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Mio-First comprehensive exploration of Mercury's space environment: mission overview
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Mercury has a unique and complex space environment with its weak global magnetic field, intense solar wind, tenuous exosphere, and magnetospheric plasma particles. The first Mercury orbiter, MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER), was highly informative of the dynamic nature of Mercury's magnetosphere. However, due to the highly elliptical orbit with north-south asymmetry and limited capability for plasma measurements of the probe, many science questions raised by the MESSENGER mission remain unsolved. BepiColombo, a joint mission to Mercury by European Space Agency and Japan Aerospace Exploration Agency, will address these open questions using two spacecraft, Mio and Mercury Planetary Orbiter. Mio is a spin-stabilized spacecraft designed to investigate Mercury's space environment, with a powerful suite of plasma instruments, a spectral imager for the exosphere, and a dust monitor. Because of strong constraints on operations during its orbiting phase around Mercury, sophisticated observation and downlink plans are required in order to maximize science outputs. This paper gives an overview of the Mio spacecraft and its mission, operations plan, and data handling and archiving.

Introduction

Mercury is the innermost planet in the Solar System and has a unique space environment. Mercury possesses a weak global magnetic field and is subject to the intense solar wind due to its proximity to the Sun (0.31-0.47 AU). In such conditions, Mercury formed a small but highly dynamic magnetosphere. Because of its small size and its proximity to the Sun, Mercury was unable to retain the bulk of its atmosphere but formed instead a tenuous exosphere, which is continuously refilled and eroded from the surface by interactions with solar winds, magnetospheric particles, and micrometeoroid flux, etc. This complex system, characterized by surface-exosphere-magnetosphere-solar wind interactions, makes Mercury's space environment unique and an excellent science target for comparative study with Earth [START_REF] Milillo | Surface-Exosphere-Magnetosphere System Of Mercury[END_REF]. In addition, recently many Earth-type exoplanets orbiting in habitable zones very close to cool stars (M-dwarfs) have been found [e.g., [START_REF] Gillon | Seven temperate terrestrial planets around the nearby ultracool dwarf star TRAPPIST-1[END_REF]. Such exoplanets are exposed to extreme stellar winds and ultraviolet radiations, and thus, investigating Mercury's complex system is key to understanding the extreme exoplanetary environment and its habitability conditions against strong stellar winds [e.g., [START_REF] Mura | von Paris, Comet-like Na and Ca exospheres of hot rocky exoplanets: possible implications for Corot-7b[END_REF][START_REF] Dong | Is Proxima Centauri B habitable? A study of atmospheric loss[END_REF]2018].

The first Mercury orbiter, MESSENGER (MErcury Surface, Space ENvironment, GEochemistry, and Ranging) [START_REF] Solomon | MESSENGER Mission Overview[END_REF], explored this innermost region of the Solar System during 2011-2015 and provided a number of new findings. For example, Mercury's magnetosphere is much more dynamic than had been predicted. Magnetic field measurements indicated Dungey cycles on Mercury with a period of a few minutes [START_REF] Slavin | MESSENGER observations of extreme loading and unloading of Mercury's magnetic tail[END_REF]. MESSENGER detected many energetic electron events also with periodicities of a few minutes [START_REF] Lawrence | Comprehensive survey of energetic electron events in Mercury's magnetosphere with data from the MESSENGER Gamma-Ray and Neutron Spectrometer[END_REF]. Electron precipitations at the nightside were discovered using X-ray and gamma-ray fluorescence [Lindsay et al., 2015;[START_REF] Dewey | MESSENGER Observations of Fast Plasma Flows in Mercury's Magnetotail[END_REF]. In addition, MESSENGER succeeded in measuring certain components of the exosphere, e.g., Na, Ca, andMg [McClintock et al., 2008, 2009]. These measurements showed surprisingly constant year-to-year variations with strong seasonal dependence and no strong episodic events [START_REF] Cassidy | Mercury's Seasonal Sodium Exosphere: MESSENGER Orbital Observations[END_REF].

The MESSENGER mission addressed science aspects of Mercury using only one spacecraft and thus faced some constraints and limitations on investigating the environment. Its capability for plasma measurements was constrained because of the lack of low-energy electrons and plasma wave measurements and the limited field of view (FOV) of plasma particle measurements due to the threeaxis attitude control of spacecraft. The MESSENGER orbit was highly elliptical with north-south asymmetry and detailed measurements in southern hemisphere were not achieved. Because of these constraints, many science questions remain unsolved even after the success of the MESSENGER mission (see details by Millilo et al. [this issue]).

The next Mercury exploration mission, BepiColombo, will address remaining open issues and will provide great improvements in knowledge through comprehensive complementary investigations.

BepiColombo is an international joint project between European Space Agency (ESA) and Japan Aerospace Exploration Agency (JAXA) [START_REF] Benkhoff | BepiColombo-Comprehensive exploration of Mercury: Mission overview and science goals[END_REF], consisting of two spacecraft successfully launched on 20 October 2018 by an Ariane-5 launch vehicle. ESA's Mercury Planetary Orbiter (MPO) is a three-axis-stabilized, nadir-pointing module. MPO is dedicated to geology, planetary composition, inner structure, and the exosphere, and its low-eccentricity polar orbit will provide an excellent spatial resolution over the entirety of the planet's surface. The JAXA spacecraft "Mio"-Mercury Magnetospheric Orbiter (MMO)-is a spin-stabilized spacecraft to be placed in an eccentric polar orbit [START_REF] Hayakawa | The BepiColombo/MMO model payload and operation plan[END_REF][START_REF] Yamakawa | BepiColombo Mercury magnetospheric orbiter design[END_REF]. Mio is equipped to study the space environment of Mercury with its science instrument suite comprising a complete package of plasma instruments, a sodium exosphere spectral imager, and a dust monitor and is expected to extract essential elements of space plasma physics that become visible in Mercury's environment.

Mio will enable comparative studies of terrestrial planetary environments. Its main scientific objectives are to understand:

(1) the structure and origin of Mercury's magnetic field;

(2) the structure, dynamics, and physical processes of Mercury's magnetosphere;

(3) the structure, variation, and origin of Mercury's exosphere;

(4) the physical environment of inner heliosphere. As described in science target (4), the BepiColombo mission can analyze heliospheric physics in the inner Solar System in addition to conducting Mercury science. It will thus complement NASA's Parker Solar Probe, launched in 2018, which is currently orbiting the Sun (~0.05 AU at perihelion) [START_REF] Fox | The Solar Probe Plus Mission: Humanity's First Visit to Our Star[END_REF], and ESA's Solar Orbiter [START_REF] Müller | Solar Orbiter-Exploring the Sun-Heliosphere Connection[END_REF], which will be launched in 2020 and will have a highly elliptic orbit between 1.2 AU at aphelion and 0.28 AU at perihelion. During the cruise phase, BepiColombo will cover the inner heliosphere between 1.2 and 0.3 AU and will perform some science observations (see details by Mangano et al. [this issue]). Even after the insertion of BepiColombo into Mercury orbit in December 2025, Mio will provide almost continuous in-situ measurements of the solar wind. Therefore, we will have a first chance to investigate the inner heliosphere with three points of measurement.

Here we focus on an overview of the Mio spacecraft, its operations, science operations plan, and science data handling and archiving. The overall BepiColombo mission overview is described by Benkhoff et al. [this issue] 

Spacecraft overview

Mio is an octagonal spin-stabilized satellite designed to measure in-situ plasma and electromagnetic fields from the orbit of Mercury. Figs. 1(a) and 1(b) show schematic drawings of Mio in its observational configuration. High-gain antenna (HGA) will be deployed before separation from MPO.

After separation, medium-gain antenna (MGA) will be deployed and two pairs of electric field antenna and two extendable masts will be extended. Fig. 1(c) shows the flight model with both HGA and MGA deployed. The main structure of Mio consists of two panels (upper and lower), a central cylinder (thrust tube) and four bulkheads. Inside the central cylinder the batteries, nutation damper, and a tank for the cold N 2 gas jet system are located. A helical array antenna of 80 cm diameter excited by the radial line is adopted for the HGA system. The external appearance has an octagonal shape, which can be surrounded by a 1.8 m diameter circle. The height of the side panel is 1.1 m, with an upper portion covered up to 70% by solar cells and up to 30% by optical solar reflectors (OSRs). The lower portion is covered by OSRs and conductive white paint as seen in Fig. 1(c). The upper panel is located behind the boundary of the upper and lower portion of the side panel. Instruments are located on the upper and lower panels with an interval of 40 cm. The surface of the cover glass of solar cells and OSRs is coated by conductive material and connected to the spacecraft body in order to satisfy science requirements. The nominal spin period is 4-5 s (spin rate of ~15 rpm). The spin axis is pointed nearly perpendicular (92.5° [nominal] or 90° [alternative] depending on the orbital phase of the Mercury Revolution) to Mercury's orbital plane. Nominally Mio's spin axis will be controlled to satisfy the sun angle of 92.5° in order to prevent the shadow on the probe antennas due to the spacecraft body, which degrades the science return. During hot seasons near perihelion (true anomaly angle (TAA) < ±45°), the spacecraft attitude will be changed to satisfy the sun angle of 90° in order to reduce solar heat inputs. Mio has four tangential thrusters on its side panels to control spin rate and two axial thrusters mounted at the bottom of the spacecraft to control the spin axis. These thrusters work only for attitude control and Mio thus does not have the capability to change its orbit. The spin axis direction is monitored by a star scanner located on the bottom of the spacecraft and spin rate is measured by a sun sensor on the side panel. The total mass of Mio at launch is 255 kg, including 3.7 kg N 2 gas for attitude and spin rate control. The total mass of the science payloads is 40 kg. The nominal mission of Mio is one Earth year and an extension of 1 year (or more) is expected. Technical point of view, the mission life will be determined by a lack of N 2 gas storage for attitude control or an impact of the spacecraft onto Mercury's surface because of gradually decreased periapsis altitude. Detailed specifications of Mio are given in Table 2.

Figure 2 shows the system block diagram of Mio. Special features of Mio's system design are as follows:

1. Unification of Data Handling Unit and Attitude Control Electronics into Data Management Controller (DMC).

2. The HGA can be pointed toward the Earth by the antenna despun motor (ADM), an elevation control mechanism, and the antenna pointing mechanism (APM).

3. Two types of MGA: one for command reception only (MGA) and another (MGA-TX) for data transmission using on-off keying. The beacon signal transmitted from MGA-TX is received on the ground for a short duration every one spin. MGA-TX transmits data by using on/off sequence of beacon signal modulation.

4.

Power and telemetry/command interface to MPO for the cruise phase, since Mio does not generate power and both HGA and MGA are stowed. There are converters between MPO and Mio to adjust the bus voltage of MPO (28 V) to that of Mio (50 V). MIL-STD-1553B is used for command/telemetry data transmission between MPO and Mio. The bitrate for Mio telemetry data through MPO is 1 kB/s.

5.

Thermal design to survive under Mercury's harsh environment. Figure 3 shows the concept of the thermal design of Mio. The basic concept of the thermal design is to minimize heat input from the environment and reject heat from the radiator. To realize this concept, the following design is used: a) side panels are thermally disconnected from the upper and lower panels by hightemperature conductive multilayer insulation (MLI); b) solar cells are mounted where the rear part of the side panel is exposed to space and covered by conductive OSRs to lower the temperature of the solar cell; c) lower parts of the side panels are covered by conductive OSRs or painted using conductive white paint; d) upper panel and HGA pedestal are covered by conductive high temperature MLI; e) HGA is painted by conductive white paint; and f) lower panel is covered by conductive OSRs and used as radiator.

6. There are two types of heater: a survival heater and an operational heater. The survival heater is regulated by a mechanical thermostat, whereas the operational heater is controlled by a software running on DMC according to the temperature sensor reading. Survival heaters are used when Mio is switched off (mainly in the cruise phase), and operational heaters are used when Mio is switched on (mainly after separation).

Mio carries five science instruments: Mercury Plasma Particle Experiment (MPPE), Magnetic Field Investigation (MGF), Plasma Wave Investigation (PWI), Mercury Sodium Atmosphere Spectral Imager (MSASI), and Mercury Dust Monitor (MDM). MPPE studies plasma and neutral particles from the planet, the magnetosphere, and interplanetary solar wind using seven sensors, i.e., Mercury Electron Analyzer (MEA1 and MEA2), Mercury Ion Analyzer (MIA), Mercury Mass Spectrum Analyzer (MSA), High-Energy Particle instrument for electron (HEP-ele), High-Energy Particle instrument for ion (HEP-ion), and Energetic Neutrals Analyzer (ENA) [START_REF] Saito | BepiColombo MMO/MPPE Team, Scientific objectives and instrumentation of Mercury Plasma Particle Experiment (MPPE) onboard MMO[END_REF]. MEA1, MEA2, MIA, and MSA can cover 4π steradians using spacecraft spin. MGF studies the magnetic field of the planet, its magnetosphere, and interplanetary solar wind [START_REF] Baumjohann | Magnetic field investigation of Mercury's magnetosphere and the inner heliosphere by MMO/MGF[END_REF]. MGF has two pairs of tri-axial flux magnetometers able to separate the natural magnetic field from the artificial field generated in the spacecraft. The inboard magnetometer (MGF-I) is mounted at the middle of a 5 m extendable mast for the magnetometer (MAST-MGF), and the outboard magnetometer (MGF-O) is mounted at the tip of MAST-MGF. PWI studies electric field, electromagnetic waves, and radio waves from the magnetosphere, as well as solar wind [START_REF] Kasaba | The Plasma Wave Investigation (PWI) onboard the BepiColombo/MMO: First measurement of electric fields, electromagnetic waves, and radio waves around Mercury[END_REF]. It uses two pairs of 15 m tip to root antenna (WPT and MEFISTO) to measure electric field. PWI also has a tri-axial search coil (SC) to measure the AC magnetic field. SC is mounted at the tip of 5 m extendable mast for SC (MAST-SC). MSASI studies the thin sodium exosphere of Mercury [START_REF] Yoshikawa | The Mercury sodium atmospheric spectral imager for the MMO spacecraft of Bepi-Colombo[END_REF]. MDM studies dust, both from the planet and from interplanetary and interstellar space [START_REF] Nogami | Development of the Mercury dust monitor (MDM) onboard the BepiColombo mission[END_REF]. Figure 4 shows the location of each sensor and a summary specification of all science instruments is given in Table 2. The Mio spacecraft coordinate system is also indicated in Figure 4. Figure 5 summarizes the field of view of each MPPE sensor. Details of each instrument are described in the papers of this issue [Kasaba et al., Saito et al., Kobayashi et al., Baumjohann et al., Murakami et al.]. Through combining data from MPPE, MGF, and PWI, full plasma parameters can be obtained with high time resolution. This reflects a significant improvement from MESSENGER, which did not carry wave instruments and for which the field of view of the particle instrument was limited. Hence many of the questions arising from MESSENGER observations are expected to be solved by Mio observations. The spin-stabilized spacecraft is, for example, the ideal platform for plasma measurements. Figure 7 shows the configuration of MCS for launch. Mio was not powered during launch, but survival heaters were activated as a part of the launch separation sequence.

Following the launch and early orbit phase, the mission moved to the near-Earth commissioning phase dedicated to the checkout of each spacecraft system, science instruments, and MCS performance evaluation. The first electrical propulsion arc started in December 2018, marking the beginning of the interplanetary cruise phase, which will last 7 years with nine planetary flybys in total.

The Mercury approach phase and Mio separation phase will be the most critical periods of activity for Mio throughout the whole mission. After MTM jettison, Mercury orbit insertion will start in December 2025. MPO thrusters will be used to bring the remaining composite spacecraft to Mio orbit, where Mio will be separated. MPO will then jettison the MOSIF and continue transitioning to its target orbit. Mio will execute critical post-separation operations autonomously, after which the two spacecrafts will start the Mercury orbit phase with a nominal duration of one Earth year.

Mode definition

The Mio operation mode in the MCS configuration is described below.

-Cruise Dormant: In this mode, only the survival heaters are powered by MPO to keep Mio temperature within the non-operational range. Mio itself is off, therefore no telemetry is generated.

-Cruise Initial: This is the initial state after switching Mio power on. Most survival heaters are off in this mode, as the power is directed to Mio's components. Only DMC, Power Control and Distributer (PCD), X-band Transponder (XTRP-A/B) and converters are powered on. System Housekeeping (HK) telemetry is generated every second.

-Cruise Standby: In this mode, Mio operational heaters are activated and maintains the spacecraft in its operational temperature range. System HK telemetry is generated every 64 s, and command reception/execution is possible.

-Mio Cruise maintenance and checkout: This is the mode for conducting subsystem and science instrument checkout operations. Telemetry is generated every second and contains either System HK data or Mission HK/science data.

Transition between modes is performed using a dedicated Onboard Control Procedure (OBCP), which contains the necessary MPO and Mio command sequence and telemetry status checks. There is also a Mio emergency switch-off OBCP to quickly transfer to the dormant mode in case of major anomalies at MCS/MPO level.

Mission phase and Operation plan

The operations planned for each mission phase are explained below.

Near Earth commissioning phase

This phase was dedicated to initial checkout of the Mio spacecraft system and science instruments.

In November 2018, Mio was brought into cruise maintenance and checkout mode for the first time after launch. The initial checkout was successfully completed by end of November 2018, and highvoltage checkout for the MPPE and MSASI instruments were conducted in June-August 2019. Launch lock release activities were also performed during this time. The checkout operations during this phase were mostly interactive, carried out at ESOC with real-time data transfer to the Sagamihara Space Operation Center (SSOC)/JAXA.

Interplanetary cruise phase

During the interplanetary cruise phase, operations are mainly executed by ESA ground stations [Montagnon et al., this issue]. Mio is kept in the dormant mode for the majority of the interplanetary cruise phase, except for the following activities:

(1) Cruise checkout This is a periodic maintenance/checkout activity scheduled every 6-8 months. The main objective for Mio is a battery health check and, if required, charging. A functional check of all science instruments is also performed. These activities are executed using the MPO mission timeline and nominally concludes within 1 day.

(2) Cruise science, flyby science observation Mio is surrounded by MOSIF in cruise configuration, but some instruments have openings within their field of view and thus the opportunity for science observation during the cruise phase. Planetary flybys and interplanetary solar wind observations are under discussion. The observation sequence will be optimized based on trajectory prediction and the plasma region that the cruise composite will pass through. As a baseline plan, PWI (magnetic field), MGF, and MPPE-ENA/MSA/MIA/MEA/HEP-ele will be used for science measurements during planetary flybys.

(3) Maintenance/troubleshooting activities Any other commissioning activities that are out of the scope of cruise checkout and science observation are discussed with the ESOC Flight Operations Team and implemented in the schedule as appropriate.

Mercury approach phase and separation

Mio will conduct the final system checks to prepare for separation, including charging the onboard battery, which is estimated to take 1 to 5 days depending on the charging current. After the MTM separation, the Marman clamp in Mio's spin ejection device will be released. The HGA is also deployed. The final separation tasks are executed by an OBCP, which will turn off the power to Mio (at this point, Mio is running on its own batteries), check the Mio separation readiness status, fire NEAs for harness separation, and finally fires the pyros to release Mio.

The Mio post-separation operation is initiated once mechanical separation is detected. All tasks are executed as onboard functions until a communication link to ground is established using the MGA/MGA-TX.

Once this link is made, interactive operations will proceed to confirm the spacecraft status and upload parameters for attitude control. The communication link will then be switched to HGA, and the extension sequences of MAST-SC, MAST-MGF and two pairs of wire antennas will be executed as follows: (1) Mio spin-up to 20 rpm, (2) sire antennas (MEFISTO-1, -2, WPT-1 and -2) deployment with 5 m steps, (3) MAST-SC and MAST-MGF deployment resulting in spin-down to ~9 rpm, and (4) spin-up to 15 rpm.

Mercury orbit phase

In this phase, the initial checkout of both the spacecraft bus system and science instruments are performed. For many instruments, this will be the first time in 7 years that full detailed functional checks are possible. The nominal operation of the Mio bus system can be categorized in routine operations. Daily tasks are the HGA pointing control and spin frequency control. Eclipse and Mercury occultation tables are updated every few days. Attitude (spin axis) control, battery reset operation, and solar array panel UV level updates are each performed a certain number of times during each Mercury year (approximately 88 Earth days). There are also maintenance operations such as ACS timer reset, thrust parameter update, and heater control table updates, which will be performed as required.

The nominal science operations of Mio will be controlled at SSOC in JAXA/ISAS with communication from the Misasa Deep Space Station at Usuda Deep Space Center. The possibilities for future support by other ground stations are still under discussion. There are two kinds of operations plans: a long-term operations plan for one Mercury year and a short-term operations plan for one Earth week. The mission timeline will be updated with short-term planning twice per week.

Science operations plan at Mercury orbit phase

Baseline observation plan

Mio's main science target is Mercury's space environment, including solar wind and dust conditions.

In order to maximize scientific outputs, continuous monitoring along the whole spacecraft orbit is important. Therefore, the baseline observation plan requests that all science instruments will be kept on, except for MSASI, a remote sensing instrument and the field of view will be directed downward from the bottom of the spacecraft such that its observation timing is limited from specific orbital positions [START_REF] Yoshikawa | The Mercury sodium atmospheric spectral imager for the MMO spacecraft of Bepi-Colombo[END_REF]Murakami et al., this issue]. However, there are several major constraints for operations during Mercury orbit phase, and continuous measurements will not always be possible. Figure 8 shows Mercury's orbit and highlights periods of major constraints for Mio's science operations. One of the most critical constraints is temperature of the spacecraft and its instruments. Our thermal calculation for the Mercury orbit phase predicts that, during perihelion season, continuous operations of the payload will increase the temperature up to the unsustainable high values. To avoid this overheating, it is necessary to cease observations and turn off the science instruments during one to two orbits per three orbits, depending on TAA. We will update our thermal calculation using the latest thermal models and in-flight performances.

Another major constraint is electric power. Near aphelion the Mio spacecraft will experience a long eclipse with a duration of up to 120 min per orbit for ~7 Earth days. In order to keep the state of charge of the battery and to save its lifetime, science observations will be highly limited during this period.

Battery charging requires about three times as long as the eclipse duration. Therefore, in the current baseline plan, no science observations are expected during this period. The aphelion season, however, is important from the scientific point of view, because Mio will normally be inside Mercury's magnetosphere and will cross the magnetotail region as shown in Figure 6d. The feasibility of science observations during an aphelion season will be carefully discussed and updated by checking the latest performance of battery, thermal characteristics, and electric power available and required for science instruments.

The science instruments have several observational modes that will be switched depending on the geometrical position of the spacecraft. For example, PWI and MPPE-MIA/MSA/MEA have a solar wind mode and magnetosphere mode. MPPE-ENA has three modes: periapsis mode, apoapsis mode, and a low-resolution mode for other regions. MSASI has a normal FOV mode (45° for spin scan) and wide FOV mode (90°). The timing of each mode change will be optimized at the initial phase of nominal operations, approximately one Mercury year after the start of science observations. Nominal science operations will be performed by stored commands according to the onboard mission timeline. The number of commands for the mission timeline is limited to 512. The timeline will be updated twice per week, and one timeline sequence covers 1 week of operations for redundancy. Mio will have ~18 orbit revolutions per week, such that the upper limit for all instruments and spacecraft bus system will be about 28 commands per orbit on average. This limitation will not allow the observation modes to be changed many times during each orbit, and thus, careful observation planning is required. Some instruments requiring long observation sequences (e.g., MSASI) use long macro commands (the fixed sequence of commands stored in the onboard memory) to reduce the number of commands necessary.

Downlink strategy and baseline plan

Another important constraint on Mio's science observation is imposed by the downlink data rate from the spacecraft to the ground station, which varies strongly during the orbit phase. It is not possible to downlink all science data obtained by the payloads; rather, it is a necessary need to select a part of them. In order to maximize science output against such a limitation of downlink data size, we have three data modes with different resolutions and downlink priorities: low-resolution (L-) mode for continuous monitoring and event survey, nominal (M-) mode for standard science analysis, and burst (H-) mode for high-quality analysis. All scientific instruments generate L-mode data, all of which will be downlinked in quasi-real time (within 1 day). M-mode data are generated at the same time (except for MDM, MPPE-ENA, PWI-AM2P, and MSASI) and can be stored in the spacecraft data recorder for ~9 days. Because of the constraint on a downlink data rate, only 20%-30% of the M-mode data can be downlinked. Thus, the strategy to mitigate this constraint is to downlink L-mode data first and then select M-mode data to be downlinked by checking the L-mode data quick-looks. The plasma measurement suite (MGF, PWI, and MPPE) has the H-mode based on 4-20 min interval data sets. The H-mode data is taken by a preset mission timeline or by onboard automatic triggering. In order to optimize the parameters and thresholds for automatic trigger detection, we need to investigate data for at least one Mercury year during the Mercury orbit phase. All science data processing is performed by the Mission Data Processor (MDP) [Kasaba et al., this issue].

Based on the assumptions shown in Table 4, the downlink data rate for the Mercury orbit phase can be estimated. The average downlink rate for science data is 3.7 kbps (38 MB/day). Figure 9 shows the result of our data rate calculation. The thick black line shows the total data size that can be downlinked each day. The daily-averaged downlink rate depends on the distance between Earth and Mercury, Mercury occultation, and thermal and electric power constraints for spacecraft communication. The red and blue lines in Figure 9 show the data production rate of L-mode and L-and M-mode, respectively. Figure 9 clearly indicates that all L-mode data can be downlinked but M-mode data require a selective downlink. The original design of the downlink plan for each data mode is described by Kasaba et al. [this issue].

As shown in Figure 9, the downlink data rate is highly variable in time. For example, during Mercury year (MY) #1 and #2, we can downlink a huge volume of data, but on the other hand we will have very low downlink rates in MY #3 and #4. Table 5 shows the summary of averaged downlink data rates for each observation period. It is necessary to establish an optimized plan to downlink science data effectively for each period. In order to deal with this strategy, we have two kinds of operations plan: a long-term operations plan with a duration of one Mercury year and a short-term plan for 1week operations, planned to be uploaded twice a week.

We need to decide which M-mode (and H-mode) data should be downlinked as early as possible, because the onboard data recorder can store only ~9 days' data. In order to achieve this selective downlink quickly and effectively, we have a strategy of downlink request with several priorities as follows. We prepare a baseline long-term plan for downlink every Mercury year, on the basis of the spacecraft position along the orbit and expected downlink rate. A few days after the observation, additional downlink requests with higher priority will come from event detection by the L-mode data survey if that period is not covered in the baseline plan. In addition, if any Mio-MPO-coordinated observations are planned, the data resulting from this period has the highest priority for downlink.

In order to prepare a baseline downlink plan, the spacecraft position is most important, especially relative to Mercury's magnetosphere. The duration of the period when Mio is inside the magnetosphere is shown in Figure 10. We used the KT17 model [START_REF] Korth | A Dynamic Model of Mercury's Magnetospheric Magnetic Field[END_REF] with a disturbance index of 50% for calculating the location of the magnetopause. As shown in Figure 10, Mio stays within the solar wind most of the time and inside the magnetosphere just ~11% of the time, except for during near aphelion season (TAA = 180°). Thus, we can downlink most M-mode data obtained inside the magnetosphere. During periods of high downlink rate such as MY #1 and #2, we can add the solar wind M-mode and H-mode data to the selective downlink requests. On the other hand, when a very low downlink data rate exists, as in MY #4, specific parts of magnetospheric M-mode data must be selected. Downlink strategies will be prepared in more detail after the thermal analysis update.

Data handling and archiving

Data pipeline and archiving plan

Figure 11 shows the outline of the science data pipeline. Science data obtained by Mio is automatically stored into the scientific information retrieval and integrated utilization system (SIRIUS), the telemetry database of JAXA [START_REF] Nomura | On the scientific information retrieval and integrated utilization system[END_REF]. All telemetry data from Mio are compliant with the CCSDS-binary format. Instrument teams retrieve the raw CCSDS-binary data (Level-0 data) from SIRIUS and process these data to make Level-1 data. Level-1 data carry time labels in UTC, whereas observed data are uncalibrated (instrument-dependent units.)

Level-1 data are converted to data in standard physical units by the instrument teams. ISAS converts Level-1p data to official public-open version data (Level-2 data).

The adequate metadata (e.g., rules of the road) are attached to the Level-2 data. Level-2 data are in accordance with the PDS4 convertible format (see Section 5.2 for data formatting). Level-2 data are made available to users on a dedicated server soon after data processing and are archived in the data archives and transmission system (DARTS) for long-term archiving. All generated Level-2 data are converted to the PDS4 format for planetary research users. The converted Level-2 PDS4 data are archived in DARTS. Level-3 data reflect the combined products of multiple Level-2 data from different instruments (e.g., pitch angle distributions of particle fluxes.) The basic idea of data level definition is based on the Arase case [Miyoshi et al. 2018a[Miyoshi et al. , 2018b]]. A summary of the definition of the science data level is shown in Table 6.

We perform time labeling in UTC when we generate Level-1 data. A time index (TI), which is a timesequential counter (LSB = 31.25 ms) using the internal clock of the spacecraft bus-system, is attached to every data packet from Mio. A corresponding UTC can be calculated from attached TI using a timecalibration table. An MDP-TI (LSB = 1.95 ms) is also attached to every mission packet to determine the time label.

Raw CCSDS binary data (Level-0 data) nominally become available within 1-2 working days after receiving telemetry data from Mio. The daily tasks of Level-1, Level-1p, Level-2, and Level-3 data generation are automatically processed on the workstation after Level-0 data become available on SIRIUS. Processed Level-2 data will be publicly available on both the dedicated server and DARTS according to a project-agreed schedule.

We provide orbit, attitude, and other ancillary data as a SPICE kernel. SPICE is developed by the Navigation and Ancillary Information Facility team of the Jet Propulsion Laboratory (NASA) and widely used to determine observation geometry for planning and analyzing space science observations.

Data format

We adopt the common data format (CDF) as the standard format of Level-2 science data products.

CDF is proposed by the National Space Science Data Center/NASA and is commonly used for archiving solar-terrestrial physics data (e.g., Arase (Miyoshi et al. 2018a), Van Allen probes (Mauk et al. 2012), MMS [START_REF] Burch | Magnetospheric Multiscale Overview and Science Objectives[END_REF], and many other solar-terrestrial physics missions). In the case of Arase, all of science data (plasma wave data and plasma particle data) are archived in CDF and distributed by the ERG Science center (Miyoshi et al. 2018b). Because the basic design of plasma particle and wave instruments aboard Mio is almost the same as that of Arase, a part of the existing tools and technique can be used for Mio data processing and archiving.

On the other hand, there are cases in which CDF is not suitable when we archive image-like data.

For archiving imaging observation data, the flexible image transport system (FITS) is widely used (e.g., Hisaki mission; [START_REF] Yoshikawa | Extreme Ultraviolet Radiation Measurement for Planetary Atmospheres/Magnetospheres from the Earth-Orbiting Spacecraft (Extreme Ultraviolet Spectroscope for Exospheric Dynamics: EXCEED)[END_REF]. Therefore, we have adopted the FITS format for data obtained by MSASI. Regarding the MDM data, we provide Level-2 data in the ASCII format because they have a relatively simple list of dust detections.

All Level-2 CDF/FITS/ASCII data are converted into PDS4 format for users in the field of planetary research. The contents of Level-2 PDS4 data are the same as those of Level-2 CDF/FITS/ASCII data.

Data analysis tools

All Level-2 CDF/FITS/ASCII data can be analyzed by the Space Physics Environment Data Analysis Software (SPEDAS) (Angelopoulos et al. 2018). SPEDAS is a suite of scientific analysis routines written in Interactive Data Language (IDL), and widely used in solar-terrestrial physics. Users can easily download Level-2 data via the internet using the load procedure and create combined plots using multiple data products. The SPEDAS will be also used for the generation of quick-look plots.

Conclusions

The BepiColombo mission will provide the first comprehensive investigation of Mercury with two spacecraft. The Mio spacecraft is designed to analyze Mercury's environment, one of the most unique and complex systems in the Solar System featuring a range of interactions between the intense solar wind, planetary surface, weak global magnetic field, tenuous exosphere, and dynamic magnetosphere.

The main science targets of Mio are (1) to assess the structure and origin of Mercury's magnetic field;

(2) to analyze the structure, dynamics, and physical processes in Mercury's magnetosphere; (3) to study the structure, variation, and origin of Mercury's exosphere; and (4) to determine the physical environment of the inner heliosphere. Mio will address unsolved questions on these targets raised by MESSENGER with new investigations focusing on plasma waves, energetic neutral atoms, lowenergy electrons, and dust monitoring, and with higher instrumental capabilities such as wider energy ranges of plasma particles and a higher resolution of spectral imaging in the exosphere. The spinstabilized platform also significantly enhances the capability of plasma particle measurements relative to other three-axis stabilized spacecraft.

After the launch of BepiColombo on 20 October 2018, initial checkout operations of the Mio spacecraft system and science instruments were successfully performed. During the 7 years cruise phase, periodic maintenance/checkout activities of the spacecraft bus system (mainly the battery) and instruments are planned to take place every 6-8 months. Though the capabilities of the science instruments are limited during the cruise phase because of the stacked spacecraft configuration and unextended wire antennas and masts, we plan science observations for planetary flybys at the Earth, Venus, and Mercury. Solar wind measurements during the cruise can also contribute to innerheliospheric science in coordination with other spacecraft such as NASA's Parker Solar Probe and ESA's Solar Orbiter and ground-based observations. After the Mercury orbit insertion, most critical operations such as spacecraft separation and the extension of wire antennas and masts will be executed.

Nominal science operations during the Mercury orbit phase are strongly constrained by the thermal condition during the aphelion season and electric power during the long eclipse period in the perihelion season. The baseline observation plan of Mio will conduct continuous measurements as long as possible against the major constraints above (except for MSASI). The downlink plan is more complicated and requires optimization. On the basis of the highly variable expected downlink data rate due to the distance between the Earth and Mercury, we have prepared the downlink strategy for each Mercury year. All low-resolution (L-mode) data and 20%-30% of nominal resolution (M-mode) data will be downlinked. The downlink plan plays a key role in maximizing the science outputs of Mio, and we will continue to discuss and update it within the science working group. Science data will be processed based on heritages from the past missions and high-level products will be prepared in both CDF/FITS/ASCII format and PDS4 format. 

  Mio has a highly elliptical polar orbit with initial periapsis and apoapsis heights of 590 and 11,649 km, respectively. The initial periapsis and apoapsis are close to the equatorial plane of Mercury and rotate slowly because of the gravitational coefficient. The relation of Mio's orbital plane and Mercury's orbit around the Sun is shown in Figure 6(a). The orbital plane of Mio is along the Sun-Mercury line at perihelion (true anomaly angle (TAA) = 0°) and aphelion (TAA = 180°), and is perpendicular to the Sun-Mercury line at TAA = 90° or 270°. The apoapsis of Mio's orbit is at TAA = 0° for dayside and TAA = 180° at nightside. This orbit configuration was selected to relax the heat input from the hot surface of Mercury. Orbital configuration for TAA = 0°, 90°, and 180° are shown in Figures 6(b), 6(c), and 6(d), respectively. As shown in Figures 6(b) and 6(d), Mio has a long eclipse (maximum of 2 h) several days around TAA = 180° and short eclipse several days around TA = 0°. Mio stays in the upstream region of the solar wind most of the time and passes the nightside region close to the Mercury at TAA = 0° (Fig. 5(b)), therefore a small TAA would have been suitable to investigate upstream solar wind. While at TAA = 180° (Fig. 5(d)), Mio stays close to the magnetopause or in the magnetotail, giving a unique opportunity to investigate solar wind-magnetosphere interaction. As shown in Figure 6(c), Mio passes the duskside magnetosphere close to Mercury at TAA = 90°. Hence, Mio observes the magnetosphere close to Mercury as the planet revolves. Combining observations at TAA = 0° and 180° gives the distance dependence in the magnetosphere. 3. Operations overview 3.1 Mission scenario (phase definition) Mio was launched on 20 October 2018 (Coordinated Universal Time, UTC) from the Guiana Space Center located in French Guiana by an Ariane 5 launcher. The Mercury Transfer Module (MTM), MPO, Mio and MMO sunshield and interface structure (MOSIF) are integrated together in the Mercury Composite Spacecraft (MCS) configuration, where Mio is positioned inside the MOSIF.

Figure 1 :

 1 Figure 1: Schematic views (a, b) and photograph (c) of the Mio spacecraft.

Figure 2 :

 2 Figure 2: Block diagram of the Mio spacecraft system.

Figure 3 :

 3 Figure 3: Thermal design of the Mio spacecraft.

Figure 4 :

 4 Figure 4: Schematic views of the Mio spacecraft identifying the science instruments. The location of each instrument and sensor is indicated from top (a), side (b), and bottom (c) views. The spacecraft coordinates and spin directions are indicated in (b) and (c).

Figure 5 :

 5 Figure 5: A schematic of the field of view of each MPPE sensor.

Figure 6 :

 6 Figure 6: Orbits of Mio on Mercury's orbital plane (a) and the polar orbit at a true anomaly angle of 0° (b), 90° (c), and 180° (d). Mio's spin axis (almost same as Mio's z-axis shown in Figure 4) and spin direction are also shown in (b-d). The spacecraft locations every 1 hour from the periherm are indicated by black circles along the orbits in (b-d).

Figure 7 .

 7 Figure 7. Configuration of the Mercury Composite Spacecraft (MCS) during vibration tests (same condition as during launch). Mio is located at the top of MCS and surrounded by MOSIF.

Figure 8 .

 8 Figure 8. Schematic view of orbital phases with major operational constraints for Mio science operations. Science instruments will not be fully operable because of thermal constraints during the perihelion season and because of electrical power constraints in aphelion seasons.

Figure 9 .

 9 Figure 9. Expected temporal evolution of the data rates for total downlink size (black) and science data production with L-mode (red) and L-and M-mode (blue) during the nominal and extended mission phases. The green dashed line shows the true anomaly angle.

Figure 10 .

 10 Figure 10. Seasonal variation of duration inside Mercury's magnetosphere in each spacecraft orbital evolution.

Figure 11 .

 11 Figure 11. Outline of the science data pipeline.

Table 1

 1 describes the success criteria of the Mio mission.

  and the Mio-MPO coordinated observation plans are reported by Millilo et al. [this issue].

Table 1 .

 1 Success criteria of BepiColombo/Mio 774

		Minimum success	Full success	Extra success
	Magnetic field	more than 88 Earth days Confirm presence of the intrinsic magnetic field by MGF measurements for	Perform global mapping (>80% coverage) with accuracy of <1 nT or <2% within one Earth
		(one Mercury year)	

Table 2 .

 2 Specification of Mio

	Shape	Octagonal shape within a 1.8 m diameter circle
		with two 5 m extendable mast and four 15 m
		(from tip to root) electric field antenna
	Height	1.52 m (launch configuration)
		2.66 m (observational configuration)
	Mass	255 kg (including 3.7 kg N 2 gas) excluding 20
		kg separation mechanism which remains on
		MMO sunshield interface (MOSIF)
	Power (spin averaged)	≧271 W (periapsis at aphelion)
		≧368 W (average at aphelion)
		≧530 W (average at perihelion)
	Designed mission life	One Earth year observation at the Mercury orbit
	Thruster	6 × 0.4 N N 2 cold gas jet
	Spin rate	
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