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Preface

Following Hinotori and Yohkoh, Hinode is the third solar physics satellite in Japan
and is equipped with three state-of-the-art telescopes for observing the Sun with
three different wavelength bands, i.e., visible light, extreme UV, and soft X-ray.
These telescopes were developed with substantial international collaboration and
have been operated in orbit since the launch of Hinode in September 2006. The
main scientific objective of the mission is to understand the magnetic origins of
the dynamically changing corona. Using data from the three telescopes, we have
investigated how magnetic fields evolve and change dynamically at the solar surface,
how their variations are linked to the corona, how the corona is heated, and how
dynamical nature is created in the corona. Remarkable progress and discoveries have
been reported in various areas of research, such as the occurrence of solar flares, the
origins of solar wind, and magneto-convection at the surface. This book describes
the scientific achievements and insights gained from observations made by Hinode
during its first 10 years of operation by compiling 23 articles by scientists in the
Hinode team. Most of the articles were originally written in Japanese for the Hinode
special issues of The Astronomical Herald, a monthly magazine by the Astronomical
Society of Japan (Volume 109, August, September, and October 2016). They have
been translated into English and their contents enhanced with further detail for the
purposes of writing this book, Other articles have been added by our colleagues in
the USA and the UK, covering current solar research more broadly. A collection of
impressive photographs acquired by Hinode is appended to this book.

The Sun is the most important astronomical object for human beings and all
life on the Earth. It is the only star that can be observed in detail by resolving the
surface spatially. Spatially resolved observations may lead to discoveries that are not
predicted theoretically. With such discoveries, we realize that physical processes
and plasma conditions that were not focused on may be of great importance to
our understanding of the magnetic dynamism in astrophysical plasma. Hinode has
provided observations with high spatial resolution and high accuracy and has been
at the forefront of solar physics research over these 10 years, especially in Japan.
The Hinode observations were actively coordinated with space-based and ground-
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viii Preface

based observations, providing unique datasets. This can improve our understanding
of certain phenomena that are poorly understood with solely Hinode observations.
Based on Hinode observations, many young researchers have been exposed to
various aspects of solar physics, including data analysis, numerical simulations, and
instrumental development. We believe that the perception and experience acquired
with Hinode will contribute to the future of space science.

Tokyo, Japan Toshifumi Shimizu
May 2017 Shinsuke Imada
Masahito Kubo
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Chapter 1 ®
A Brief History of Hinode: Toward the oo
Success in Orbit

Toshifumi Shimizu

Abstract The 7th M-V rocket carrying the solar-observing satellite Hinode was
launched at Uchinoura Space Center at 6:36 JST on 23 September 2006. In
the 10 years that have passed, Hinode has been active in the global front line
of solar researches, although there have been some difficulties in the operation
of the spacecraft. All the onboard telescopes have achieved a high standard of
performance as expected, providing unique scientific data that had not previously
been acquired by other facilities. Hinode is an orbiting solar observatory that carries
out observations proposed by any researchers in the world, and the mission data is
fully open to the rest of the world. We, the Hinode team, are proud of the scientific
achievement by Hinode.

Keywords Sun - Hinode - Solar observatory - Spacecraft operations - History

1.1 Birth of Hinode

1.1.1 A Long Way Toward the Launch

The solar-observing satellite Hinode was called SOLAR-B during the development
of the spacecraft (Kosugi et al. 2007). Following the Japanese tradition regarding
the naming of science satellites, the satellite was named Hinode after the successful
installation into its orbit.

After a mission idea was proposed in a domestic symposium around 1992,
some scientists with graduate students began studying the specific concepts of the
mission around 1993. The Yohkoh satellite (Ogawara et al. 1991), which began

T. Shimizu (><)

Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, Sagamihara,
Kanagawa, Japan
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observations in 1991, revealed a dynamically changing X-ray corona that was
considerably more dynamic than we had thought, leading to the basic concept
behind the Hinode mission. There was a common scientific motivation among the
researchers involved, namely, the desire to understand the magnetic origin of the
coronal dynamics. In order to gain an understanding, the main requirement of the
mission was that the properties of magnetic fields would be measured precisely
with high spatial resolution at the solar surface (photosphere), where the magnetic
origins of the coronal dynamics lie. These measurements would be carried out with
simultaneous imaging observations of the corona either using soft X-rays or with
extreme ultraviolet (EUV) and EUV spectroscopic measurements of the coronal
plasma. Japanese scientists continued to keep this basic concept in mind, and finally
the SOLAR-B project officially started in 1998.

It was nearly another 8 years before the launch took place. To achieve high
spatial resolution and fulfill various key performance criteria, we concentrated on
the development of onboard telescopes and spacecraft. Each scientist had a different
experience and made a unique contribution, and thus each has his/her own memories
from the development phase. Due to the limited scope of this article, I will save the
story of this development for another occasion.

1.1.2 Launch and Early Operations

The spacecraft was launched at 6:36 JST on 23 September 2006 (21:36 UT on 22
September 2006), by the 7th in the series of the M-V rocket, which is world’s
biggest three-stage solid-fuel vehicle, developed by ISAS (Institute of Space and
Astronautical Science) of JAXA (Japan Aerospace Exploration Agency). This
launch was perfect (Fig. 1.1), ending the course of the M-V rocket on a high note.

After it had been placed in a low Earth orbit, it was named Hinode, which means
sunrise in Japanese. The committee led by Prof. Kosugi, the first project manager for
the Hinode project, chose this new name from a list of names proposed by engineers
and scientists working on the project. Prof. Kosugi linked the following objectives
to the name Hinode: the desire to greatly advance our understanding of the Sun,
resulting in a new era (i.e., sunrise) in solar physics; JAXA’s leadership role in
Hinode’s international collaboration, which would result in a new era (i.e., sunrise)
in space science; and the desire for a new beginning (i.e., sunrise) for Japanese
space development. As well as being motivated by these objectives when selecting
the name, he also took into consideration the fact that Hinode is a simple and popular
word in Japan and it can be understood by the international community.

The series of orbital maneuver operations in the period from 25 September
to 1 October adjusted the spacecraft to a sun-synchronous polar orbit with an
altitude of about 680 km, allowing the telescopes to view the Sun continuously
for more than 8 months per year. After various kinds of functional checks were
performed in the spacecraft (Fig. 1.2), especially in the attitude control system,
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Fig. 1.1 The launch of the
7th vehicle in the M-V rocket
series carrying the Hinode
satellite. 6:36 JST on 23
September 2006. At
Uchinoura Space Center. (C)
JAXA

each telescope was turned on and started its observations from late October. At
the time of the launch of Hinode, about 6 years had already passed since the
maximum (1999-2000) phase of the solar cycle 23, and the solar activity was
approaching its minimum phase. Fortunately, however, an active region (NOAA
10930) was developed on the solar surface in December 2006, producing a series
of three X-class flares. The Solar Optical Telescope (SOT) successfully recorded
the temporal evolution of the spatial distribution of vector magnetic fields at the
photospheric level in this active region (Fig. 1.3) (Kubo et al. 2007). The X-ray
telescope (XRT) and EUV Imaging Spectrometer (EIS) captured unique coronal
data, which allowed scientists to investigate the hot plasma and dynamics associated
with the occurrence of flares. These observations, carried out during the initial
period of the mission, made a great contribution to the numerical modeling of
coronal magnetic field structures (Schrijver et al. 2008) and coronal dynamics
responsible for flares and coronal mass ejections (Harra et al. 2007). Since then, the
Sun has shown a low level of activity, including a long continuous period, in 2008—
2010, during which there were no sunspot on the solar surface. During this period,
Hinode was concentrated on observations of the quiet Sun, where small-scale, but
ubiquitous occurrences of dynamical, magnetohydrodynamic (MHD) phenomena
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Fig. 1.2 A group photo with spacecraft engineers in an operation room at Uchinoura Space Center
(USC)

were revealed, including ubiquitous horizontal magnetic flux (Lites et al. 2008;
Ishikawa et al. 2008), the dynamics of magnetic flux tubes in the convective surface
(Nagata et al. 2008; Shimizu et al. 2008a), ubiquitous jets (Shibata et al. 2007), and
the internal dynamics of prominences (Berger et al. 2008).

1.1.3 Prof. Kosugi’s Passing

It was just after verifying the good performance of the telescopes onboard Hinode
that Prof. Takeo Kosugi (Fig. 1.4) suddenly passed away on 26 November 2006. He
had led the project team since the project started in 1998, and the Hinode mission
would not have been conceived without him. At the time of his passing, the daily
operations of the spacecraft and onboard telescopes were already being conducted
by a team led by scientists from the younger generation. In addition, his passing left
young scientists with no option other than to manage the international project on
their own. In ISAS, Drs. Taro Sakao and Toshifumi Shimizu have led the Hinode
project as the 3rd and 4th project managers. Note that Prof. Ichiro Nakatani, an
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Fig. 1.3 The magnetic field distribution of active region NOAA 10930 which produced three
large-scale flares. The map was taken with a spectropolarimeter (SP) of the Solar Optical Telescope
on 13 December 2006. The background grayscale shows the spatial distribution of the magnetic
polarity of the line-of-sight component of the magnetic flux. Red arrows indicate the transversal
component of the magnetic flux. (C) NAOJ/JAXA/NASA/Hinode

Fig. 1.4 Late Prof. Takeo
Kosugi, the first project
manager for the Hinode
mission. (C) JAXA
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engineering professor, acted as project manager during 2006-2007. We hope that
Kosugi-san has given us a pass mark if he has been watching our activities, and
Hinode’s great success, from the heavens.

It should also be noted that scientists and graduate students from the National
Astronomical Observatory of Japan (NAOJ), which is the domestic partner, and
from Japanese universities have been participating in daily scientific operations at
ISAS. As described later, the Hinode mission is a Japanese-led mission, and all the
telescopes onboard were developed under international collaboration with NASA
(USA) and United Kingdom (UK)’s Science and Technology Facilities Council
(STFC). Therefore, scientists from the foreign institutes and universities involved in
the development have also been participating in the daily scientific operations. These
domestic and foreign scientists have been working hard, not only in operations but
also in the data analysis, providing new discoveries and proliferating knowledge.
These academic activities contribute most to the Hinode project.

1.2 Instrument Overview

The Hinode mission (Fig. 1.5) is equipped with three state-of-the-art telescopes,
which observe the Sun using three different wavelength channels. The SOT (Tsuneta
et al. 2008) is a Gregorian solar telescope with a primary mirror of 50 cm diameter,
which is the largest aperture for observing the Sun on orbit (as of 2017). This
telescope achieved the diffraction-limited performance associated with this diameter
in the visible light range, allowing high spatial resolution observations in the range
of 0.2-0.3 arcsec (corresponding to a range of 150-200km on the Sun’s surface)
(Suematsu et al. 2008; Shimizu et al. 2008b). Moreover, continuous observations
from the stable environment on orbit, i.e., the seeing-free condition, permitted
scientists to reliably identify MHD waves excited along magnetic fields in the
solar atmosphere for the first time (Okamoto et al. 2007; De Pontieu et al. 2007).
The focal plane package (FPP) of the SOT has the capability to measure vector
magnetic fields (Lites et al. 2013), spatially distributed as magnetic flux tubes on
the solar surface, with high accuracy (Ichimoto et al. 2008). Our knowledge about
the dynamical behaviors of magnetic fields distributed on the solar surface has been
much improved by the SOT measurements. The XRT (Golub et al. 2007; Kano et al.
2008) is a grazing incidence X-ray telescope and observes soft X-ray flux emitted by
hot coronal plasma in the range of 1 million Kelvin (MK) to tens of MK of the spatial
distribution, i.e., images with a spatial resolution of about 1 arcsec, which is about
three times higher than that of Yohkoh soft X-ray images. From the time series of
the XRT images, scientists have identified the existence of plasma flows streaming
out from beside an active region, which is now considered as one of the sources for
slow solar winds (Sakao et al. 2007). High-cadence imaging observations allow us
to study dynamical behaviors of the corona using high-resolution imaging. The EIS
(Culhane et al. 2007) is a high-dispersion spectrometer for measuring EUV emission
in the 17-21 nm and 25-29 nm ranges, where several emission lines originating
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Solar Optical Telescope (SOT)
Optical Telescope Assembly (OTA)

Ultra Fine Sun Sensor (UFSS)
EUV Imaging Spectrometer (EIS)

STT

Solar Optical Telescope (SOT)

Focal Plane Package(FPP) — X-Ray Telescope (XRT)

Solar Array Paddle

X-ANT

Fig. 1.5 The external view of the Hinode satellite at the launch configuration. The solar array
paddles attached at the both sides of the spacecraft bus were deployed after the orbital installation.
(C) JAXA

from the coronal plasma exist. This spectrometer has a slit scanning mechanism
for mapping various sizes of field of view. The intensity, the spectral position in
wavelength, and the shapes of large-dispersion emission lines are used to diagnose
the plasma conditions, such as temperature, density, and line-of-sight motions,
helping us to make progress in understanding the heating and dynamical behaviors
of the corona.

One of the key performance features of the Hinode telescopes is high spatial
resolution at a level that had not previously been achieved. The spacecraft is also
required to guarantee high pointing accuracy at a level that has never been realized in
Japanese spacecrafts. In order to achieve this challenging standard of performance,
new technical developments were necessary in the spacecraft attitude and telescope
pointing control (Shimizu et al. 2008b), as well as in its thermal-structural design
(Minesugi et al. 2013). As can be seen in the Hinode images and movies, the
cultivation of new high-precision spacecraft technology was a consequence of
Hinode’s development. For instance, the pre-launch testing and evaluation of micro-
vibration has been applied to subsequent observation satellites in Japan.
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1.3 Science Achievements

The data acquired by the three telescopes has been of the highest quality and has
provided various new discoveries and insights, many of which have already been
published in peer-reviewed journals. Special issues covering Hinode results were
released by several peer-reviewed journals, including Science in 2007, Publications
of the Astronomical Society of Japan (PASJ) in 2007 and 2014, Astronomy &
Astrophysics in 2008, and Solar Physics (instrument papers) in 2007 and 2008.
Some of these special issues can be seen in Fig. 1.6.

Figure 1.7 (left) shows the annual evolution of the number of peer-reviewed
papers that contain research based on data obtained by Hinode’s telescopes,
published from 2007 to 2015. In the space of a few years following the launch,
the number of papers was increased to over 120 publications per year (2009-
2012), simply because a great deal of progress was made, by many scientists, in
analyzing the data and interpreting the results. The number of publications has been
maintained at around 90-100 per year in the last few years (2013—present). The
total number of refereed papers published by 2016 exceeded 1,000, and the papers
are still being published, although the frequency of the publications may recently

Ea
| ubl.\-m\tinnn of the

stronomical

ociety of

ey

patfior it

\ *
|’ . ..
: note Mlssmn . Vol eesSPL

Fig. 1.6 Some peer-review journals featuring Hinode



1 A Brief History of Hinode: Toward the Success in Orbit 11

Publications per year Reads per year
Total Normalized Total Normalized
125 50000
100 40000
75 30000
50 20000
25 10000
0
2008 2010 2012 2014 2008 2010 2012 2014 2016
Refereed Refereed

Fig. 1.7 The number of peer-review papers published in each year (left) and the number of paper
downloads (right). The statistics are recorded with support by the Astrophysics Data System (ADS)
funded by NASA

have decreased slightly. Figure 1.7 (right) shows the statistics derived by using
the Astrophysics Data System (ADS) funded by NASA, revealing how frequently
the published Hinode papers have been read. This bar chart clearly indicates that
Hinode’s popularity gradually increased after publications started. After 2012, the
number of paper downloads exceeded 50,000 times every year, and the researchers
have had constant access to the published papers.

All of the data acquired by Hinode have been open to the public immediately after
the observations (Matsuzaki et al. 2007), and therefore, any researchers may utilize
the data if interested. Note that this did not apply during the performance verification
and the calibration of the data, which took place during the initial 6 months
following the launch. The regional distribution of the publications is in an almost
equal ratio (i.e., 1:1:1) for the Asian, American region, and European regions. As
regards the number of publications by country, the USA has produced the most,
followed by Japan and the UK. These three countries made hardware contribution
to the telescopes onboard Hinode. Moreover, Germany and Spain, which have a
good history of spectropolarimetric observations in visible light at ground-based
observatories, have also produced many publications in this regard. More recently,
the numbers of publications from China and India have been increasing. Scientists
and graduate students working in Japan, the UK, and the USA have been able to
carry out their research activities with the knowledge that the other countries are
catching up, which is a favorable environment for research.
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1.4 International Collaboration

All three of the telescopes onboard were developed under international collabora-
tion. As well as the spacecraft and launch vehicle, Japan took responsibility for
developing the following key portions of the telescopes and, in doing so, preserved
Japan’s role as the principal contributor: (1) the main telescope (Optical Telescope
Assembly, OTA) and a portion of the image stabilization system including the
tip-tilt mirror mechanism and servo control for the SOT, (2) the charge-coupled
device (CCD) camera for the XRT, and (3) the Mission Data Processor (MDP) for
controlling the observation sequence for the SOT and the XRT and for compression
of the data from all the three telescopes. However, the following parts of the
telescopes were developed under international collaboration with NASA (USA) and
STFC (UK): (1) for the SOT, the FPP including filter imager, spectropolarimeter
(SP), and correlation tracker as a part of the image stabilization system, (2) the XRT
excluding the CCD camera, and (3) the entire portion of the EIS.

Many institutes and universities in the USA and the UK were extensively
involved, with support from NASA and STFC, in the development of the Hinode
mission. Such a large-scale international collaboration was challenging for an ISAS
mission. Our guiding principle was to eliminate any black boxes as much as
possible, not only for the Japanese part of the collaboration but also for the USA and
the UK. We held a series of design meetings at regular intervals, where discussions
took place and explanations were given, until both development teams understood
and accepted the design- and performance-related ideas of one another. During the
testing phase, Japanese scientists participated in performance testing in the USA;
scientists and engineers from the USA and the UK also took part in various kinds
of testings, not only at the telescope level but also at the system level, including
the end-to-end optical performance, and electrical functional, vibration, thermal
vacuum, and micro-vibration tests. For me, these technical meetings and tests were
the unique opportunities for gaining valuable experience and knowledge about the
development of spacecraft and space-borne instruments.

Another important international collaboration is that involving the European
Space Agency (ESA) and the Norwegian Space Center (NSC), which have been
offering 15 passes every day at ground stations located near the North Pole and
in the Antarctica for the mission data downlinks. This post-launch support has
strengthened Hinode’s scientific activities, because the continuous acquisition of
time-lapsed high-cadence images is one of the key performance criteria specified
for many solar research projects.

1.5 As On-Orbit Solar Observatory

Scientific daily operations have been carried out daily at ISAS/JAXA in Japan, with
the participation of scientists from the institutes and universities in the USA, the
UK, and Norway who were involved in the instrument development (Fig. 1.8). The
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Fig. 1.8 One scene from daily planning meetings at ISAS/JAXA. Taken in January 2009. (C)
JAXA

Chief Observer (CO) takes the role of the observation planning and quick data
checking for each telescope. At the early phase of the operations, scientists and
graduate students, not only from Japan but also from the USA, the UK, and Norway,
visited ISAS and worked on observation planning. As the daily operations were
running smoothly a few years after the launch, the daily planning was gradually
shifted to remote operations. For example, the US CO working on the SOT would
remotely participate in the daily meeting and discuss the observation plans with the
other COs in the meeting. They would then prepare the timeline and parameters for
SOT observations, according to the agreed observations plans. The participation of
scientists and students in scientific daily operations is a type of volunteer work, but
they gain benefits from it, because they can check the acquired data and identify
good data and interesting phenomena immediately after the data are downlinked.
Each telescope team has a shift schedule for the role of CO, according to which
each scientist/student may work as the CO for a few weeks per year. Since each
scientist/student should also have a plenty of working time available for data
analysis equally, we have arranged the shift schedule in which one can make the
equal contribution to daily operations. In daily meetings from 10:30 JST every
day except on Sunday, the Chief Planner (CP) leads discussions between the three
COs regarding observation coordinates for the three telescopes as well as for other
facilities, such as Interface Region Imaging Spectrograph (IRIS) and ground-based
observatories, and eventually defines the observation (satellite pointing) schedule.
The daily meetings are also a good place for Japanese graduate students to improve
their proficiency of the English language.

Observations consist of standard observations defined by each instrument team
and proposed observations (HOP; Hinode Operation Plan). The Hinode spacecraft
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has been operated as an international on-orbit solar observatory fully open to all
scientists. The Hinode team has been accepting proposals from scientists all over
the world. The team, or, to be precise, the Science Schedule Coordinators (SSCs)
group in the team, reviews the proposed observations every month and schedules
them after reviewing them with the proposers so as to improve each observation’s
definition.

The Ca II H movies from the SOT show that the chromosphere is more dynamic
than had ever been thought. With the SOT data, scientists have recognized the
importance of studying the chromosphere connecting the solar surface to the corona
in order to make progress in our understanding of the coronal heating and dynamics.
In 2013, NASA launched a Small Explorer Program (SMEX) satellite called RIS,
which performs ultraviolet (UV) spectroscopy of the chromosphere. The IRIS
observations are regularly coordinated with observations made by Hinode, as both
satellites have a fairly narrow field of view.

1.6 Ups and Downs in Operations

It may appear that Hinode’s daily operations have been smooth sailing, but these
operations have experienced ups and downs during the past 10 years. The biggest
difficulty was the malfunction of the X-band modulator on board. The X-band
channel has a 4 Mbps bandwidth, and it is important for downloading huge amounts
of scientific data on Earth. From the last week of December in 2007, the X-band
signals from the spacecraft started to show anomalous wave patterns in the latter
portion of some downlink passes. The situation was steadily getting worse, until
finally the X-band signals showed anomalies all the time. It should be pointed
out that further investigations suggest a malfunction in the field-programmable
gate array (FPGA) used in the X-band modulator. After various trials of the
spacecraft configuration and the technical supports at ground stations, the science
data downlink was finally switched from the X-band to an S-band backup channel.
The S-band transmitter has a considerably lower transmission rate, i.e., about one
sixteenth of that of the X-band transmitter. To compensate for this lower rate, we
have increased the level of data compression without significantly affecting the
quality of the data and have improved our operational efficiency, by, for example,
reducing the field of view and/or the number of wavelengths (filters) and/or the
summation of pixels, depending on the objectives for each observation. Another
initiative has been to increase the number of ground stations and downlinks. JAXA
has explored new ground stations with strong supports from the government as
well as from various other organizations and has increased the number of downlink
stations to 40-55 passes per day. As a result, the amount of data received from
Hinode recovered to a level equivalent to roughly 60% or more of the original
capability.
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Another difficulty was related to the Great East Japan Earthquake on 11 March
2011 and the subsequent Fukushima Daiichi nuclear disaster. Because of insufficient
electric power being available in the Tokyo metropolitan area, rolling blackouts
began across Tokyo and surrounding areas. The announcement of possible rolling
blackouts had a significant impact on daily operations. Computers and other
equipments in the Hinode operation room were forced to shutdown when a rolling
blackout was scheduled for the area where the ISAS campus is located. The
scheduled blackouts affected the daily schedule of the COs’ activities, reducing the
frequency of command uploads in March 2011.

Space debris is currently a concern for Hinode, which has a polar orbit at an
altitude of about 680 km. The density of debris is relatively high at this altitude,
and we have sometimes been warned that we should consider debris avoidance
maneuvers when close approaches are predicted. In 2010, JAXA determined the
criteria and operational procedure for avoidance for Hinode, which can adjust its
orbit using the thruster engine if a critically close approach is predicted. In the case
of a close approach by a foreign-owned small satellite in March 2012, we decided
to perform an emergency orbital maneuver to avoid a possible collision. This was
the first case of debris-avoidance maneuvers by the ISAS satellites.

1.7 Future Prospects

The Hinode mission celebrated its 10th anniversary on 23 September 2016.
Scientists all over the world hope very much that the Hinode observations will
continue. The functions and performance of the spacecraft and the three telescopes
remain functional, although a slight degradation can be observed in the trend history.
Soon after the launch, solar activity went to the deep solar minimum. The Sun
has shown a low level of activity in cycle 24 (2009- ), leading some scientists to
predict a decline in solar activity in the coming years. In view of this situation, it
is extremely important for Hinode to continue to record the photospheric magnetic
fields and corona as we approach the solar minimum around 2020. Furthermore,
the continuation of observations beyond 2020, and switching to the next generation
of solar mission, would be important for solar physics research. Fortunately, all the
space agencies have offered high praise for the scientific activities of Hinode so
far. For example, the NASA senior review of heliophysics missions in 2015 rated
Hinode the third highest among 14 missions involved in the heliophysics system
observations. In December 2016, the ISAS science steering committee confirmed
its strong recommendation to extend the Hinode mission until March 2021; ISAS
confirmed that this mission extension is reasonable and passed approval for the
extension plan. For the further continuation of Hinode observations beyond 2020,
the most important driver would be the continuation of high-quality research, using
the Hinode data, by the scientific community.
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Chapter 2
Hinode’s Contributions to Solar Physics oo

Takashi Sakurai

Abstract High-resolution optical observations of the Sun in the pre-Hinode era,
typically at spatial resolutions of 1-2 arcsec, are reviewed, and the new findings
of Hinode with 0.2 arcsec resolution for magnetic flux tubes, polar fields, canopy
structure, and horizontal magnetic fields are presented. In combination with the X-
ray and extreme ultraviolet instruments on Hinode, I present observations of coronal
waves in the context of coronal heating and the acceleration of the solar wind from
active regions.

Keywords Sun: corona - Magnetic fields: measurements - Sun: magnetic field -
Solar activity cycle - Solar wind

2.1 High-Resolution Observation of the Sun in the Visible
Wavelengths

The largest instrument onboard Hinode is the Solar Optical Telescope (SOT), an
optical telescope with a main mirror aperture of 50 cm. In the observational studies
of the Sun, high-resolution imaging has always been a central issue. Why is that so?

The resolving power (the so-called diffraction limit in optics) of a telescope is
given by the formula: (observing wavelength)/(telescope aperture). For example, at
a wavelength of 500 nm (green light), a 10 cm aperture telescope gives a resolving
power of about 1 arcsec. (Hence, a 50 cm telescope like SOT provides a resolving
power of 0.2 arcsec.) The Sun’s apparent diameter is about 2000 arcsec; therefore,
with a resolution of 1 arcsec, the entire solar image is divided into 2000 x 2000
pixels. In actuality, however, turbulence in the atmosphere causes image distortions
(called “seeing” in astronomy). A larger aperture does not automatically guarantee
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an increase in resolving power in proportion to the aperture. The situation is
particularly problematic when observing the Sun, because of turbulent air from
the heated ground or inside the warmed telescope tube. During the 1960s, solar
astronomers recognized that the resolution could be improved consistently beyond
1 arcsec by choosing an observing site in high mountains or by the side of a lake or
ocean (isolated islands) or by evacuating the telescope tube. A benchmark for a good
image resolution is to clearly s