few open clusters will be discovered in
this field. There is at least one star cluster (UBC335) in the new
Gaia DR2 star cluster catalogue (Castro-Ginard et al. 2020) in
the JASMINE GCS field. These cluster data would be useful
for the calibration of asteroseismic ages, as proposed in an
ESA M7 mission candidate, HAYDN (Miglio et al. 2021b).
JASMINE can provide a proof of concept study for HAYDN
in terms of asteroseismology in dense stellar fields.

The ages of giant stars can also be obtained from follow-
up spectroscopic data, mainly from [C/N] (Masseron &
Gilmore 2015; Martig et al. 2016), which can be calibrated
by their asteroseismic ages. Machine learning techniques are
often used to train a model to map the chemical abun-
dance patterns to ages, where having a high-quality train-
ing set is crucial (e.g., Ness et al. 2016b; Das & Sanders
2019; Mackereth et al. 2019; Ciuca et al. 2021). Asteroseis-
mology from JASMINE combined with spectroscopic follow-
up data will provide the unique calibration information for
the inner disk red giants needed for future machine learning
applications.

3 Exoplanet survey (EPS)

3.1 Transiting planet survey around late-type stars

As described in the introduction (subsection 1.2) and shown
in figure 6, terrestrial planets in the HZ around mid-to-late
M dwarfs remain difficult to explore with both TESS and
ground-based surveys. Searching for terrestrial planets around
ultra-cool dwarfs like TRAPPIST-1 is challenging for TESS
owing to its modest 10.5 cm aperture. In ground-based sur-
veys, HZ terrestrial planets around earlier-type stars, like TOI-
700, exhibit transits that are too shallow and have too long
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Fig. 7. Left: The lines show the apparent magnitudes of the 250th bright-
est star in the sky in each radius bin of width of AR = 0.1 Rg, where
the stars are from TESS candidate target list version 8 obtained via the
Mikulski Archive for Space Telescope database. Solid, dashed, and dotted
lines indicate the magnitudes in the JASMINE H,,, TESS, and V bands,
respectively. The positions of TOI-700 and TRAPPIST-1 are indicated by
stars and squares, respectively, and their color indicates the magnitude of
JASMINE (orange) and TESS (green) magnitudes. Right: Transit depth due
to an Earth-sized exoplanet as a function of stellar radius.

orbital periods. In contrast, JASMINE has a 36 cm aperture
and an NIR passband, and can also perform long continu-
ous monitoring from space and suppress intrinsic variability
due to stellar activity (see sub-subsection 3.6.3 for details).
This makes JASMINE a unique probe of terrestrial planets in
the HZ around mid-to-late M dwarfs that have orbital pe-
riods of several weeks, or semi-major axes of 0.03-0.3 au.
Figure 7 shows this trade-off relation between stellar bright-
ness and transit depth. The left panel shows the apparent mag-
nitudes of the 250th brightest star in a radius bin of width
of 0.1 R, where R, is the solar radius. For M-type stars
with radii smaller than 0.5 R¢, smaller stars are apparently

fainter both in the visible and NIR bands. In contrast, the tran-
sit signals are larger for those smaller stars, as shown in the
right panel. The sweet spot for precise NIR photometry with
JASMINE therefore lies around 0.2-0.3 R¢y.

Figure 8 assesses this statement more realistically. Here, we
estimate the H,, magnitudes of the brightest M dwarfs in the
entire sky that host transiting Earth-sized planets in the HZ
whose transits are deep enough to be detected with JASMINE.
The result is based on a Monte Carlo simulation consisting
of the following three steps: (i) Assign Earth-sized planets at
the inner edge of the classical HZ to certain fractions (here
100% and 10%) of nearby M dwarfs in the TESS candidate
target list (Stassun et al. 2019). (ii) Check which planets show
transits, assuming that the orbits are isotropically oriented.
(iii) Check whether a single transit signal has a signal-to-noise
ratio (S/N) greater than 7, where the signal is computed from
the stellar radius, and the noise is evaluated for the timescale
of expected transit duration using the noise model in subsec-
tion 3.6. The dashed and dotted lines show the magnitudes
of the brightest stars estimated from 10000 random realiza-
tions in each stellar-mass bin, assuming that HZ Earths oc-
cur around 100% and 10% of the sample stars, respectively.
These estimates are compared with known transiting planets
and planet candidates from ground- and space-based surveys
(see legends), including the two Earth-sized planets (<1.5 Rg)
in the HZ, TOI-700 and TRAPPIST-1, shown with filled sym-
bols. The occurrence rate of HZ Earths around mid M dwarfs
is yet to be quantified; the Kepler sample suggests an occur-
rence rate of ~30% around earlier M dwarfs (e.g., Dress-
ing & Charbonneau 2013, 2015; Hsu et al. 2020), and here
the values of 100% and 10% are chosen to bracket this es-
timate. While it is unclear whether the estimate for earlier
M dwarfs can be simply extrapolated to mid M dwarfs, the
fact that the two known planets lie close to the dotted line
(i-e., the brightest planet hosts assuming the 10% occurrence
have already been found) appears to be consistent with the
occurrence rate of >10% around later M dwarfs. Our simu-
lation results demonstrate the ability of JASMINE to identify
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Earth-sized transiting planets in the HZ of mid M (~0.2 M)
dwarfs with Hy, < 10 mag, if their occurrence rate is
2 O(10%) and if those stars are monitored over a sufficiently
long time.

The habitability of exoplanets is often evaluated based on
the concept of the habitable zone. For tidally locked exo-
terrestrial planets, the inner edge of the habitable zone should
be considered in relation to atmospheric dynamics, which
is primarily affected by the planet’s orbital period. Recent
studies using 3D general circulation models (GCMs) suggest
that a tidally locked terrestrial planet near the inner edge of
the habitable zone of a star, with an effective temperature
exceeding 3300 K, is likely to exhibit atmospheric circula-
tion characterized by strong convective motions beneath the
substellar point and a thermally direct circulation between
the day and night hemispheres (e.g., Showman et al. 2013;
Haqqg-Misra et al. 2018). This strong convection facilitates
the formation of thick clouds, which envelop the planet’s day-
side hemisphere, thereby increasing its albedo (Yang et al.
2013). As a result, this cloud feedback mechanism can render
a tidally locked terrestrial planet habitable even if a planet ex-
ists closer to the star than the inner boundary of the classical
habitable zone, corresponding to the inner edge of 1.3 solar
insolation compared with 0.95 solar insolation of the classi-
cal one for 3300 K. Conversely, the inner edge of the hab-
itable zone for a star with an effective temperature below
~3000 K gets closer to the classical definition. This is at-
tributed to the dimmer nature of such stars, where clouds
on the dayside are advected eastward off the substellar point
due to rapid rotation (Kopparapu et al. 2017). Hence, focus-
ing on JASMINE targets around stars with effective temper-
atures near 3000 K is critical for understanding the bound-
ary conditions affecting the habitability of tidally locked
exo-terrestrial planets, as well as for elucidating their cli-
mate formation and verifying our theories regarding habitable
planets.

3.2 Follow-up characterization from space

Photometry from space is important not only for finding new
transiting planets, but also for characterizing them. For exam-
ple, modeling of transit timing variations (TTVs) (i.e., varia-
tions in the orbital periods due to gravitational interactions
between multiple planets) measured by Spitzer played a signif-
icant role in precisely weighing the planets of the TRAPPIST-1
system (e.g., Grimm et al. 2018; Agol et al. 2021). Such pre-
cise masses for Earth-mass planets are still difficult to obtain,
even with state-of-the-art infrared spectrographs, but are cru-
cial for understanding the composition of these planets and
for interpreting their transmission spectra. Even if TTVs alone
are not sufficient for obtaining precise masses, they still con-
strain mass ratios, and joint analyses with RV data improve
mass measurements. Thus, follow-up observations of known
multi-transit systems with JASMINE are valuable, even if no
new transiting planet is found. These data contribute to the
derivation of the best-constrained masses for terrestrial plan-
ets transiting late-type stars.

Long-term photometry from space is important even for
single-transit planets without any known signature of dynam-
ical interactions. Extending the baseline of transit measure-
ments helps to pinpoint the ephemeris of transiting planets
found from relatively short baseline observations. If follow-
up spectroscopy is performed much later than the discovery,
a small error in the ephemeris calculated from the discovery
data could result in a transit prediction that is far from the
actual value (stale ephemeris problem). Extending the tran-
sit baseline is essential to avoid wasting precious observation
time, for example, with JWST. Checking for the presence or
absence of TTVs is also important in this context.

The ability to perform high-cadence, high-precision NIR
photometry from space makes JASMINE a unique follow-
up facility, similar to Spitzer, even for systems with shorter
observing baselines. The detailed shapes of the transit light
curves revealed from such measurements are important for
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ensuring that the system is not an eclipsing binary system
(which tends to produce V-shaped dips). The chromaticity of
the transit also helps to identify stellar eclipses if the can-
didates are obtained from optical observations. Better con-
straints on the transit shapes, in particular the durations of
the transit ingress and egress, also improve the measurements
of transit impact parameters, and hence the planetary radii
(Petigura 2020), as the two parameters are correlated through
stellar limb darkening. This is important for learning about
their compositions, given that the precision of stellar parame-
ter measurements has now become comparable (or even bet-
ter, depending on the instrument) to the precision of the radius
ratio measurements from the transit light curve. NIR observa-
tions are particularly well suited for this task because the limb-
darkening and stellar variabilities (i.e., the source of correlated
noise) are both weaker than those in the optical regime.
Spitzer was an important facility to perform such space-
based follow-up observations until 2020. A similar role is
now being fulfilled by the CHaracterising ExOPlanet Satel-
lite (CHEOPS). JASMINE could serve as a successor to these
missions in the late 2020s and address various other scientific
questions as were covered by Spitzer (cf. Deming & Knutson
2020). See table 2 for comparisons of those space missions.

3.3 Searching for young planets

Other potential targets for the pointing—individual-target
(PIT)-type transit survey by JASMINE are stars in star clus-
ters, young moving groups, and younger star-forming regions.
Recently, transit surveys from space have unveiled a popula-
tion of young close-in planets (for example, Mann et al. 2017,
2018; Plavchan et al. 2020). These planets are often reported
to have inflated radii for their insolation flux level received
from host stars (Mann et al. 2016), in comparison with their
older counterparts. Some super-Neptune-sized young plan-
ets were discovered as multi-planet systems, and those could
be progenitors of “compact-multi” super-Earths (David et al.
2019), most commonly found around main-sequence solar-
type stars. Hypotheses can be tested in relation to the forma-
tions of the super-Earth “radius gaps” (Fulton et al. 2017) and
the desert of the close-in Neptunian planets (Lundkvist et al.
2016). Measurements of eccentricities and inclinations (spin—
orbit angles) of young planets would also allow the corrobo-
ration or refutation of planet migration theories for close-in
large planets (for example, Hirano et al. 2020a,2020b). Over-
all, young exoplanet systems provide an ideal setting for test-
ing hypotheses on planet formation and evolution.

Younger systems allow two possible directions for
JASMINE observations. One is a blind transit survey for
stellar clusters, stars in star-forming regions, etc. Although the
FoV of JASMINE is much smaller than that of ordinary tran-

Table 2. Capability of performing photometry from space.
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Fig. 9. Distribution of clusters that are closer than 500 pc from the Earth.
The original list is cited from Cantat-Gaudin et al. (2018). The sizes of the
data points represent the number of detectable cool targets within the FoV
of 02565 x 0255, when transiting planets exist. The blue and gray colors
correspond to assumed planetary radii of Earth size and Neptunian size,
respectively. Details are described in subsection 3.3.

sit surveys (i.e., often larger than 10° x 10°), many stars in
the clusters (of the order of 10100 for, e.g., the Beehive open
cluster) are simultaneously observed, even with JASMINE’s
FoV (~0255 x 0°255). This simultaneous photometry for
multiple stars would significantly enhance the probability of
transit detection compared with targeting field stars. For ref-
erence, the distribution of the clusters within 500 pc from the
Earth, i.e., close enough to detect planet transits, is shown in
figure 9. The size of data points represents the number of
cool stars that may show a larger transit signal than 4o
when transiting a planetary candidate’s orbit. The blue
and gray colors correspond to cases when the transiting
planetary radii are Earth- and Neptune-sized, respectively.
Here, we computed stellar radii using relations between the
Gaia BP — RP colors and effective temperatures in Mann
et al. (2015). The transit depth was derived as (R,/R.)*
and the photometric noise follows figure 10. There are a
good number of clusters that contain ~100 effective targets
for the blind survey of transiting planets along the galactic
longitude. The other direction is the follow-up photometry
of planet hosts or planet-candidate-hosting young stars for
an additional planet search, as in the case of the M dwarf
campaigns described in the previous sections. These follow-up
observations target young stars hosting transiting close-in
planets, similar to K2-25b and AU Mic b. It should be
stressed that, for these targets, space photometry by Spitzer
has played a significant role in confirming the planetary
nature and refining transit ephemerides (Thao et al. 2020;
Plavchan et al. 2020). Reduced flux modulations resulting

Relative modulation

FOV for amplitude by stellar
Mission Telescope Passband Pixel size late-type stars activity” Status
JASMINE 36 cm 1.0-1.6 um 0’4 0255 x 0255 ~0.4 2028 (planned)
TESS 10.5 cm 0.6-1.1 um 21" 24° x 24° x 4 ~0.8 2018-
CHEOPS 32 cm 0.4-1.1 pm 1” 0232 x 0232 ~0.9 2019-
Kepler 95 cm 0.4-0.9 um 4’ 12° x 12° 1 Retired
Spitzer 85 cm 3.6-8 um 17-8" N Retired

“See sub-subsection 3.6.3 for further details.
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Fig. 10. Statistical noise as a function of H,, magnitude. Top panel: 1 o level
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7 o detection during a 5 min exposure (in terms of being able to mea-
sure the transit shape, the S/N at 5 min is shown). A telescope diameter
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readout noise are assumed to be 25 e~ s~' and 15 e~ read~". The limiting
distances are computed for a 0.2 R star with a 3000 K blackbody spec-
trum. The horizontal yellow line indicates the typical depth of Earth-sized
planets around a mid M-type star.

from stellar activity in the NIR region (Miyakawa et al. 2021)
make JASMINE optimal for these types of transit surveys
from space (see sub-subsection 3.6.3). The HZ around
young stars (even M stars) tends to be further out in orbit
(P > 50 d) because of their inflated radii, but the HZ shrinks
in the orbital distance as the system ages and the central star
becomes smaller. Finding “future-habitable” planets would
be an intriguing topic.

3.4 Stellar spin-down relations from young cluster
observations

Photometric observations of stars in young clusters described
in subsection 3.3 would usher in new knowledge on stellar ro-
tation evolution, especially in young mid-to-late M dwarfs. It
has been known that stars spin down over time via magnetic
braking (angular momentum loss) since Skumanich (1972).
This has led to the development of the gyrochronology rela-
tion, which uses stellar rotation periods (P.y) as an indica-
tor of stellar ages (e.g., Barnes 2003). This gyrochronology
relation is important for considering the effects of stellar mag-
netic activities (e.g., X-ray/EUV emissions) on the planetary
atmosphere over various ages (e.g., Tu et al. 2015; Johnstone
et al. 2021).

Recent K2 mission data have provided us with the mea-
surements of P, in benchmark open clusters over various
ages from pre-main-sequence age (~3 Myr) to intermedi-
ate age (~2.7 Gyr) (Curtis et al. 2020; Rebull et al. 2020;
Johnstone et al. 2021). They showed that the formula describ-
ing the process of stellar spin-down cannot be as simple as first
assumed. Curtis et al. (2020) showed that low-mass stars show
temporal stalling of spin-down in medium ages. Rebull et al.
(2020) reported on the rotation of stars in younger clusters
(from 1 to 790 Myr), and the properties of rotation evolution
differ greatly depending on spectral types. This would also
be closely related to star—disk interactions in the pre-main-
sequence phase of stellar evolution (e.g., Bouvier et al. 2014).
These recent studies showed the possibility that the rotation
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Fig. 11. Passbands of JASMINE (green solid), TESS (blue dotted), and
CHEOPS (orange dashed), each normalized by its maximum throughput.
The red solid line indicates the normalized photon flux of an M-type star
(3000 K, log g = 5) by PHOENIX.

evolution of M dwarfs could be somewhat different (e.g., large
scatter of M dwarfs at ~790 Myr in figure 9 of Rebull et al.
2020) from that of G dwarfs, and this difference is yet to be
completely understood. Moreover, in the previous studies us-
ing K2 and TESS data, there are very few measurements of
mid-to-late M dwarfs. For example, in the K2 optical observa-
tions, most mid-to-late M dwarfs were not selected as targets.
Then NIR photometric observations using JASMINE would
help to fill in this “blank region” by measuring the rotation
period of more mid-to-late M dwarfs in young stellar clus-
ters, as byproducts of young cluster observations described in
subsection 3.3.

As discussed in the above sections, mid-to-late M dwarfs
are bright in NIR wavelengths (figure 11), and the precision of
JASMINE photometric observations for mid-to-late M dwarfs
can be better than K2 and TESS. In addition, the pixel size of
JASMINE, which is more than an order of magnitude bet-
ter than those of Kepler and TESS (table 2), can be beneficial
for such studies due to the capability to remove visual binary
stars.

3.5 Photometric variability of brown dwarfs

Brown dwarfs are intermediate objects between stars and
planets with temperatures below ~2400 K. This temperature
range resembles that of the primary targets for current obser-
vations of exoplanet atmospheres. Since brown dwarfs share
many physical and chemical processes with gas-giant exo-
planets, understanding their atmospheres is also essential for
studying these exoplanet atmospheres.

Many brown dwarfs reportedly show large photometric
variations of typically up to a few percent (see Biller 2017;
Artigau 2018 for reviews) with timescales similar to their ro-
tation periods (ranging from a few hours to a day). Observed
significant photometric variations in brown dwarfs are mainly
attributed to the inhomogeneities of cloud opacity over their
surface. Using the general circulation model (GCM), Tan and
Showman (2021) recently demonstrated that cloud radiative
feedback drives vigorous atmospheric circulation, producing
inhomogeneities of cloud distributions over the surface. Their
simulations predict more prominent variability when viewed
equator-on rather than pole-on, consistent with the tentative
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Fig. 12. Luhman 16 orbit on the TESS (cyan, 21” pitch) and JASMINE (green, 0”4 pitch) detector pixel grids. The red dots correspond to a projected
separation of the semi-major axis of Luhman 16 AB. The triangle indicates the position, as observed by TESS in 2019 (Apai et al. 2021).

trend of current observations (Vos et al. 2020), pending fur-
ther confirmation. The dependence of the variability on other
parameters such as the spectral type and gravity remains
highly uncertain because of the lack of samples with pre-
cise photometric monitoring. This constitutes an obstacle to
obtaining detailed insights into the cause of the variability,
and further understanding physical and chemical processes in
the brown dwarf atmospheres. For example, if silicate clouds
alone are responsible for the observed variability of brown
dwarfs, one would expect the greatest variability at the L-
type/T-type spectral transition. This is because those clouds
start to form below the photosphere in the cold atmospheres
of T-type dwarfs. On the other hand, if some other types of
clouds, such as Na,S and KCl, instead form in such cooler at-
mospheres (Morley et al. 2012), the trend of variability over
the spectral type should be more complex (the variability am-
plitude should be maximized at the spectral type whose pho-
tospheres have temperatures close to the condensation tem-
peratures of each forming cloud).

In this context, the high photometric precision of JASMINE
makes it suitable for systematically performing variability ob-
servations for several brown dwarfs with different fundamen-
tal parameters (spectral type, inclination angle, gravity, and
age) to reveal the trend of variability against those parameters.
A recently developed dynamic mapping technique (Kawahara
& Masuda 2020) makes it possible to explore the origin of
the variability, namely time-varying cloud distributions, and
further understand atmospheric circulation and cloud for-
mation mechanisms in brown dwarf atmospheres. Here, we
note that, owing to the rapid rotation of brown dwarfs with
rotation periods of the order of hours (Biller 2017; Artigau
2018), the observation time required to monitor the global
surface of a brown dwarf is relatively short. Whereas the vari-
ability observation campaign for 44 brown dwarfs was con-
ducted using Channels 1 and 2 (3.6 and 4.5 um) of the Spitzer
Space Telescope (Metchev et al. 2015), JASMINE can perform
these observations at different wavelengths (1.0-1.6 um).
Note that some of those brown dwarfs have been observed
with the Wide Field Camera 3 (WFC3; 1.1-1.7 um) of the
Hubble Space Telescope (e.g., Buenzli et al. 2014), including
the investigation of the spectral variability for a few targets
(e.g., Apai et al. 2013; Yang et al. 2015). Because different
wavelengths can probe different depths in the atmosphere,
combining the observations by Spitzer and JASMINE will pro-
vide comprehensive insight into the vertical structure of the
atmosphere, including clouds.

In particular, JASMINE has an excellent capability for ob-
serving brown dwarf binaries. Recently, Apai, Nardiello, and
Bedin (2021) observed the precise light curves of a nearby
bright brown dwarf binary, Luhman 16 AB, using TESS.
Thanks to their long-term observation covering about 100 es-
timated rotation periods of Luhman 16 B, they succeeded in
extracting several minor modulation periods of 2.5, 6.94, and
90.8 hr in the observed light curve in addition to the dominant
period of 5.28 hr. They concluded that the 2.5 and 5.28 hr
periods emerge from Luhman 16 B possibly due to the atmo-
spheric waves with half and one rotation periods while the
6.94 hr peak is likely the rotation period of Luhman 16 A.
As for the 90.8 hr period, they could not determine which
component it originated from, but they tentatively attributed
that modulation to the vortex in the polar regions. JASMINE
can resolve the semi-major axis of this system corresponding
to 1”8, while TESS was unable to separate them (figure 12).
Thus, JASMINE can confirm whether the 6.94 hr light-curve
modulation indeed corresponds to the rotation period of Luh-
man 16 A. In addition, if a long-term observation is possible,
the component causing the 90.8 hr modulation will be identi-
fied, which will provide detailed insights into the atmospheric
dynamics of brown dwarfs.

Moreover, simultaneous observations with ground-based
high-resolution spectrographs such as the Infrared Doppler
(IRD, Kotani et al. 2018) mounted on the 8.2 m Subaru tele-
scope for several best-suited targets will allow us to obtain
more detailed surface maps of the temperatures and clouds for
the observed brown dwarfs using the Doppler imaging tech-
nique, as done for Luhman 16 B (Crossfield 2014).

3.6 NIR photometry by JASMINE

Subsections 3.1-3.5 described the science cases that use preci-
sion NIR photometry by JASMINE. Here, we show how the
required precision is attained. First, the photometric precision
required to detect Earth-sized planets around M dwarf stars
(subsection 3.1) is ~0.1%, which is less stringent than that
achieved by Kepler and TESS. Detecting variability in young
planets and brown dwarfs requires a similar photometric pre-
cision of 0.1% (or milder). We first describe the statistical
noise, including the shot noise, dark current, and readout noise
of JASMINE. Next, we discuss the systematic noise caused by
inter- and intrapixel fluctuations of the detector sensitivity. Fi-
nally, we consider the extent to which astrophysical noise due
to stellar activity can be suppressed using an NIR passband.
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3.6.1 Statistical noise

The top panel in figure 10 shows three statistical noise compo-
nents, shot noise, dark current, and readout noise, as functions
of the Hy, magnitude. The stellar shot noise is most significant
for exoplanet photometry targets. The bottom panel shows
the transit depth corresponding to a detection level of 7o in
5 min as a function of Hy,. In reality, a typical transit that we
search for lasts about 30 min instead of 5 min, and so the lim-
iting depth will be a few times smaller. Consequently, one can
search for a ~0.2% signal from a terrestrial planet around a
R, = 0.2 Ry star that is brighter than H,, = 11.5 mag.

3.6.2 Impact of inter- and intrapixel sensitivity fluctuations
on photometric precision

One main source of error in space-based precise photometry is
an inhomogeneous detector sensitivity. Kepler and TESS avoid
this systematic error by providing accurate attitude control for
satellites. After its reaction wheel broke, Kepler lost precision
in the attitude control to pin the stellar position in a single
detector pixel. This resulted in ~1% systematic error of the
aperture photometry according to the satellite drift. These sys-
tematic errors can be corrected using several techniques, e.g.,
pixel-level decorrelation (Luger et al. 2016). To investigate the
systematic errors in the detector sensitivity, we developed a
detector simulator dedicated to JASMINE, called the
JASMINE-Image Simulator (JIS) (T. Kamizuka et al. in
preparation). JIS simulates pixel images by incorporating both
intra- and interpixel sensitivity models with attitude fluctua-
tions. In the case of JASMINE, the point spread function (PSF)
size was approximately a few times greater than the pixel
size. This reduces the effect of the intrapixel fluctuation of the
sensitivity, whereas the interpixel sensitivity is expected to be
~1% and it remains as a systematic error. We found that the
systematic errors can be suppressed using a sufficiently sen-
sitive detector to detect an Earth-sized planet around an M-
type star after the flat correction of the interpixel sensitivity, as
shown in subsection 4.3. In addition to precise measurements
of the detector sensitivity prior to launch, we plan to have a
single-mode fiber-type light source for the flat correction on
board (T. Kotani et al. in preparation).

3.6.3 Suppression of flux modulations by stellar activity

Enhanced stellar activity poses a challenge in the search for
transiting planets around young stars. Most young stars are
magnetically active, often creating dark spots and plages on
their surface, which are revealed as strong periodic flux mod-
ulations in the light curves. For instance, the flux variation
amplitude of the young M dwarf planet host K2-33 is as large
as ~2% (Mann et al. 2016) in the Kepler band. (In contrast,
the transit depth of K2-33b is only ~0.25%.) In the presence
of such large flux modulations, together with the inflated radii
of young stars, detecting “small” transiting planets (producing
small transit depths) is not straightforward for young
systems.

In addition, such variability can be an additional noise
source, even for transit-signal detection in mature late-type
stars. For the TESS passband (0.6-1.1 pm), there are approx-
imate stellar variabilities of 400, 1000, and 4000 ppm on av-
erage for early to late M stars, corresponding to 0.35 R, 0.2
R, and 0.1 R (Brady & Bean 2022), respectively. Consid-
ering the typical signal levels of terrestrial planets of 1200,
2500, and 10000 ppm for early to late M stars, flux modu-

lation due to stellar activity can be a major source of noise
when searching for the transit signal of terrestrial planets in
the TESS band.

Photometric monitoring in the NIR region has an advan-
tage over optical observations in terms of the reduced flux
contrast of active surface regions (spots etc). Recent radial
velocity measurements (for example, Crockett et al. 2012;
Beichman et al. 2019), as well as photometric observations
(Miyakawa et al. 2021), revealed that the contrast of typical
surface spots on young active stars is mitigated by a factor
of 2-3 in the NIR region. For reference, the expected relative
modulation amplitudes by stellar activity are listed in table 2,
where the Kepler passband case is used as a reference and set
at 1. The contrast was calculated by combining the PHOENIX
atmospheric model and the response function for each pass-
band in the same manner as in Miyakawa et al. (2021) when
the stellar surface temperature and relative starspot tempera-
ture are 3500 K and 0.95, respectively. Miyakawa et al. (2022)
implemented detailed simulations of the detection of close-
in transiting planets around young cool stars (primarily M
dwarfs). Their injection-recovery tests showed that the in-
jected planets were recovered with enhanced rates in the NIR
in all cases, and the recovery rate was significantly improved
for more rapidly rotating stars (P, < a few days) with larger
activity-induced modulations. This highlights the remarkable
benefit of performing transit surveys by NIR photometry to
identify small transiting planets around particularly young ac-
tive stars, such as those in the Pleiades cluster (~100 Myr) and
star-forming regions (<10 Myr).

3.7 Exoplanet microlensing

Gas-giant planets, such as Jupiter and Saturn, are thought to
have formed just outside the snow line, where icy materials are
abundant. In this circumstance, a protoplanetary core grows
quickly and starts accumulating the surrounding gas within
the lifetime of the protoplanetary disk (for example, Ida &
Lin 2004). However, the detailed process of gas-giant planet
formation remains unclear. Unveiling the mass distribution of
exoplanets outside the snowline is of particular importance in
understanding this process. However, existing exoplanet de-
tection techniques (except for microlensing) are insufficiently
sensitive for detecting planets in this orbital region.

Microlensing detects planetary signals by observing the
characteristic light curve produced by a background source
star and altered by the gravitational lensing effect of the fore-
ground planetary system. By monitoring hundreds of millions
of stars in the Galactic bulge region, more than a hundred exo-
planets have been detected using this technique. However, the
ultra-high stellar density of the field and the large distance to
the planetary systems has made it difficult to further character-
ize each planetary system. Although the Nancy Grace Roman
Space Telescope (see sub-subsection 6.2.2) aims to improve
the demographics of exoplanets substantially in the late 2020s
by monitoring the Galactic bulge region (Penny et al. 2019),
the difficulty of performing follow-up observations of each
system remains.

This difficulty can be resolved if planetary systems are de-
tected at close distances by microlensing. Although the event
rate of such nearby planetary microlensing events is expected
to be relatively small, the first such event was serendipitously
discovered in 2017 (Nucita et al. 2018; Fukui et al. 2019).
High-cadence, large-sky-area surveys such as the All Sky
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Automated Survey for SuperNovae (ASAS-SN), Zwicky Tran-
sient Facility (ZTF), Tomo-e Gozen, and Vera C. Rubin Ob-
servatory’s Legacy Survey of Space and Time (LSST) have the
potential to find more such events.

JASMINE can play an invaluable role in following up such
nearby planetary microlensing event observations from the
ground. First, the high astrometric capability of JASMINE
allows the centroid shift of the source star to be measured,
thanks to the lensing effect (the signal is typically ~1 mas).
This will help to solve the degeneracy between the mass and
distance of the lens system. Secondly, by simultaneously ob-
serving the same event from JASMINE and from the ground,
one can measure the parallax effect in the microlensing light
curve, which will also help solve for degeneracy. Thirdly, the
NIR light curve from JASMINE allows the luminosity of the
lens (host) star to be measured, thereby providing additional
information about the host star in addition to its mass and
distance (e.g., temperature). We note that although the GCS
data will automatically provide all the required data, if events
happen in the JASMINE GCS field, a full utilization of the ad-
vantages of JASMINE requires a target-of-opportunity (ToO)
mode that can respond to a trigger within a few days.

3.8 Astrometric planet survey

The astrometric detection of exoplanets has two key advan-
tages over other exoplanet detection methods. First, the as-
trometric signal increases for planets more distant from their
host stars, making this method complementary to the radial
velocity and transit methods, which are sensitive only to short-
period planets. Secondly, the two-dimensional motion of a star
measured by astrometry, combined with Kepler’s laws and an
estimated stellar mass, allows a solution of both the absolute
mass and the complete planetary orbit. This is generally not
possible for exoplanets discovered based on radial velocities
or microlensing.

The astrometric signal (maximum shift of the stellar posi-
tion by a planet) is given by

as ~ 30(M,/Mjup) (Ms /M)~ (a/3 au)(d/100 pe) ™" pas, (1)

where M,, denotes the planetary mass, M; the stellar mass, 2
the semi-major axis, and d the distance to the planetary sys-
tem. Although few exoplanets have been detected to date by
this technique alone, Gaia is expected to detect tens of thou-
sands of Jovian planets at a few au around solar-type stars us-
ing this technique (Perryman et al. 2014) because of its ultra-
high astrometric precision at optical wavelengths (~25 uas for
stars with G < 15 mag). However, it remains difficult for Gaia
to detect planets around ultra-cool dwarfs and/or long-period
planets because of their lack of sensitivity. JASMINE can com-
plement Gaia exoplanet exploration with its NIR capability
and the long time baseline between Gaia and JASMINE. In
the following subsections, we describe several scientific cases
that JASMINE can pursue.

3.8.1 Planets around ultra-cool dwarfs

Core-accretion theories predict that massive planets are less
abundant around lower-mass stars because of the lack of ma-
terials in the surrounding protoplanetary disks (for example,
Ida & Lin 2005). However, some Jovian planets have been dis-
covered around mid-to-early M dwarfs, challenging current
planet formation theories (for example, Morales et al. 2019).

Gaia stars within 20 pc

10

G (magq)

10 12 14

J (mag)

01 ‘ ' 05
Stellar mass (M)

Fig. 13. Gaia G-band (y-axis) and 2MASS J-band (colors) magnitudes of
the stars within 20 pc as a function of the stellar mass (x-axis). The UCD
region to which JASMINE is sensitive to planets comparable to or higher
than Gaia is indicated by the red box.

To further address this problem, it is important to unveil the
planet population around further lower-mass stars or ultra-
cool dwarfs (UCDs; T < 3000 K). So far, only a limited num-
ber of planets have been discovered around UCDs owing to
their faintness at optical wavelengths.

The astrometry technique is very sensitive to distant planets
around nearby UCDs because the astrometric signal increases
inversely with the stellar mass. For example, the astrometric
signal on a 0.1 M star at a distance of 20 pc caused by a
planet with a mass of 0.1 Mj,, and an orbital period of 20 yr
reaches ~500 pas. Because Gaia alone is likely to find it dif-
ficult to firmly detect such planets owing to the faintness of
nearby UCDs in the optical (G > 16 mag) and the limited
time baseline (~10 yr), JASMINE could play an essential role
in confirming the candidates of such planets that will be de-
tected by Gaia due to the NIR brightness of nearby UCDs (]
~ 12-14 mag; see figure 13), and the time baseline between
Gaia and JASMINE (up to ~18 yr).

3.8.2 Planet search in the Galactic Center survey

The data obtained by intensive observation with JASMINE
toward the Galactic Center (section 2) will also be useful
when searching for exoplanets using the astrometric tech-
nique. Despite the limited number of nearby stars within the
JASMINE GCS area that are suitable for this planetary search,
the expected astrometric precision toward this region (25 uas)
will provide a good sensitivity to low-mass planets (down to
~Neptune mass) around M dwarfs. Potentially, about a thou-
sand M and K dwarfs that are bright enough for JASMINE are
located within the GCS region (most within 1 kpc), providing
good targets for an astrometric planetary search.

3.8.3 Synergy with radial velocity and direct imaging

Astrometry has good synergy with radial velocity and di-
rect imaging techniques. Although the radial velocity tech-
nique is sensitive to long-period (tens of years) planets, this
method alone cannot measure the orbital inclination. Thus, it
cannot measure the true value but only the lower limit of the

20z Iudy 61 uo Jsenb Aq 00EEY9.2/0Z09BSd/ISed/e601 01 /10p/o[0IIE-80UBADE/[SEd/WO0"dNO"d1WSPESE/:SANY WO} PEPEOUMO(



Publications of the Astronomical Society of Japan (2024), Vol. 00, No. 0 21

Fig. 14. Preliminary optical design of JASMINE.

planetary mass. By measuring the astrometric signal of the
host star of such a planet, one can determine the complete
orbit and mass of the planet (for example, Feng et al. 2019).
JASMINE can play an important role in measuring the true
mass of long-period planets (planetary candidates) around
nearby M dwarfs discovered by radial velocity surveys, such
as the one that is ongoing with Subaru/IRD. Astrometry can
also play a crucial role in determining the formation scenario
of young self-luminous planets discovered by direct imaging.
Although direct imaging can measure the complete orbit and
luminosity of a planet, it alone cannot measure the dynamic
mass of the planet, which is key to distinguishing different for-
mation scenarios, i.e., hot and cold start models. Recently, the
accelerations of host stars of several direct imaging planets
were measured by combining the Hipparcos and Gaia proper
motions, constraining their formation scenarios (for example,
Dupuy et al. 2019,2022). JASMINE will be able to contribute
to such studies in combination with Gaia.

4 Mission and instrument concept

In this section we summarize the current concept study of the
JASMINE mission and the survey plan to achieve the above-
mentioned main science objectives of the Galactic Center ar-
chaeology and the HZ exoplanet search. The mission and
instrument concepts are still under development. Hence, the
specifications summarized in this section are subject to change
during the further development phases of the mission.

4.1 Satellite and payload design

The satellite system of JASMINE consists of a bus module and
a mission module. The mission module includes a telescope
and electronics box. A large Sun shield and telescope hood are
installed to protect the telescope from stray light and temper-
ature change. The JASMINE satellite will be launched by the
JAXA Epsilon S Launch Vehicle from the Uchinoura Space
Center in Japan. JASMINE will be in a Sun-synchronous
low-Earth orbit at an altitude of about 600 km with a
mission lifetime of 3 yr. The weight of JASMINE is about
600 kg.

JASMINE has a circular primary mirror with a diame-
ter size of 36 ¢cm. The current preliminary optical design
adopts a modified Korsch system with three mirrors and
two folding mirrors to fit the focal length (4.37 m) into

Fig. 15. Example of a schematic view of the payload layout.

Table 3. Summary of the specifications of JASMINE.

Launch vehicle JAXA Epsilon S

Mass ~600 kg

Volume 1m?

Power 600 W

Orbit 600 km Sun-synchronous orbit

Downlink Omnidirectional X band
Mission lifetime 3yr

Telescope Modified Korsch system
Aperture 36 cm diameter

Focal length 4.37 m

Field of view 0255 x 0255

Detector Hamamatsu Photonics InGaAs
Number of detector 4

Number of pixels 1952 x 1952
Wavelength range Hy, band (1.0-1.6 um)
Pixel size 472 mas

the size of the payload (figure 14). JASMINE is planned
to use CLEARCERAM®-Z EX for the mirror and Super-
Super Invar alloy (Ona et al. 2020) for the telescope struc-
ture. CLEARCERAM®-Z EX and Super-Super Invar have ex-
tremely low (0 £ 1 x 1078 K~! for CLEARCERAM®-Z EX
and 0 £ 5 x 1078 K~! for Super-Super Invar) coefficients of
thermal expansion (CTE) at about 278 K, which is the opera-
tion temperature of the telescope. JASMINE uses four Hama-
matsu Photonics InGaAs NIR detectors (the performance of
a prototype model with a smaller format can be found in
Nakaya et al. 2016). The FoV is 0255 x 0°55. JASMINE uses
an H,, filter that covers 1.0-1.6 um. Figure 11 shows the H,,
passband.

The whole telescope is encased within the “telescope panel
box” that insulates the telescope from outside (figure 15).
This enables precise control of the temperature variation of
the telescope within 021 for 50 min, by keeping the temper-
ature change inside the telescope panel box within 1 degree.
The operation temperature for the detector is required to be
less than 173 K and the temperature variation is required to
be kept within the 1 degree level for 50 min. The structural
thermal stability will keep the position of stars on the focal
plane within 10 nm for 50 min. This is achieved by the above-
mentioned thermal control and the extremely low CTE of the
CLEARCERAM®-Z EX mirror and Super-Super Invar tele-
scope structure. A summary of the specifications of the satel-
lite and telescope is shown in table 3.
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Fig. 16. Number of observations for each star observed towards the Galac-
tic Center. The black rectangle highlights the JASMINE GCS field.

4.2 Galactic Center survey strategy

The GCS is designed to achieve the science goals in section 2.
To achieve precise astrometric accuracy, JASMINE will ob-
serve the same field repeatedly (about 60000 times). The GCS
field covers a rectangular region of —0°6 < b < 026 and —124
<1< 0°7 (or —0°7 < I < 124) as described in section 2. With
a finite mission lifetime, the survey area on the sky is limited
to ensure good astrometry, i.e., a sufficient number of repeat
observations for each object. The JASMINE GCS is designed
to cover the NSD (subsection 2.3). The GCS covers both sides
of the longitudes and latitudes of the central part of the NSD
(=096 < b <026 and —0°7 < [ < 0°7). On the other hand, a
compromise must be made for the outer part of the NSD, i.e.,
observing only one side of the disk, considering the apparent
symmetry of the NSD.

The whole GCS region will be mapped with a strategy to
observe all the stars in this region a similar number of times
during the three years of the nominal operation period of
JASMINE and detect each star at different positions within
the detector, to randomize the noise and reduce systematic bi-
ases. The expected number of observations for the stars in and
around the GCS region is shown in figure 16. As can be seen
from the figure, a number of stars surrounding the GCS region
will be observed throughout the mission operation, though
with a lower samping rate. Although the accuracy of the as-
trometry will be worse in this surrounding region, we will
downlink the data for stars in this region and analyze their
time-series astrometry and photometry.

At each pointing of a single field of view of 0255 x 0255,
JASMINE takes a 12.5 s exposure (plus 1 s of readout time)
46 times; these are combined to one frame that is hereafter de-
fined as a “small frame.” The exposure of 12.5 s corresponds
to the saturation limit of Hy, = 9.7 mag. Although the pixel
resolution of each image is 07472, we will determine the cen-
troid position of the stars with an accuracy of about a 4 mas
level for stars brighter than Hy, = 12.5 mag, using the effective
point spread function (ePSE, Anderson & King 2000).

The parallax accuracy of 25 pas for stars brighter than
12.5 mag is obtained by the repeated observation of about
60000 times in 3 yr. In each orbit of about 97 min, JASMINE
will observe four different small frames within 48% of each
orbit.> Two of these fields overlap by about half the size of

5 The number of different fields observed per orbit is to be determined
when the various trade-off studies are finalized.
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Fig. 17. Estimation of the uncertainties per single exposure of 12.5 s as
a function of the magnitude of the stars. Red circles connected with the
dashed line labeled as “internal error” present the photometric errors com-
puted from the Poisson noise and the readout noise. The solid blue circle
connected with the blue line labeled with “RMS"” shows the photomet-
ric errors computed from the RMS error of the photometric measurement
of 100 simulated images for each brightness of a star created with JIS
(sub-subsection 3.6.2).

the field of view (either shifted vertically or horizontally, so
that there will be two directions of overlap) to correct the
distortion of the images due to optical distortion and detec-
tor distortion. The observed fields in each orbit are chosen to
map the main survey field homogeneously, but as randomly
as possible. The distortions of the images are modeled with
two-dimensional fifth-order polynomial functions by assum-
ing that the primary stars do not move in the short observa-
tional time in a single orbit. Here, the primary stars are defined
as stars that do not have an intrinsic shift due to binaries or mi-
crolensing. As mentioned above, the telescope is stable enough
to keep the position of stars on the focal plane to within 10 nm
for 50 min, which allows us to ignore the time variation of the
coefficients of the terms higher than the first order of the poly-
nomial functions for the distortion correction, and maintain
10 pas stability of astrometric measurement. The time vari-
ation of the first order of the distortion, expansion and con-
traction, will be modeled with the stars whose parallax and
proper motion is accurately measured with Gaia.

The time-series photometry can be obtained from the GCS
data. Figure 17 shows the expected photometric uncertainties
for a single exposure. The figure shows that the photometric
accuracy is about 1 mmag for bright stars with Hy, = 10 mag,
but reaches 40 mmag for faint stars (H,, = 14.5 mag) in a
small frame. Here, we assume that the inter- and intrapixel
sensitivity fluctuations are completely calibrated. The inter-
nal error in figure 17 indicates the photometric errors com-
puted from the Poisson noise and the readout noise. “RMS”
shows the photometric errors computed from the RMS error
of the photometric measurement of 100 simulated images cre-
ated with JIS (sub-subsection 3.6.2), which is almost consis-
tent with the internal error. Each star is expected to be ob-
served every ~530 min.

Because of the limited downlink capacity, only the data of
9 x 9 pixels around the target stars are planned to be down-
linked to the ground station. For these selected window re-
gions, the data of every exposure, i.e., 46 images per small
frame, will be downlinked, and will be used for astrometry and
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Fig. 18. Geometric transit probability of an outer planet, given the presence
of an inner transiting planet, as a function of the different distributions
of the mutual inclination of multiple planets. We assumed M, = 0.2Mg),
R, = 0.2 Ry, for Rayleigh distributions (with o as the mutual inclination
distribution) and for an isotropic distribution.

time-series photometry analysis. However, we plan to down-
link at least one full-frame image per small frame, and make
these data immediately available for the community. Such full-
image data would be valuable for serendipitous discovery of
any transient event. In addition, we can downlink all exposure
data in a few additional pre-selected small regions. For exam-
ple, Ser A” occasionally flares up in the near-infrared, and an
extremely bright flare was observed in 2019. Converting from
the reported magnitudes in the H and K’ bands in Do et al.
(2019), the observed peak magnitude of the 2019 flare corre-
sponds to about H,, = 18 mag. This is out of reach for a single
exposure of the JASMINE GCS. However, 46 stacked images
per single pointing can detect such a flare. Depending on the
scientific merit and the downlink capacity, we can downlink
all exposure data of a small region around Sgr A" and monitor
the stacked flux.

4.3 Exoplanet survey strategy

The field of view of JASMINE (0°55 x 0255) makes it better
suited to pointing—individual-target (PIT) observations than
to a blind transit survey. Because the probability that an HZ
planet transits a randomly chosen mid M star is only O(1%),
and because the orbital period of the HZ planet is O(week),
hundreds or more of such stars need to be monitored for at
least a month to detect those planets in a blind transit survey.
This is impractical with JASMINE.

Instead, JASMINE plans to focus on fewer [O(10)] target
stars that have a high prior probability of having transiting
planets in the HZ. Specifically, we focus on stars with known
transiting planets with orbital periods shorter than those in
the HZ (i.e., <10 d), which have been detected by ground-
and/or space-based surveys prior to JASMINE. If these plan-
ets also have an outer planet in the HZ whose orbit is likely
aligned with the inner transiting planet(s), the HZ planet is
much more likely to transit than around a randomly chosen
star: for mutual orbital inclinations of a few degrees, as in-
ferred for multiplanetary systems from Kepler (Fabrycky et al.
2014), the transit probability for the HZ planet conditioned
on the presence of inner transiting planets is a few tens of
percent (figure 18). Such undetected HZ planets may be de-

tected with long-term follow-up monitoring using JASMINE.
This strategy makes it plausible to find HZ transiting planets
by monitoring O(10) targets. Indeed, the effectiveness of such
a strategy has been demonstrated by Spitzer observations of
TRAPPIST-1. They revealed five more terrestrial planets, d—
g (Gillon et al. 2017) on wider orbits covering the HZ than
planets b and ¢, which were originally reported from a ground-
based survey (Gillon et al. 2016).

To identify transiting planets in the HZ, JASMINE needs to
monitor each star for at least a few weeks in total, and the sur-
vey is planned to be performed during the periods when the
Galactic Center is not observable. Because JASMINE can ob-
serve the region within 45° around the Sun, such observations
are feasible for most stars in the sky (figure 19). Here the white
dots show the locations of potential target M dwarfs, the color
corresponds to the total number of visible days per year, and
the gray area corresponds to the region around the Galactic
and anti-Galactic Centers. Even excluding those latter regions,
many mid or late M dwarfs can be observed with a sufficiently
long baseline time. In principle, the anti-Galactic Center direc-
tion could also be observed for the exoplanet survey during
the astrometric survey of the Galactic Center. However, this
may affect the thermal stability of the astrometric survey. A
more detailed thermal stability analysis is needed to determine
the visibility in the anti-Galactic direction.

Figure 20 shows a simulated light curve of a mid-to-late M-
type star that includes a transit signal by a terrestrial planet.
This simulation includes photon noise, dark current, readout
noise, and systematic error from intra- and interpixel sen-
sitivity fluctuations, incorporating attitude control error of
the satellite and a PSF of the optics with wavefront aber-
rations expressed by Zernike polynomials. An Earth-sized
planet around a star with R, = 0.2 R yields a transit signal
of ~0.2%-0.3%, which can be detected in the simulated light
curve of JASMINE after the flat correction of the interpixel
sensitivity (see sub-subsection 3.6.2 for details).

5 Other potential science cases

5.1 Galactic mid-plane survey

While the Gaia mission is creating groundbreaking advances
in the exploration of the structure and kinematics of the
Galaxy as mentioned above, Gaia’s contributions to under-
standing the large-scale dynamics of the youngest popula-
tions of the disk (“Extreme Population I”) will necessarily
be limited, as even 1° of latitude is the scale height of these
populations at a distance of about 5 kpc. Yet it is within
this <100 pc from the Galactic mid-plane that the main act-
ing fields of the primary agents of disk dynamical evolution
are, e.g., giant molecular clouds, the spiral arms, and the
densest parts of the Galactic bar. To gather a complete un-
derstanding of processes such as secular orbital heating and
radial migration that are driven by these perturbations re-
quires contiguous kinematic information spanning the very
youngest stars born in the Galactic mid-plane to their older
siblings (well studied by other surveys) that have long since
been scattered to dynamically hotter and/or radially migrated
orbits.

Moreover, without accurate proper motions, even surveys
like APOGEE, which is providing the first global view of the
detailed chemistry and radial velocities of disk and bulge stars,
are limited in their ability to place this information within a
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Fig. 19. Visibility of JASMINE on the equatorial coordinate system. The color indicates the total number of visible days per year. The small dots indicate
the target M-type stars. The two gray areas correspond to the Galactic Center and the anti-Galactic Center, where JASMINE will conduct an astrometric

survey of the Galactic Center. The blue dot indicates the Galactic Center.
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version of the top panel. Flat correction is applied by using an internal flat calibration ramp and/or self-calibrated flat using bright star cluster observations

in orbit.

firm dynamical context; many thousands of mid-plane stars
in the APOGEE database lack Gaia astrometry, so that 3D
orbits cannot be inferred. Only an NIR astrometry facility can
remedy this problem by supplying a similar global view of
mid-plane stellar disk dynamics. The importance of accessing
this “optically hidden Milky Way” has motivated discussions
at ESA to follow Gaia up with an NIR counterpart mission,
GaiaNIR (e.g., Hobbs et al. 2021), but this is not likely to be
realized for a few decades.

JASMINE is well suited to be a pathfinder for a proposed
large flagship all-sky astrometric survey mission in the NIR,
like the GaiaNIR concept, and is capable of having an imme-
diate impact in the field of Galactic archaeology. In addition
to the GCS in section 2, to address the science objectives of
the inner disk dynamics summarized in subsection 2.6, trac-
ing the dynamics and chemistry of the stars in the Galactic
disk mid-plane at the various azimuthal angles of the disk is
required. One potential targeting strategy is a small campaign
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of mosaicked JASMINE pointings, which are centered on the
location of APOGEE b = 0° fields, which are located about
every 5° in longitude around the entire sky. Such a strategy
will instantly pay dividends through the value-added infor-
mation on tens of thousands of stars with spectroscopy from
the APOGEE and APOGEE-2 surveys, and their SDSS-V ex-
tension, Milky Way Mapper (see subsection 6.1.3), that will
lack Gaia’s accurate astrometric data, because of the extreme
foreground obscuration. These data will provide a systematic
probe of the dynamics of the low-latitude disk.

The required astrometric accuracy should not be as strict as
the GCS. Although APOGEE spectroscopy yields ~0.1 km s~!
accuracy radial velocities for stars, we do not require such
accuracy in the transverse velocities. This is because we are
primarily interested in measuring the velocity dispersions for
young Population I stars, which are of the order of 10-
30 km s™! per dimension. For example, 200 pas yr~! proper
motion provided by JASMINE translates to a transverse veloc-
ity error of <5 km s™! for a star at § kpc (this is a bit higher
than the approximate median distance of the APOGEE mid-
plane stars, which are primarily red giants), and <10 km s~
for stars at 10 kpc. This relaxed requirement allows us to sur-
vey a large range of the galactic longitude, when JASMINE is
not observing primary science targets.

5.1.1 Star-forming region

A rigid adherence to the pointing strategy of the Galactic mid-
plane survey is not necessary, and other interesting science
problems, e.g., astrometric and photometric exploration of
young stellar clusters and star-forming regions (which nat-
urally lie at low latitude), can also benefit from judicious
placement of the JASMINE Galactic mid-plane survey “pick-
ets.” For example, the APOGEE project has dedicated itself
to intense spectroscopic probes of several star-forming re-
gions (e.g., the Orion Complex, the Perseus Molecular Cloud,
and the Cygnus region), which may also be matched with
JASMINE targeting.

Stars are mainly formed in giant molecular clouds (GMCs).
Moreover, star-forming regions strongly concentrate into very
compact sections within GMCs. Using the Two Micron All
Sky Survey (2MASS) point source catalog, Carpenter (2000)
estimated the fraction of young stellar populations contained
within clusters to be 50%-100% for nearby cluster-forming
GMCs, such as Perseus, Orion A, Orion B, and MonR2. NIR
surveys of young stellar populations using the Spitzer Space
Telescope have confirmed that clustered star formation is the
dominant mode of star formation in the Galaxy (e.g., Poulton
et al. 2008; Romdn-Zaiiga et al. 2008).

This traditional picture is now challenged by the recent
Gaia data releases, which are revealing a more complex re-
ality. Anders et al. (2021) claimed that only about 16% of
the stars in the solar neighborhood formed in bound clus-
ters, comparing the star formation rate in the solar neighbor-
hood and the populations of the young star clusters. From
the more small-scale kinematics of the OB associations, Ward,
Kruijssen, and Rix (2020) showed that the velocity fields of the
OB association are highly substructured (see also Wright &
Mamajek 2018), which is not consistent with a monolithic
scenario, where stars formed in the core of bound clouds and
expanded subsequently due to the outflow of the gas caused by
feedback. They discussed that these are consistent with a hi-
erarchical star formation model, where stars formed in large-
scale gravitationally unbound structures in molecular clouds.

Although the Gaia data is revolutionizing our understand-
ing of star formation, these optical observations are unavoid-
ably missing information from deep in the core of star-forming
regions where the dust extinction is too severe. The NIR as-
trometric observations with JASMINE and APOGEE spectro-
scopic data can unveil the whole picture of the star-forming
region hidden in the dust, which will complement what the
Gaia data have revealed and provide a more complete picture
of these star-forming regions.

5.1.2 Milky Way neighborhood dwarf galaxies

The dwarf galaxy population around the Milky Way is di-
verse and new dwarfs are continuously being discovered (e.g.,
Willman et al. 2005; Belokurov et al. 2006; Zucker et al.
2006). The once-troublesome “missing satellites problem”
that plagued the ACDM cosmology theoretical framework
is now steadily being refined and coming in line with obser-
vations of the dwarf galaxy populations around more mas-
sive galaxies such as the Milky Way (Simon & Geha 2007,
Kim et al. 2018; Mao et al. 2021). The ESA F-class mission
ARRAKIHS (a planned 2030 lanuch) will further this inven-
tory with unprecedented surface brightness levels in the Euclid
VIS- (0.550-0.900 um), Y- (0.920-1.230 um), and J- (1.169-
1.590 um) band images of nearby galaxies. One remarkable
discovery that came from the recent Gaia DR2 is that of the gi-
ant dwarf galaxy Antlia 2 (Torrealba et al. 2019). The primary
reason that this giant dwarf galaxy lurking in the dark mat-
ter halo of the Milky Way went undetected until now is that it
lies only 11 degrees off the Galactic plane. Where Gaia has run
into the limit of visual-wavelength extinction, JASMINE can
go deeper into the Galactic mid-plane, as part of the Galac-
tic mid-plane survey, allowing for serendipitous dwarf galaxy
and globular/stellar cluster discoveries that cannot be made
via any other method. With the anticipated astrometric preci-
sion and stellar content, we will be able to detect over-densities
of stars that contain common proper motions indicative of
low-latitude dwarf galaxies and/or clusters that are in the op-
tical Zone of Avoidance, within a distance of about 10 kpc,
as demonstrated for Gaia data in Antoja et al. (2015) and
Ciuca et al. (2018). So far, there is no dwarf galaxy found
within 20 kpc, and Draco 2 at about 22 kpc is the closest (e.g.,
McConnachie & Venn 2020). Although the total field of view
of the Galactic mid-plane survey is very limited, finding any
galaxy within 20 kpc will be a significant discovery, and will
be integral to studies of the survivability of dwarf galaxies
within the inner Galaxy, their contribution to the bulge, and
their impact on the Galactic disk (e.g., D’Onghia et al. 2010).

5.2 X-ray binaries

Another interesting target for which the precise astrome-
try with short-cadence observations of JASMINE can pro-
vide unique and impactful data is X-ray binaries, includ-
ing gamma-ray binaries (Aharonian et al. 2005). These are
ideal laboratories for the study of high-energy astrophysics
and prime future targets for multi-messenger astronomy,
including continuous gravitational wave observations (e.g.,
Middleton et al. 2020). Astrometric measurements of their
companion stars enables us to measure the physical scale of
the orbital parameters, and to unveil the mass of the com-
pact object, whether it be a white dwarf, neutron star, or BH
(Yamaguchi et al. 2018b; see also sub-subsection 5.3.1). We
list below examples of X-ray binaries, which are particularly
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interesting targets for JASMINE, when JASMINE cannot ob-
serve the GCS field. This merely presents examples of potential
targets, and is not an exhaustive list.

y Cassiopeia (y Cas): y Cas is considered to be the first star
identified as a Be star (a B type star with emission lines) (Secchi
1866). However, now y Cas is known to be a rare kind of Be
star, which is characterized by a hard X-ray spectrum with a
thermal X-ray emission, a high temperature (>10 keV), and
a lack of strong variability (e.g., Motch et al. 2015; Nazé &
Motch 2018; Tsujimoto et al. 2018). Despite the proximity
of the object (d ~ 168 pc) (van Leeuwen 2007) and several
decades of observational and theoretical studies, the X-ray
emission mechanism and the nature of the lower-mass sec-
ondary star are still debated (e.g., Smith 2019; Langer et al.
2020). While the ~204 d binary period with an orbit that
is close to circular (Miroshnichenko et al. 2002; Nemravova
et al. 2012) is known, the mass of the smaller-mass secondary
star is not well measured and it is still debated whether the sec-
ondary star is a white dwarf or a neutron star (Langer et al.
2020). With a visual magnitude of ~2, y Cas is too bright
for Gaia. JASMINE can adjust the exposure time to observe
such a bright object with a short cadence. Such time-series as-
trometric information will provide the precise orbital param-
eters and mass of the secondary star from astrometric obser-
vations (Yamaguchi et al. 2018b), which will be a crucial to
understanding the long-debated properties of y Cas and other
similar systems (y Cas analogs).

LSI +61 303/HESS J0632+057: These are both gamma-ray
binaries, in which the source of gamma rays may be the impact
of a relativistic pulsar wind on outflowing protons in the disk
of a Be star, UV photons from a massive main-sequence star,
or by the interaction of UV photons from such a star on the
accretion disk of an X-ray binary counterpart (Mirabel 2012).
Determining the masses of these companions can be achieved
with high astrometric precision observations.

X Per/V725 Tau: Like y Cas, these are X-ray binaries with
rapidly rotating B stars, and likely host neutron star com-
panions. Neutron stars are characterized by their equation of
state, which requires knowing their masses (e.g., Demorest
et al. 2010). This can be done with precise determination of
orbital parameters (Miller 2013).

5.3 Complementary sciences with the Galactic
Center survey data

The JASMINE GCS data will provide accurate astrometry and
time-series photometry for all the stars with 9.5 mag < H,, <
14.5 mag in the JASMINE GCS field. The GCS data should be
valuable for a wide range of scientific studies, not just for the
core science of JASMINE as shown in section 2. In this section,
we highlight some of these science cases. Note that the aim of
this section is not to provide a comprehensive list, but merely
to list the potential science cases. We hope that many science
cases that are not as premeditated will be developed by the
wider science community.

5.3.1 Hunting inner disk BHs

Massive stars are expected to become BHs upon their demise
(e.g., Maeder 1992). Therefore, it is expected that there are
many stellar-mass BHs floating around in the Milky Way
(e.g., Brown & Bethe 1994). Stellar-mass BHs are found in
the Galaxy as X-ray binaries (e.g., Ozel et al. 2010), whose

masses are around 5-20 M. Several gravitational wave de-
tections of stellar-mass BH binaries since the first detection
of GW150914 by the LIGO/VIRGO collaborations (Abbott
et al. 2016) revealed that there are indeed stellar-mass BHs,
up to Mgy ~ 150 M (Abbott et al. 2020). Two remaining
questions are what is the mass function of this BH population,
and how they are spatially distributed in the Galaxy? These
questions are also related to the origin of SMBHEs, as discussed
in subsection 2.2.

One promising method to detect a large population of these
stellar-mass BHs is finding a binary system of a BH and a com-
panion star bright enough to allow for its kinematics to be
measured with astrometry and/or spectroscopic observations.
These systems do not require the companion star to be inter-
acting with the BH and emitting X-rays, i.e., a non-interacting
BH (Thompson et al. 2019). Such non-interacting BHs are
expected to be observed by the precise astrometry available
with Gaia (e.g., Penoyre et al. 2022). Recently Shikauchi,
Tanikawa, and Kawanaka (2022) estimated that Gaia will de-
tect ~1.1-46 non-interacting BH binaries (see also Kawanaka
et al. 2017; Yamaguchi et al. 2018a). In fact, so far from
Gaia DR3 and follow-up observations, two non-interacting
BH binaries, Gaia BH1 with a Sun-like star (Chakrabarti et al.
2023; El-Badry et al. 2023a) and Gaia BH2 with a red gi-
ant star (Tanikawa et al. 2023; El-Badry et al. 2023b), have
been found. JASMINE will offer similarly precise astrome-
try for stars in the inner disk from the Sun to the Galactic
Center, where Gaia cannot observe due to the high extinction.
Therefore, JASMINE is expected to uncover the population
of BHs in the inner Galaxy. According to a similar model of
Shikauchi, Tanikawa, and Kawanaka (2022), in the JASMINE
GCS region 100-1000 BH-star binaries are expected to exist.
Further study of how many such binaries can be detected by
JASMINE is ongoing.

Another way of hunting for BHs with JASMINE is mi-
crolensing. JASMINE will offer time-series photometry of the
Galactic Center region where the stellar density is very high.
We expect that JASMINE will find about three microlensing
events during the nominal operation of 3 yr, which is an opti-
mistic estimate based on the VVV microlensing survey results
(Navarro et al. 2020). As suggested by Abrams and Takada
(2020), long-timescale (>100 d) microlensing events are ex-
pected to be dominated by a high-mass (230 M) BH lens.
Photometric microlensing itself does not give us the lens’ mass.
However, JASMINE can also detect astrometric microlensing
from the centroid shift of the source (e.g., Dominik & Sahu
2000; Belokurov & Evans 2002). Astrometric microlensing
enables us to measure the source mass if the mass and dis-
tance to the lens are optimum for the measurement. Recently,
the first astrometric microlensing measurement has been re-
ported for a microlensing event found by ground-based ob-
servation and followed up by the Hubble Space Telescope
for astrometry (Lam et al. 2022; Sahu et al. 2022). How-
ever, the lens masses for the same event, OGLE-2011-BLG-
0462/MOA-2011-BLG-191, reported by the two teams are so
far quite different. Sahu et al. (2022) reported a lens mass of
7.1 & 1.3 M, clearly indicating a BH, at distance of 1.58 &
0.18 kpc, while Lam et al. (2022) reported a lens mass of 1.6—
4.2 M, which could be a neutron star or BH, at a distance of
0.69-1.37 kpc. This tension could be due to systematic uncer-
tainty from the two independent measurements of photome-
try and astrometry. The astrometric displacement of this event
was larger than 1 mas and large enough to be clearly detected

20z Iudy 61 uo Jsenb Aq 00EEY9.2/0Z09BSd/ISed/e601 01 /10p/o[0IIE-80UBADE/[SEd/WO0"dNO"d1WSPESE/:SANY WO} PEPEOUMO(



Publications of the Astronomical Society of Japan (2024), Vol. 00, No. 0 27

by JASMINE. JASMINE can provide both photometric and
astrometric information, which may help to reduce the sys-
tematic uncertainty of such microlensing events. The chance of
having such an event in the JASMINE GCS field in the lifetime
of JASMINE could be slim, but one event of precise measure-
ment of the high-mass BH would still be an exciting outcome,
because only a few such events are expected even in the Gaia
data (Rybicki et al. 2018).

5.3.2 Hunting IMBHs in the Galactic Center

A pressing mystery is the low number of confidently confirmed
IMBHs Mgy = 100-10° M (Chilingarian et al. 2018). Many
candidates are, however, known (e.g., Graham et al. 2021b),
and they may form the low-mass (M, < 10° M) extension
to the quadratic BH/bulge mass scaling relation for disk galax-
ies (Graham & Scott 2015). The Galactic Center is an attrac-
tive area to explore for these long-sought IMBHs (see Greene
et al. 2020 for a review), especially if brought in through the
capture of dwarf-mass galaxies. Furthermore, Portegies Zwart
et al. (2006) demonstrated that some massive star clusters
formed in the central 100 pc undergo core collapse before the
massive stars die, i.e., ~3 Myr, which induces a runaway stel-
lar merger and creates an IMBH. They estimated that within
10 pc from the Galactic Center about 50 IMBHs may exist.
Some of them could be still within surviving star clusters (e.g.,
Fujii et al. 2008), like the star clusters near the Galactic Cen-
ter, the Arches (Figer et al. 2002) and the Quintuplet (Figer
et al. 1999). Detecting a star cluster in a high stellar density
region like the Galactic Center with only photometric data
is difficult. However, the proper motion data from JASMINE
will enable the detection of star clusters in the Galactic Center
(see also subsection 2.3), which can inform follow-up studies
of their cluster centers with X-ray and/or radio surveys (e.g.,
Oka et al. 2017; Tsuboi et al. 2017).

Interestingly, so far five IMBH candidates have been dis-
covered as high-velocity (velocity width >50 km s~!) compact
(<35 pc) clouds in the Galactic Center (Takekawa et al. 2020).
The advent of ALMA enables measurement of the detailed
velocity structure of compact clouds less than 0.1 pc from
the center, which is consistent with Keplerian rotation around
a massive object whose inferred mass is between 10* and
10° Mg (e.g., Tsuboi et al. 2019; Takekawa et al. 2020). Al-
though further studies are required to prove that they are true
IMBHs, these observations may indicate that several IMBHs
exist in the Galactic Center.

With JASMINE, IMBHs can be detected as a binary motion
of bright stars around an IMBH or astrometric microlensing,
as discussed in the previous section, if such systems exist or
such an event occurs. For example, if a 1 M) asymptotic giant
branch star is rotating around a 1000 M, BH with an orbital
period of 3 yr with zero eccentricity at a distance of 8 kpc, the
semi-major axis of the orbit corresponds to 2.6 mas, which
can be detected by JASMINE.

There will be an astrometric microlensing event if an IMBH
crosses in front of a distant star. Following Toki and Takada
(2021), we can consider an event for a source star at 8 kpc,
and a lens object of an IMBH with 1000 Mg, crossing at
7.5 kpc. The Einstein timescale of this event is 713 d, and
the maximum displacement due to the astrometric microlens-
ing is 2.9 mas (Toki & Takada 2021). This can be detected
by JASMINE, though such an event would be extremely
rare.

5.3.3 Gravitational waves

Gravitational waves (GWs) have been successfully detected
by the Laser Interferometer Gravitational-Wave Observatory
(LIGO), Virgo, and the Kamioka Gravitational Wave Detec-
tor (KAGRA) collaborations. The sources for these events are
merging compact objects such as BHs and neutron stars. It is
of importance to detect gravitational waves from SMBH bina-
ries to study the growth mechanism of SMBHs. These waves
have much longer wavelengths than detectable by ground-
based detectors. Astrometry could be a valuable resource to
detect or constrain such low-frequency gravitational waves
(e.g., Klioner 2018).

Here, we estimate the strain sensitivity of the JASMINE
GCS. It is well known that the maximal magnitude of the
astrometric effect of a gravitational wave is h/2 with b be-
ing the strain. The astrometric accuracy of single observations
of JASMINE is A@ = 4 mas for stars with magnitude H,, <
12.5 mag and the uncertainty grows exponentially for fainter
sources. Given that each star will be observed around N, =
68000 times, considering a realistically expected distribution
of stars in Hy, magnitudes of the GCS and using the theoret-
ical formulation developed for Gaia-like astrometry (Klioner
2018), one can conclude that the full sensitivity of JASMINE
to the effects of a gravitational wave will be b = 3 x 10713,
Here we assume that the instrument is ideally calibrated, so
that the full accuracy scales as N(:bls/z for each source and the
sensitivity is also accordingly computed from the combination
of the contributions from individual sources.

However, the astrometric effect of a gravitational wave is
proportional to the sine of the angular separation x between
the direction of observation and that towards the gravita-
tional wave source (Book & Flanagan 2011; Klioner 2018).
Although JASMINE produces relative astrometry only, the
variation of the astrometric effect within the observed field
on the sky can be detected. Therefore, the sensitivity quoted
above should be scaled by | sin(x + f/2) —sin(x — f/2)| =
2sin(f/2)]| cos x |, where f is the extension of the observed
field, being f ~ 2° for the JASMINE GCS. Therefore, the theo-
retical sensitivity of JASMINE can be estimated as b = 8.6 x
10712| cos x |. Interestingly, the maximal sensitivity is reached
for gravitational sources approximately in the direction of ob-
servation or the opposite direction where | cos x | = 1. This
theoretical sensitivity is valid for the gravitational wave peri-
ods between the typical cadence of observations and the du-
ration of observations by JASMINE.

5.3.4 Ultra-light dark matter

The precise measurement of the kinematics of stars revealed
by JASMINE would enable us to reconstruct the mass dis-
tribution in the Galactic Center (e.g., Genzel et al. 1996;
Chatzopoulos et al. 2015; see also subsections 2.1 and 2.3).
It is believed that in the central 100 pc of the Galaxy baryons
dominate the mass profile, and the total mass measured from
the dynamical model is consistent with what is expected from
the stellar density profile (e.g., Launhardt et al. 2002; Fritz
et al. 2016). However, the Galactic Center is attracting in-
terest in testing for the existence of a particular dark matter
candidate, namely ultra-light dark matter (ULDM), includ-
ing axion-like ULDM particles (see, e.g., Ferreira 2021 for
a review). Although ULDM behaves like conventional cold
dark matter on large scales, ULDM is expected to produce a
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soliton core in the Galactic Center on the de Broglie wave-
length scale due to Bose-Einstein condensation. Schive, Chi-
ueh, and Broadhurst (2014) suggested that ULDM particle
masses of ~8 x 10723 eV can explain the dynamical mass
profile of the Fornax dwarf galaxy (but see also Safarzadeh &
Spergel 2020). Bar et al. (2018) suggested that the soliton core
created from a dark matter particle mass less than 107 eV
can influence the gravitational potential in the Galactic Center
significantly. De Martino et al. (2020) showed that stellar ve-
locity dispersion observed in the Galactic Center implies a soli-
ton core as massive as ~10° Mg, expected from ULDM par-
ticles with ~1072% eV. Maleki, Baghram, and Rahvar (2020)
also demonstrated that a soliton core corresponding to a parti-
cle mass of ~2.5 x 10~2! ¢V explains the rotation curve of the
Milky Way in the central region. Li, Shen, and Schive (2020)
showed that such a massive soliton core as suggested above
can influence the kinematic properties of the nuclear gas disk
on a scale of ~200 pc.

Recently, Toguz et al. (2022) demonstrated that the kine-
matics of stars in the NSC can provide constraints on the
particle mass range of ULDM. Toguz et al. (2022) applied a
simple isotropic dynamical model to the kinematics data of
the NSC stars in Fritz et al. (2016), and rejected the mass
range of ULDM between 107294 and 107185 eV. JASMINE
will provide the precise kinematics of the stars in the NSD
(subsection 2.3), which is the dominant stellar component
from a few pc to ~200 pc. This size corresponds to a soli-
ton core size of ~1071°-=1072% ¢V ULDM. Using the dynam-
ical modeling of these stellar structures, the precise astromet-
ric information on JASMINE may uncover indirect evidence
of ULDM or provide stringent constraints on the existence of
ULDM with a particle mass between 10722 and 10~'° eV.

5.3.5 Identifying disrupted globular cluster population

Recent observational studies of the Galactic bulge by
APOGEE have discovered that a significant fraction of the
bulge stars have unusually high [N/Fe] (e.g., Schiavon et al.
2017). These N-rich stars are not found in the Galactic disk,
but they are ubiquitous in globular clusters. Accordingly, one
of the possible scenarios for the formation of the N-rich
stars in the Galactic bulge is that the stars originate from
globular clusters that had been completely destroyed by the
strong tidal field of the Galactic bulge. Interestingly, these
N-rich stars have been discovered in elliptical galaxies (e.g.,
Schiavon 2007; van Dokkum et al. 2017), which suggests that
N-rich populations are common in galactic bulges and ellip-
tical galaxies, i.e., not just in the Galactic bulge, in line with
the indistinguishable properties of classical bulges and ellipti-
cal galaxies (e.g., Renzini 1999; Kormendy et al. 2009; Fisher
& Drory 2010).

Globular clusters can spiral into the central region of the
Galactic bulge due to dynamical friction (e.g., Tremaine et al.
1975), and they can be more severely influenced by the tidal
field of the bulge in the inner region. Accordingly, if such
a globular cluster destruction scenario for the N-rich stars
is correct, then stars from destroyed globular clusters could
be a major population in the central region of the Galactic
halo. In fact, using APOGEE DR16, Horta et al. (2021b) esti-
mated that N-rich stars represent about 17% of the total halo
stars at 1.5 kpc from the Galactic Center (see also Fernandez-
Trincado et al. 2022). JASMINE will enable us to investi-
gate the 3D spatial distributions and kinematics of N-rich
(globular cluster origin) and N-normal halo stars in the cen-

tral region through the superb accuracy of its proper motion
measurement. Because the globular cluster origin stars could
inherit unique kinematics different from other halo stars, such
3D dynamics of N-rich stars will contribute to our under-
standing of the formation of the inner bulge. In APOGEE
DR17 (Abdurro’uf et al. 2022), there are 436 good-quality
stars with measured [N/Fe] and [Fe/H] in the JASMINE GCS
field, i.e., STARFLAG = 0, ASPCAPFLAG = 0, SNR > 70,
3250 < T < 4500 K, and log g < 3 (Kisku et al. 2021), and
six of them are N-rich stars ([N/Fe] > 0.5, —1.5 < [Fe/H]
< 0.0). All these stars are bright enough for JASMINE to
observe. Therefore, it is promising that JASMINE will pro-
vide the proper motion of a good number of N-rich stars
in the Galactic Center field in combination with future high-
resolution high-quality spectroscopic surveys of the Galactic
Center field, which will help to discover more N-rich stars.

5.3.6 Relics of ancient mergers

An ancient galaxy merger of Gaia—Sausage—Enceladus discov-
ered in the Gaia data (section 1) leaves questions like “where
is the core of the remnant now?” and “has the core of the
progenitor galaxy reached the Galactic Center?” To assess
the possibility of identifying such merger remnants in the
JASMINE GCS, we again use APOGEE DR17, but apply
a slightly different-quality cut, i.e., STARFLAG = 0, APP-
CAPFLAG = 0,SNR > 70,3500 < T. < 5500 K, and logg <
3.6, following Horta et al. (2023), who used APOGEE DR17
to chemically characterize halo substructures of the likely ac-
creted populations. We find that there are 284 APOGEE high-
quality star data within the JASMINE GCS field. The Gaia—
Sausage-Enceladus remnants occupy a distinct stellar abun-
dance distribution in the [« /Fe]-[Fe/H] plane (e.g., Haywood
et al. 2018b; Helmi et al. 2018; Das et al. 2020). Out of this
sample, we find four stars within the abundances expected for
the Gaia—Sausage-Enceladus remnants, i.e., stars with [Fe/H]|
< —1.1and [Mg/Fe] < —0.28. All these stars are brighter than
H,, = 14.5 mag.

Note, however, that the APOGEE DR17 sample is not a
complete sample up to Hy = 14.5 mag, but has a sample
selection due to colors and/or specific scientific targets. The
JASMINE GCS will obtain the precise proper motion for
about 1000 times more stars than present in the APOGEE
data. Obtaining accurate proper motions and orbits of these
potential remnant stars of the Gaia—Sausage-Enceladus in-
teraction in the inner Galactic disk will allow studies to
test the association with the already-measured Gaia—Sausage—
Enceladus remnants, which have so far been found exclusively
in the solar neighborhood.

Horta et al. (2021a) found the inner galactic structure (IGS),
which has similar chemical properties to the accreted com-
ponents of the Galactic halo. They suggest that this could
be a relic of an ancient accretion of another galaxy in the
Milky Way earlier than the Gaia-Sausage-Enceladus merger
and could be a more massive progenitor than Gaia-Sausage—
Enceladus. Further studies with Gaia DR3 and ground-based
spectroscopic data (e.g., Belokurov & Kravtsov 2022; Rix
et al. 2022) argue that such centrally concentrated metal-poor
stars are relics of the ancient Milky Way proto-Galaxy, which
could be mix of merger and in situ populations from the early
epoch of Milky Way formation. JASMINE can provide the
proper motion of the stars in the Galactic Center where Gaia
cannot observe, and will help to identify the inner extension
of the ancient populations.
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5.3.7 Origin of hyper-velocity stars

Hills (1988) theoretically predicted that the SMBH at the
Galactic Center (SgrA”) ejects stars with extremely large ve-
locities as a result of close encounters and disruption of
stellar binaries near the SMBH. Yu and Tremaine (2003) ex-
panded upon the possible ejection mechanisms. The discover-
ies of young hyper-velocity stars (HVSs) in the halo (Brown
et al. 2005; Zheng et al. 2014; Brown 2015; Huang et al.
2017; Massey et al. 2018; Koposov et al. 2020) confirmed this
prediction. Among these discoveries, the most intriguing one
is the A-type HVS dubbed S5-HVS1 (Koposov et al. 2020).
Based on the astrometric data from Gaia and a follow-up spec-
troscopic observation, it turns out that this star was ejected
from the Galactic Center 4.8 Myr ago with an ejection veloc-
ity of ~1800 km s~!. Some numerical simulations suggest that
the ejection rate of HVSs is around 1075-10~* yr~! (Brown
20135). This ejection rate suggests that there are 1-10 HVSs
within a sphere of radius 0.1 kpc centered at the Galactic
Center, given their typical velocity ~1000 kms~!. Of course,
what we can expect to observe with JASMINE is a tiny frac-
tion of them, because they need to be bright enough to be
detected by JASMINE. Given that the GCS area of JASMINE
includes a square region of £0?6 around the Galactic Center
(026 corresponds to about 0.09 kpc at the projected distance
of 8.275 kpc), it is an enticing prospect to look for HVS candi-
dates with JASMINE. If JASMINE discovers an HVS within »
< 0.1 kpc from the Galactic Center, this will be very useful to
understand the detailed mechanism of HVS ejection. For ex-
ample, an HVS with a velocity of 1000 kms~! at » = 0.1 kpc
can be traced back to the Galactic Center by integrating the or-
bit backward in time for just 0.1 Myr. This means that we can
probe the environment near the SMBH in the immediate past
(just 0.1 Myr ago), such as the binary fraction near the SMBH
or the orbital distribution near the SMBH. If JASMINE finds
an HVS whose orbit is not consistent with the SMBH origin,
it may indicate the existence of an IMBH, which can produce
an HVS, in the Galactic Center.

5.3.8 X-ray sources and the origin of the Galactic ridge X-ray
emission

The apparently extended hard (>2 keV) X-ray emission along
the Galactic plane has been known as the Galactic ridge X-ray
emission (GRXE) since the early 1980s (e.g., Worrall et al.
1982). This emission extends tens of degrees in galactic longi-
tude and a few degrees in galactic latitude in |l < 45° and |5l
< 1¢5. The GRXE has an integrated X-ray luminosity of ~1
x 10%% ergs! in the 2-10 keV range (Koyama et al. 1986;
Valinia & Marshall 1998) at the distance of the Galactic Cen-
ter. The X-ray spectrum is described by a two-temperature
thermal plasma (~1 and 5-10 keV) with K-shell emission lines
(e.g., Koyama et al. 1996; Yamauchi et al. 2009): from neu-
tral or low-ionized Fe at 6.4 keV (Fe1) as well as from highly
ionized Fe at 6.7 keV (Fexxv) and 7.0 keV (Fe xxvi).

It has been a subject of intense debate whether the GRXE is
a truly diffuse emission of a low surface brightness along the
Galactic plane or a composition of discrete faint unresolved
X-ray sources such as cataclysmic variables (CVs) and X-ray
active stars (e.g., Revnivtsev et al. 2006; Yuasa et al. 2012;
Hong 2012). Many X-ray observations have been carried out
on this topic. In a Galactic bulge region (I = 0208, b = —1242),
~80% of the diffuse X-ray emission was resolved into faint
X-ray point sources using the deepest X-ray observation with

the Chandra X-ray Observatory with an excellent spatial res-
olution of 0”5. This indicates that the apparently diffuse emis-
sion in the Galactic bulge is primarily made of faint discrete
X-ray sources (Revnivtsev et al. 2009). There are several can-
didates for such a population of faint X-ray sources, includ-
ing magnetic CVs (e.g., Yuasa et al. 2012; Hong 2012), non-
magnetic CVs (Nobukawa et al. 2016), and X-ray active stars
(e.g., Revnivtsev et al. 2006).

However, it is difficult to constrain the nature of these faint
X-ray point sources from X-ray observations alone, because
most of these sources are detected only with a limited num-
ber of X-ray photons (fewer than 10 photons) even with the
deepest observations. Thus, follow-up observations at longer
wavelengths are needed. Because of the large interstellar ab-
sorption toward the Galactic plane, NIR observations are
more suited than optical observations. NIR identifications of
X-ray point sources were performed along the Galactic plane
(e.g., Laycock et al. 2005; Morihana et al. 2016), which pro-
vided clues to the nature of faint X-ray point source popula-
tions that make up the GRXE. The distance of these sources
is unknown. Thus, classification of the sources is based on
the X-ray to NIR flux ratio; high values suggest sources con-
taining a compact object such as CVs and low values suggest
sources otherwise such as stars. If the distance is obtained for
many of these sources with JASMINE, we can discuss their
nature based on the absolute luminosity both in X-ray and
NIR bands and discriminate foreground contamination in the
line of sight. A more robust classification of X-ray sources and
their 3D distribution allow us to constrain the Galactic X-ray
point source population for the different locations and com-
ponents of our Galaxy, providing a hint to understanding the
formation history of our Galaxy.

A large fraction of the observing fields of the GCS using
JASMINE (—06 < b < 036 and —124 <[ < 027 or =027 < |
< 124 in section 2) was observed with Chandra (the Chandra
Multiwavelength Plane Survey; —0°4 < b < 0°4 and —1.0° <
I < 1.0°, Grindlay et al. 2005). A total of 9017 X-ray point
sources were detected with a total exposure of 2.5 Ms (Muno
et al. 2009). NIR identifications for these X-ray point sources
were also made (Mauerhan et al. 2009). Based on this, we
estimate that ~600 X-ray sources will be identified in NIR
brighter than 12.5 mag in the Hy, band in the JASMINE GCS
region. This is a significant improvement compared to the
Gaia DR3 optical identification and astrometric distances for
~100 sources (Gaia Collaboration 2023), which are mostly
foreground sources located within 2 kpc. This will be comple-
mented with JASMINE.

5.3.9 Observations of small solar system bodies

As solar system bodies are moving objects, they are good tar-
gets for astrometry and time-series photometry. Precise as-
trometry improves the orbital elements of small solar system
bodies such as comets and asteroids. It provides a solid foun-
dation in several fields. Risks of minor bodies that threaten
the Earth (potentially hazardous asteroids) can be precisely
assessed. Non-gravitational effects such as the Yarkovsky ef-
fect can be quantitatively measured. An asteroid family, as-
teroids derived from the same parent body, can be identified.
Astrometry of interstellar objects such as 11/Oumuamua and
21/Borisov is essential to understand their origins. The rotation
periods and shapes of minor bodies are derived from time-
series photometry, leading to their internal structure estimates
(bulk density). A binary system can be identified if it shows an
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Fig. 21. Brightnesses of asteroids crossing the JASMINE GCS observation field, which is approximated with a 0.7 deg radius circle region from (/, b) =
(356929, 0°0). Asteroids brighter than 170 mag are shown in red. The gray-shaded regions show the seasons when the Galactic Center is not accessible

by JASMINE.

eclipse or mutual event. Time-series photometry is also useful
for tracking the brightness changes of active asteroids. Since
JASMINE is in a Sun-synchronous polar orbit, JASMINE’s
photometry will be complementary to ground-based observa-
tions. Finally, non-targeted, serendipitous surveys provide op-
portunities to discover new minor bodies.

The expected number of small solar system bodies via
JASMINE is estimated as follows. Here, we focus on asteroids,
the most abundant objects among minor bodies detectable by
JASMINE. The spectral energy density of an asteroid is gener-
ally dominated by two components: reflected sunlight at opti-
cal wavelengths and thermal emission at infrared wavelengths.
JASMINE’s Hy, band is located at transitional wavelengths be-
tween the two components. Hence, unfortunately, the minor
bodies are fainter in the H,, band, and it is more challeng-
ing to detect them with JASMINE. To evaluate the observ-
ability of asteroids, we propagate the positions of known as-
teroids and check if they cross the JASMINE GCS observing
region. The orbital elements of asteroids were retrieved from
Lowell Minor Planet Services operated by Lowell Observa-
tory on 2022 August 26. Objects with large uncertainties were
removed. The total number of objects was 1192756, which
includes 1148593 main-belt asteroids, 28829 near-Earth as-
teroids, 11458 Jupiter trojans, and 3876 trans-Neptunian ob-
jects. The topocentric (geocentric) coordinates were calculated
from 2028 January 1 to 2031 December 31. For the sake of
simplicity, JASMINE’s observing region was defined as a circle
with a radius of 0.7 degrees centered at ([, b) = (35929, 020) in
galactic coordinates. The defined region differs from the cur-
rent baseline of JASMINE GCS, but the number of observable
objects is not significantly affected. With the distances, abso-
lute magnitudes, and slope parameters, the apparent magni-
tudes of the bodies in the V band can be calculated (Bowell
et al. 1989). We then assume that the V — H,, color for the
objects is the same as the Sun, i.e., (V — Hy)o ~ 1.21, and
convert the V-band to Hy-band magnitude, assuming that all
the asteroids have flat reflection spectra.

Figure 21 shows the brightnesses of asteroids crossing the
JASMINE GCS region at different epochs. Each segment

10000 g . ; . r , r . .

1000 E
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Cumulative distribution

Hw mag

Fig. 22. Cumulative distribution of the H,, magnitude for asteroids observ-
able throughout the JASMINE operation period.

shows an individual asteroid. Due to the operation constraint
of the satellite, JASMINE does not observe the Galactic Cen-
ter in the gray-shaded seasons. The length of the segment
represents the observable duration, which depends on the
relative motion to JASMINE. A handful of asteroids can
be observed at apparent magnitudes brighter than H,, =
14.5 mag (sufficient for astrometry) and H,, = 17.0 mag (for
photometry). Figure 22 illustrates a cumulative histogram of
the H,, magnitude for observable asteroids. The numbers of
objects brighter than Hy, = 14.5 and 17.0 mag are about 10
and 100, respectively, throughout the operation period. The
expected number of potential targets for astrometry in the
JASMINE GCS is rather small. Thus, it is unlikely that there
are serendipitous astrometric measurements with JASMINE,
while targeted observations for known objects to provide ad-
ditional astrometric information are preferred.

Taking advantage of accurate photometry, JASMINE may
observe occultation events by minor bodies. Occultation pro-
vides valuable information for shape modeling and binary
search. Since the brightness of a minor body does not mat-
ter in an occultation observation, the number of potential
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targets significantly increases. Detecting an occultation event
is feasible with accurate orbital elements and dedicated ob-
servation planning. Serendipitous observations of occulta-
tion events may detect new objects that are unreachable
even by large telescopes with apertures of ~10 m. Schlicht-
ing et al. (2009) claimed an occultation event by a trans-
Neptunian object with a radius of 500 m at 45 au in archival
data by the Hubble Space Telescope’s Fine Guidance Sen-
sors. Arimatsu et al. (2019) detected an occultation event by
a trans-Neptunian object with a radius of 1.3 km using a
coordinated observation system of multiple low-cost commer-
cial off-the-shelf 0.28 m aperture telescopes, the Organized
Autotelescopes for Serendipitous Event Survey (OASES, Ari-
matsu et al. 2017). Occultation events sometimes reveal ad-
ditional features of satellites and rings. Rings around (2060)
Chiron and (10199) Chariklo were identified by ground-based
occultation observations (e.g., Braga-Ribas et al. 2014; Ortiz
et al. 20135). Recently, a ring beyond the Roche limit was dis-
covered around (50000) Quaoar (Morgado et al. 2023). High-
precision photometry with JASMINE has the potential to de-
tect minor features in light curves (Morgado et al. 2022). As
for the serendipitous survey, careful assessment of false detec-
tion is required. OASES adopted simultaneous observations
with multiple telescopes, to minimize the false detection rate.
JASMINE may be able to detect occultation events after all
anomalous signals are suppressed by careful calibration.

6 Synergies with other projects

In this section, we summarize the Galactic stellar survey
projects complementary to JASMINE and planned to be op-
erating in the late 2020s. Although there are many projects
relevant to the JASMINE science cases, here, we only list the
projects and/or new instruments more relevant to JASMINE’s
main survey targets of the GCS and the exoplanet survey,
targeting M dwarfs.

6.1 Ground-based surveys

6.1.1 PRIME

The Prime Focus Infrared Microlensing Experiment (PRIME)
is a wide field (1.56 deg?) 1.8 m telescope at the South African
Astronomical Observatory, which is operating since 2022.
PRIME is jointly managed by Japan, the USA, and South
Africa. PRIME has z-, Y-, J-, and H-band filters and several
narrow-band filters. PRIME will observe the Galactic Center
region around —3° < < 3° and —2° < b < 2°, which covers
the whole area of the JASMINE GCS field. The prime target
of PRIME is a microlensing exoplanet search. Joint observa-
tions with JASMINE can help to constrain the parameters of
the exoplanet detection further with the additional accurate
astrometry information of the source stars that JASMINE can
provide. The time-series photometry of PRIME will also find
many variable stars. As mentioned above, the PRIME data
will be used to provide the catalog of Miras observable with
JASMINE.

6.1.2 Vera C. Rubin Observatory/Legacy Survey of Space and
Time (LSST)

The Vera C. Rubin Observatory is located on the Cerro

Panchén ridge in Chile, and will run the 10 yr Legacy Sur-

vey of Space and Time (LSST) with the 8.4 m (6.5 m effective)

Simonyi Survey Telescope (IveziC et al. 2019). The Rubin Ob-

servatory LSST camera will have a 3.5 degree field of view
with about 32 gigapixels with 02 sampling pixel size. There
will be six filters (u, g, 7,1, z,and y) covering 320-1050 nm. The
survey is planed to begin in 2024, and the main survey will ob-
serve a 18000 deg? region of the sky about 800 times in the
planed duration of 10 yr. The co-added map will reach r ~
27.5 mag, and it is anticipated to detect about 20 billion stars
and a similar number of galaxies. The main science drivers of
LSST are probing the properties of dark energy and dark mat-
ter, cataloging an inventory of the solar system, exploring the
transient optical sky, and mapping the Milky Way. The survey
field covers the Galactic bulge and the Galactic Center. The
LSST is capable of providing astrometric measurements for
fainter stars than is possible with Gaia. With the 10 yr base-
line, the expected uncertainties of parallax and proper mo-
tions are respectively o, = 0.6 mas and o, = 0.2 mas yr~!
for stars brighter than » = 21 mag, and 0, =2.9 masand o,
= 1.0 mas yr~! for stars brighter than » = 24 mag. In addi-
tion, the time-series photometry of the LSST will help to find
many variable stars and microlensing events. The majority of
them will be too faint for JASMINE to follow up. However,
if they are bright enough and in the same field, JASMINE can
provide more accurate astrometric information.

6.1.3 SDSS-V

The Sloan Digital Sky Survey (SDSS)-V (Kollmeier et al. 2017)
is an ambitious project to run an all-sky multi-epoch spec-
troscopic survey, utilizing telescopes in both Northern and
Southern hemispheres. The survey will provide optical and IR
spectra covering a 2500 deg? ultra-wide field for more than
6 million objects in five years (2020-2025). SDSS-V uses the
telescopes at Apache Point Observatory (APO) in USA and
and Las Campanas Observatory (LCO) in Chile. At APO, the
2.5 m Sloan telescope will be continuously used for SDSS-V
full-time. At LCO, more than 300 nights per year of telescope
time of the 2.5 m du Pont telescope will be dedicated to this
survey. The survey will also use the smaller (1 m to 16 cm)
telescopes at APO and LCO. The NIR APOGEE spectrograph
(300 fibers, R = 22000, A = 1.5-1.7 um), the eBOSS optical
spectrograph (500 fibers, R ~ 2000, A = 0.36-1.0 um), and
the MaNGA multi-object IFU (R ~ 4000, A = 0.36-1.0 um)
will be used at both APO and LCO. SDSS-V will run three sur-
veys, the Milky Way Mapper, the Black Hole Mapper, and the
Local Volume Mapper. The most relevant survey to JASMINE
is the Milky Way Mapper, which plans to observe 4-5 million
stars in the Milky Way, with the NIR APOGEE spectrograph
and/or the optical BOSS spectrograph. The Milky Way Map-
per aims to understand the evolution of the Milky Way and
the physics of the stars and the interstellar medium, as well as
multiple stars and exoplanetary systems. The Galactic Gene-
sis Survey, as part of the Milky Way Mapper, targets the stars
with H < 11 mag and G — H > 3.5 mag, which are likely
to overlap with the bright target stars of the JASMINE GCS
fields, and will provide accurate radial velocity and abundance
patterns.

6.1.4 Subaru/PFS

Subaru Prime Focus Spectrograph (PFS, Takada et al. 2014)
is the next-generation instrument of the 8.2 m Subaru tele-
scope at the summit of Maunakea, Hawai’i in the USA, op-
erated by the National Astronomical Observatory of Japan.
PES is a joint instrument of the institutes in Japan, Taiwan,
the USA, France, Brazil, Germany, and China. PFS has a
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~1.38 deg? field of view, and about 2400 science fibers. PFS
consists of blue (A = 0.38-0.65 um, R ~ 2300), red (low-
resolution mode: A = 0.63-0.97 um, R ~ 3000; medium-
resolution mode: A = 0.71-0.885 um, R ~ 5000), and NIR
(A =0.94-1.26 um, R ~ 4300) spectrographs. It is scheduled
to start operating in 2024. About 300 nights over five years
of Subaru time will be dedicated to the PFS survey for cos-
mology, galaxy evolution, and Galactic archaeology through
the Subaru Strategic Survey Program (SSSP). The GCS field is
not included in the PFS SSSP. However, the NIR spectrograph
of PFS is especially well suited to spectroscopic follow-up for
the JASMINE GCS field stars to obtain radial velocity and
chemical abundances. We plan to apply for a Subaru Intensive
Program (five nights per semester) to follow up the JASMINE
target stars.

6.1.5 ULTIMATE-Subaru

ULTIMATE-Subaru (Minowa et al. 2020) is another next-
generation NIR instrument of Subaru, which is planned to
be installed around 2028. ULTIMATE-Subaru is a wide-field
(14" x 14') NIR imager and multi-object spectrograph with
ground-layer adaptive optics (GLAO), which enables a spa-
tial resolution of FWHM ~ 0”2 in the K band. There is a
planned Galactic Center survey of a ~6 deg?® region of the
Galactic Center, which covers the whole JASMINE Galactic
Center field, J, H, K, and the narrow-band Ky filters with
a high cadence of four days (one month) for the high (low)
cadence field. JASMINE can provide the astrometric refer-
ence stars in NIR, which would improve the astrometric ac-
curacy of ULTIMATE-Subaru Galactic Center survey data.
The ULTIMATE-Subaru Galactic Center survey can observe
numerous stars fainter than the JASMINE magnitude limit.
The combined data of JASMINE and ULTIMATE-Subaru will
provide accurate astrometric information on these faint stars.
They would help to identify the star clusters in the Galactic
Center region from the proper motion of stars, and increase
the event rate of astrometric microlensing, which will enable
the measurement of the masses of lensed objects with high
precision, and help to identify BHs and exoplanets.

6.1.6 VLT/MOONS

The Multi-Object Optical and Near-infrared Spectrograph
(MOONS, Cirasuolo et al. 2011) is a next-generation instru-
ment of the Very Large Telescope (VLT) UT1 at the European
Southern Observatory (ESO) on Cerro Paranal in the Atacama
Desert of Chile, and the planned first light is in 2024. MOONS
is a multi-object (about 1000 fibers) NIR spectrograph with a
field of view of 25’ diameter. There are three channels of spec-
trograph, covering the RI, Y], and H bands, with both low-
and high-resolution modes. The low-resolution mode covers
a wavelength range of 0.65-1.8 pum with Rg; > 4100, Ry,
> 4300, and Ry > 6600. The high-resolution modes cover
three disconnected wavelength ranges Ag; = 0.76-0.89 um,
Ayy = 0.93-1.35 pum, and Ay = 1.52-1.64 pum with the spec-
tral resolution of Rg; > 9200, Ry; > 4300 (fixed with the low-
resolution mode), and Ry > 18300, respectively. MOONS
science targets cover Galactic archaeology, the growth of
galaxies, and the first galaxies. Galactic archaeology studies
by MOONS plan to take spectra for the several million stars
observed by Gaia and the VISTA telescope, providing cru-
cial complementary information on the accurate radial veloc-
ity and detailed chemical abundances. The NIR coverage of
MOONS is capable of recording the spectra of stars in the

heavily obscured Galactic Center region. Even with the high-
resolution mode in the NIR H band, a signal-to-noise ratio of
more than 60 can be obtained with one hour of exposure for
objects brighter than H = 15 mag. MOONS is likely to be
the most powerful instrument in the 2020s, capable of taking
high-resolution spectra for all the target stars in the JASMINE
GCS field.

6.1.7 VISTA/4MOST

ESO’s 4-meter Multi-Object Spectroscopic  Telescope
(4MOST, de Jong et al. 2019) will be installed on the VISTA
telescope in Chile in 2024. 4MOST has 2436 fibers and a field
of view of about 4.2 deg?. There are two low-resolution and
one high-resolution spectrographs. The low-resolution spec-
trographs cover the wavelength range of A = 0.37-0.95 um
with R ~ 6500, while the high-resolution spectrograph
covers three wavelength passbands of A = 0.3926-0.4355,
0.5160-0.5730, and 0.6100-0.6760 um. The 4MOST con-
sortium will run 10 surveys using 70% of the available time
in five years, and planned to start in 2024, taking more than
20 million low-resolution spectra and more than 3 million
high-resolution spectra. The 4MOST Milky Way Disc And
BuLgE Low (4MIDABLE-LR, Chiappini et al. 2019) and
High-Resolution (4MIDABLE-HR, Bensby et al. 2019) sur-
veys will take the spectra of about 15 million and 2 million
stars in the Milky Way, respectively. Their targets include
the inner disk and bar/bulge region. Their survey focuses on
the stars for which Gaia provides precise astrometry, but are
too faint for Gaia’s radial velocity spectrograph to provide a
radial velocity. Their optical survey will not cover many stars
in the JASMINE GCS region. However, the combination of
4MIDABLE data and Gaia data will be a powerful resource
to unveil the global nature of the bar and spiral arms, and is
therefore highly complementary to the JASMINE GCS.

6.1.8 Subaru/IRD

The InfraRed Doppler (IRD) spectrograph (R ~ 70000, 1 =
0.950-1.73 um) on the Subaru telescope (Kotani et al. 2018)
is one of the most powerful instruments in the world to fol-
low up exoplanets around M dwarfs and young stars. Be-
sides the “validation” of transiting planet candidates around
mid M dwarfs identified by JASMINE, high-dispersion spec-
troscopy by IRD can play a key role in further characteriza-
tion of those planets; precision radial velocity measurements
by IRD would enable us to constrain precise planet masses
as well as orbital eccentricities. Moreover, NIR transit spec-
troscopy by IRD would also allow us to constrain the stel-
lar obliquity (spin—orbit angle) and atmospheric composition
(e.g., He1 and molecular species), which are supposed to re-
flect the dynamical and chemical evolution of exoplanetary
systems (e.g., Hirano et al. 2020a). Since activity-induced ra-
dial velocity variations of host stars are suppressed in the NIR,
IRD is also an ideal tool to confirm and characterize planets
around young active stars.

6.2 Space missions

6.2.1 Gaia

ESA’s Gaia (Gaia Collaboration 2016) was launched in 2013
December. The nominal mission lifetime was five years but
the mission has been extended to the second quarter of
2025. The Gaia mission is an all-sky survey to provide pre-
cise astrometry for more than one billion stars brighter than
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G ~ 21 mag. Gaia uses a broad passband, the G band, which
covers a wavelength range of A ~ 0.33-1.05 um (Evans et al.
2018). In the final data release after the end of the mission, the
astrometric accuracy for bright stars with G < 13 mag is ex-
pected to reach about 7 pas. An astrometric accuracy of about
149 pas is expected to be achieved for stars brighter than
G = 19 mag.® Gaia has three instruments, an astrometric in-
strument (ASTRO), a spectrophotometer (BP/RP), and a radial
velocity spectrograph (RVS). ASTRO provides the five astro-
metric parameters, stellar position, proper motion, and paral-
lax. The spectrophotometer consists of BP and RP spectropho-
tometers. BP and RP respectively provide low-resolution
(R ~ 5-25) spectra of the wavelength ranges of A ~ 0.33-
0.68 and ~0.64-1.05 um, which are used for chromaticity
calibration for astrometric measurement, and estimates of the
stellar parameters and dust extinction. RVS is an integral-field
spectrograph with R ~ 11500, covering A = 0.845-0.872 um
(Cropper et al. 2018). The main aim of the RVS is to provide
the radial velocity for about 150 million stars brighter than
Grys = 16 mag, depending on the spectral type of stars, where
Grys is the magnitude in the RVS passband. Gaia’s fourth data
release is expected to be in 2025, and the full catalog and
all of the data will be released, including all epoch data for
all sources based on 66 months of data of the nominal mis-
sion. The final fifth data release based on about 11 yr of the
extended mission is expected to be in 2030. Hence, the late
2020s and early 2030s will be a truly golden age of Galac-
tic archaeology. JASMINE is expected to be launched in this
golden age, and will provide complementary data to the Gaia
data, especially for the Galactic Center stars, which the optical
astrometry mission, Gaia, cannot observe.

6.2.2 Nancy Grace Roman Space Telescope

The Nancy Grace Roman Space Telescope (Roman Space
Telescope) is a NASA observatory to study dark energy, ex-
oplanets, and infrared astrophysics (Spergel et al. 2015). The
telescope has a primary mirror of 2.4 m diameter. The nomi-
nal mission lifetime is six years. The Roman Space Telescope
has a wide field instrument (WFI) and a coronagraph instru-
ment (CGI). WFI is a large area, 300 megapixel, NIR camera
for imaging and slitless spectroscopy with a grism (R = 435-
865) and prism (R = 70-170). The imaging mode utilizes sev-
eral filters covering a wavelength range of A = 0.48-2.0 um.
The most relevant survey of the Roman Space Telescope to
JASMINE’s GCS is their microlensing survey, which will re-
peatedly observe about 2.81 deg? (with 10 fields) around —0?5
<[l <128 and —2¢2 < b < —1°. There will be six 72 d cam-
paigns over six years with a cadence of every 15 min with
a wide filter and 12 h with a blue filter. The Roman Space
Telescope will detect billions of bulge stars and the study to
obtain the precise astrometry is ongoing (WFIRST Astrom-
etry Working Group 2019). The current planned survey re-
gion of the microlensing survey of the Roman Space Telescope
does not cover the Galactic Center that JASMINE’s GCS tar-
gets, because the microlensing survey requires it to maximize
the event rate of microlensing and therefore target the region
of lower dust extinction to obtain a higher number density
of background stars. However, the Roman Space Telescope
is currently gathering community input for survey strategies
to maximize the science output. With strong community in-
puts, there could be a possibility for the Roman Space Tele-

¢ (https://cosmos.esa.int/web/gaia/science-performance).

scope to observe the JASMINE GCS field. Then, the JAS-
MINE astrometry results would be valuable to calibrate their
astrometry for fainter stars observed by the Roman Space
Telescope.

6.2.3 James Webb Space Telescope

The James Webb Space Telescope (JWST) is NASA’s flagship
space observatory (6.5 m aperture), launched at the end of
2021 (Gardner et al. 2006). JWST has two spectrographs
in the NIR band, the NIR spectrograph (NIRSpec) and the
NIR imager and slitless spectrograph (NIRISS). NIRSpec is
a medium-resolution spectrograph (R = 100-2700) with a
wavelength coverage of 0.6-5 pum. The saturation limit is H ~
10 mag. NIRISS is a slitless spectrograph whose spectral res-
olution is about R = 700. The saturation limit is ] ~ 8.5 mag.
The mission lifetime of JWST is five years as designed, but
10 years as an optimistic goal. If the lifetime of JWST over-
laps the observation period of JASMINE, these instruments
will be the most powerful instruments to follow up exoplan-
ets found by JASMINE’s exoplanet survey, to characterize ex-
oplanet atmospheres with detailed and precise transmission
spectroscopy.

JWST could also have a superb capability to study the struc-
ture, populations, and dynamics of the stars in the Galac-
tic Center. There is a large community proposal to observe
a Galactic Center field of about 1925 x 0925 area around
Sgr A" with multiple bands of NIRCam at multiple epochs
(Schodel et al. 2023). This could provide proper motions for
about 10 million faint stars in the Galactic Center with an ex-
pected accuracy of ~0.3 mas yr~!, if the S yr time baseline
is achieved. The JASMINE GCS covers a larger area than the
JWST proposal field. JASMINE will provide complementary
astrometry data for the brighter stars that are saturated in the
JWST observation.

6.2.4 CHEOPS

The CHaraterising ExOPlanet Satellite (CHEOPS), launched
in 2019 December, is an ESA space mission dedicated to pre-
cision photometry to determine the radius of transiting exo-
planets (Broeg et al. 2014). The mission lifetime is assumed
to be 3.5 yr (nominal). CHEOPS is a PIT type of transiting
exoplanet exploration, similar to JASMINE. The telescope di-
ameter (32 cm) is similar to that of JASMINE. The passband
of CHEOPS is visible (see figure 11) while that of JASMINE is
NIR. In this sense, JASMINE is complementary to CHEOPS.
However, considering the difference in the launch dates,
JASMINE should be regarded as a successor of CHEOPS in
terms of a space facility for photometric follow-up of transit-
ing planets found by ground-based surveys.

6.2.5 TESS

The Transiting Exoplanet Survey Satellite (TESS) is an
MIT/NASA-led all-sky survey mission to find planets transit-
ing bright nearby stars (Ricker et al. 2014). TESS has four
cameras, each with 10.5 cm diameter and 24 x 24 deg?” field
of view (~2000 deg? in total), and each camera has four 2k
x 2k CCDs with a pixel scale of 21”. The detectors are sen-
sitive from 0.6-1.0 pum. During the 2 yr prime mission since
the launch in 2018, TESS has monitored almost the entire sky
in 26 overlapping segments, and has observed each segment
for 27.4 d with a 2 min cadence for 15000 pre-selected stars
and with a 30 min cadence for the full image. Extension of
the mission has been approved and TESS will keep tiling the
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whole sky until at least 2024. TESS has the capability of find-
ing Earth-sized transiting planets near the habitable zone of
early-to-mid M dwarfs, and such an example has indeed been
reported (TOI-700 d and e, Gilbert et al. 2020, 2023). The
larger telescope aperture and redder passband of JASMINE
will make it sensitive to similar planets around later-type M
dwarfs. Follow-up observations by JASMINE for planets de-
tected by TESS may lead to finding longer-period/smaller plan-
ets that were missed by TESS, as well as to characterizing
them even better through a finer sampling of the transit light
curve.

6.2.6 PLATO

PLAnetary Transits and Oscillations of stars (PLATO) is the
third M-class (M3) mission under development by ESA for a
planned launch in 2026 (Rauer et al. 2014). The primary sci-
ence goal is the detection and characterization of planets tran-
siting bright solar-type stars, in particular terrestrial planets in
the HZ. This will be achieved by high-precision, continuous
photometric monitoring of a large number of bright stars us-
ing a collection of small and wide-field optical telescopes. Ac-
cording to the PLATO definition study report,’ the payload is
planned to consist of >20 cameras each with 12 ¢m diameter
and covering a wavelength range of 0.5-1.0 um, which result
in a total field of view of ~2000 deg?. Although the specific
observing strategy is yet to be determined, PLATO is likely
to cover a significant fraction of the entire sky, as well as to
monitor certain regions for a duration long enough (~2 yr;
Nascimbeni et al. 2022) to find planets in the HZs of Sun-
like stars. The duration of the nominal science operations is
four years, which may well overlap with the operation period
of JASMINE. The main targets of PLATO are bright (V <
13 mag) Sun-like stars, while JASMINE targets late-type stars
fainter in the optical passband, taking advantage of the NIR
photometry. Therefore, the two missions are complementary
to each other. Like TESS, PLATO observations might also pro-
vide transiting planet target candidates around M dwarfs that
can be further characterized with NIR observations by JAS-
MINE. PLATO also aims to characterize the properties, in-
cluding precise age estimates at the 10% precision level, of
the host stars from time-series photometry using asteroseis-
mology. The age information for the large number of stars
that PLATO will observe will be a precious resource for stud-
ies of Galactic archaeology (Miglio et al. 2017). Hence, it will
also provide complementary data to the JASMINE GCS and
mid-plane survey.

6.2.7 ARIEL

The Atmospheric Remote-sensing Infrared Exoplanet Large-
survey (ARIEL, Tinetti et al. 2018) is the first space telescope
dedicated to the study of exoplanet atmospheres, adopted as
an ESA M4 mission, whose planned launch is in 2029. The
effective size of the primary mirror of ARIEL will be ~1 m,
which is much smaller than JWST (6.5 m). However, ARIEL
will be able to collect fluxes in the wavelength range of 0.5-
7.8 um at one time, using five dichroic mirrors, three NIR
spectrometers, and three optical photometric detectors. This
allows one to obtain an atmospheric spectrum with a very
wide wavelength coverage from a single planetary transit or
eclipse observation.

7 (https://sci.esa.int/web/plato/-/59252-plato-definition-study-report-
red-book).

ARIEL will observe a thousand exoplanets with a wide
range of mass and temperature, from hot Jupiters to
warm/temperate Earths, in order to understand the statisti-
cal properties of exoplanetary atmospheres and planetary for-
mation histories. While the current target list for ARIEL al-
ready includes a large number of Jovian planets, it still lacks
Neptune- and smaller-sized planets that are suitable for atmo-
spheric study, i.e., hosted by nearby M dwarfs (Edwards et al.
2019). Although TESS has been increasing the number of such
targets, it may not be enough due to its limited telescope aper-
ture size (10 cm) and wavelength sensitivity (because of cover-
ing only the optical). Small transiting planets around nearby
M dwarfs that will be discovered by JASMINE could thus
be good targets for atmospheric characterization by ARIEL.
Given that JASMINE is planned to be launched ahead of
ARIEL, JASMINE can provide prime targets for ARIEL in a
timely manner.

7 Summary and conclusions

We summarize that the unique capability of the JASMINE
mission will fill the gap left by other planned and ongoing
projects of Galactic stellar surveys for Galactic archaeology
and habitable exoplanet searches in the late 2020s. JASMINE
will be the first mission to provide 10 pas-level astrometry
in the NIR band with time-series photometry. JASMINE will
offer precise astrometric information where the dust extinc-
tion is too strong for the optical astrometry mission, Gaia,
to detect any stars, such as the Galactic Center field and the
Galactic mid-plane. The astrometric data of stars hidden be-
hind the dust in the Galactic Center and Galactic mid-plane
will shed light on the formation epoch of the Galactic bar, the
nature of the spiral arms, and the mechanism underlying ra-
dial migration in the inner Galactic disk, which are likely to
be remaining questions after Gaia. The combination of time-
series photometry and precise astrometry will provide a vast
opportunity for serendipitous discovery, including the possi-
bilities of detecting IMBHs, astrometric microlensing of inner
disk BHs, and studying the nature of star-forming regions and
X-ray sources. JASMINE will also be the only space observa-
tory in the late 2020s that can follow up exoplanet transits
detected by ground-based telescopes to find planets in outer
and habitable orbits around late-type stars, just as the Spitzer
space observatory contributed to revolutionizing the field.
Finally, we note that JASMINE will be a crucial science
demonstration mission for what a future NIR astrometry mis-
sion can offer. JASMINE will be a key mission to bridge the
successful Gaia mission and its proposed successor mission,
GaiaNIR (e.g., Hobbs et al. 2021), to be launched in the
2040s. GaiaNIR will provide all-sky global astrometry in the
NIR band, including the Galactic disk, bar, and bulge regions.
Unprecedentedly high proper motion for the stars also ob-
served with Gaia will be obtained, taking advantage of around
20 years of baseline between the Gaia and GaiaNIR missions.
Also, GaiaNIR will help to maintain and improve the abso-
lute astrometric quality of the celestial reference frame, which
otherwise degrades with time. JASMINE will be a pioneering
mission to open up the future pas-level NIR astrometry, and
will become an important milestone to demonstrate the power
of NIR astrometry. About 20 years of time difference between
JASMINE and GaiaNIR will provide superb proper motion
measurements for the stars observed by JASMINE, including
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the NSD stars. With careful correction of systematic errors,
the combination of JASMINE, GaiaNIR, and other comple-
mentary data will endeavor to measure the acceleration of the
stars and map the gravitational field in the Galactic Center
(e.g., Chakrabarti et al. 2020, 2022).
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