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Abstract

Jovian diffuse hard X-ray emission had been discovered by Suzaku in 2006 when the solar activity
went toward its minimum. The diffuse emission was spatially consistent with the Jovian inner mag-
netosphere and was spectrally fitted with a flat power-law function suggesting non-thermal emission.
Thus, a scenario in which ultra-relativistic (tens MeV) electrons in the Jovian inner magnetosphere
inverse-Comptonize solar visible photons into X-ray bands has been hypothetically proposed. In
this thesis, we focused on dependence of the Jovian diffuse hard X-ray emission on solar activity to
verify the hypothetical scenario. Near Jupiter within ~2 Jovian radii (R;), the Jovian synchrotron
radio emission (JSR) has been monitored in the long-term and has been known to originate in ultra-
relativistic (several MeV) electrons and vary its flux within several tens percents without simple
dependence on the solar cycle. If the diffuse X-ray emission originates with such tens MeV elec-
trons, therefore, it should show the same tendency as the JSR. Thus, we systematically analyzed the
entire three X-ray data sets of Jupiter taken by Suzaku in 2014 and 2012, when the solar activity ap-
proximately reached its maximum, and in 2006. The phase different observations in the solar cycle
enabled a discussion about the long-term variation and the solar dependence of the Jovian diffuse
hard X-ray emission.

We conducted imaging and spectral analyses of the three data sets and found the diffuse emis-
sion reproductively existing through all the observations. By combining the imaging and spectral
analyses, we successfully separated the contribution of the diffuse emission from the emission from
Jupiter’s body (i.e., the aurora and disk emission). The 1-5 keV luminosities of the diffuse emission
were estimated at (6.3 + 0.9) x 10>, (4.4 + 0.8) x 10'°, and (5.6 + 2.2) x 10'° ergs™! in 2014,
2012, and 2006, respectively. Thus, it is thought that the diffuse emission has been stable and did
not vary significantly, and did not simply depend on the solar activity, as the JSR trends. The body
emission both in 0.2-1 and 1-5 keV, in contrast, probably depended on the solar activity and var-
ied by a factor of 2-5. These results strongly supported the inverse-Compton scattering scenario
by the ultra-relativistic electrons. Therefore, we estimated spatial and spectral distributions of the
inverse-Compton scattering X-rays from an empirical model of high-energy electron distribution in
the Jovian magnetosphere. and found a possible agreement in an inner region (S10R;) for the
Suzaku X-ray observations. On contrast, we also found the model largely underestimates the density
of the electrons by a factor of 10-100 in the outer region, which afresh suggested that the model in-
completely describe higher energetic electrons in more distant regions. These suggestions emphasize
importance of future X-ray monitoring of Jupiter and its magnetosphere.
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Chapter 1

Introduction

“We are just an advanced breed of monkeys on a minor planet of a very average star. But
we can understand the Universe. That makes us something very special.”

— Stephen William Hawking, Der Spiegel interview, 1988

The night sky is full of starlight. But we see only a small part of the universe that consists
of stars, galaxies, black holes, and so on. The universe shines not only with the light visible to
the human eye but also with electromagnetic waves of various wavelengths. Now, astronomers
are observing the universe with a wide range of wavelengths of electromagnetic waves, as well as
with gravitational waves and neutrinos. Even the same celestial body gives a completely different
appearance depending on the observing wavelength. The Sun observed with visible light and with
X-rays is a good example. We will be able to see the whole universe only with our “eyes wide open”.

As one of the forefront of space observations, X-rays from solar system objects have been detected.
The discovery of planetary X-rays was made in the 1950s from the Earth’s aurora. Later, Einstein
satellite detected X-ray emission from Jupiter in 1979, and those from the heliosphere and the Earth’s
upper atmosphere in the 1990s. Resent observatories such as Chandra, XMM-Newton, and Suzaku
brought dramatic progress in the investigation of the planetary X-ray emission. Chandra not only
provided high-resolution X-ray images of the Earth and Jupiter but also discovered X-ray emission
from Venus, Mars, and Saturn. XMM-Newton and Suzaku contributed much to the elucidation of
mechanisms of the X-ray emission from such planets with their spectral capabilities. Intriguingly,
intrinsically “cold” objects like planets emit X-rays which are generally characteristic to extremely
hot objects with temperatures often higher than 10° K. According to these previous observations,
the origin and emission mechanism of planetary X-rays can be broadly classified into three types: (i)
scattering of solar X-rays on the surface of planet, (ii) charge exchange (CX) process between heavy
ions in solar winds and neutral atoms in planetary/cometary atmosphere yielding characteristic line
emission, and (iii) non-thermal processes involving energetic electrons in planetary magnetosphere.

Jupiter is the largest planet and also the brightest source in the X-ray band among all the solar
system objects, except for the sun. The planet has high-speed rotation with a period of ~10 h and the
largest and the most powerful magnetosphere whose size and strength are ~100 times of Jupiter’s
radius (R;) and ~4 G at an equatorial plane. 9 spacecrafts have been put into the vicinity of Jupiter
in the past, and in-situ measurements of its environments have been carried out. Ground-based radio

observations have been also conducted to investigate Jovian environments. From these studies, it
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has been recognized that electrons with energies reaching at least 50 MeV exist in Jupiter’s magne-
tosphere. However, it has been left unclear how such energetic electrons are accelerated and release
their energies. A variety of phenomena in Jupiter’s system such as particle acceleration, magnetic
properties, interactions between Jupiter and its moons, and Jupiter’s aurora, have been the subject
of investigation and results have been accumulating. As for the acceleration of energetic particles in
the Jovian environment, certain scenarios have been proposed which combine several mechanisms
such as betatron acceleration and wave-particle interaction. However, its applicability in wide scales
of both space and energy has not been fully explored through observations. In order to obtain a
“panorama” describing how and where electrons acquire and lose their energy in the Jovian magne-
tosphere, we need better knowledge of spatial and spectral distribution of such high-energy electrons
which will enable us to look into their time variation and strength of correlation with the auroral
luminescence and/or the solar activity.

After the discovery of Jupiter’s X-rays by Einstein satellite, Chandra obtained the high-quality
image and XMM-Newton played important roles in obtaining separate spectra from Jupiter’s aurorae
and disk. We now understand that the X-ray emission from the aurorae contains CX line emission
and non-thermal bremsstrahlung, with the latter generated by ions and electrons accelerated in the
Jovian magnetosphere. Emission from the disk is mainly composed of solar X-ray scattering on the
planetary atmosphere. Suzaku, moreover, detected X-rays extending over radiation belts of Jupiter
and Io’s orbit (~6R;) in 1-5 keV band, characterized by a quite flat spectrum consistent with a
non-thermal emission. This feature favors a hypothesis that ultra-relativistic electrons (tens MeV)
energize solar visible photons through inverse Compton scattering into the X-ray band. However,
we have a remaining issue that the electron density estimated from the X-ray flux is >10 times larger
than the estimation from an empirical model of charged particles in the Jovian magnetosphere.
The result opens an interesting possibility that an X-ray observation is likely to be a new probe in
monitoring energetic activities in the radiation belt where the direct measurement is difficult with
in-situ observatories.

In this thesis, we analyze three data sets of Jupiter observations by Suzaku in 2006, 2012, and
2014 in terms of a consistent procedure by focusing on the Jovian diffuse hard X-ray emission, and
investigate its reproducibility, time variation, and emission mechanism. We believe that the results
described in this thesis will be quite valuable for future missions of Jupiter exploration planned after
the 2030s. In the following chapters, we summarize the past researches of Jupiter X-rays and the
instrumentation for the present study in chapter 2 and chapter 3, respectively, describe the analysis
procedure and result in chapter 4, discuss on the observed results in chapter 5, and give a conclusion

in chapter 6.



Chapter 2

Review

This chapter gives a brief description of current understandings of X-ray phenomena in our solar
system. The subjects dealt in this chapter are also reviewed by Bhardwaj, R. E Elsner, Randall
Gladstone, et al. (2007) and Bagenal et al. (2004).

2.1 X-rays from solar system objects

Our solar system now contains 8 planets, their ~200 satellites, and a large number of small bodies
such as comets and asteroids. As a natural laboratory, they provide various phenomena and valuable
knowledge on similar processes occurring somewhere else in the universe. X-ray emission from the
solar system objects well characterizes physical processes in the emitting bodies. Generally, X-rays
are emitted from extremely hot gas or plasma (1-100 MK) where atoms and electrons have high
thermal energy (Rybicki and Lightman, 2004). We know, in the solar system, the solar corona with
a high temperature of million degrees is the first in the list of X-ray producing objects. However, it
was reported in the last several decades that other solar system objects also emit X-rays even they do
not contain hot gases. Their atmospheres have temperatures of no more than ~1000 K much colder
than the solar corona (Krankowsky et al., 1986; Schunk and Nagy, 2000). Therefore, a. study of X-
ray emission from the solar system objects including the Sun is very useful in understanding various
kinds of X-ray phenomena taking place in the universe. The study of the solar system objects opens
an avenue for understanding the other distant X-ray objects, particularly because the solar system
sources are able to be directly probed in many cases.

In the 1950s, X-rays from the auroral region of the Earth were discovered. In 1962, a rocket
experiment aiming for detecting X-rays from the Moon serendipitously discovered X-rays from Scor-
pius X-1 and the diffuse X-ray background. This was the first detection of an extrasolar X-ray source,
and the X-ray astronomy has started there (Giacconi et al., 1962). In the 1970s, fluorescent solar
X-ray scattering was studied by Apollo 15 and 16 missions. In the same period, the first X-ray satel-
lite Uhuru was launched in 1970 and established the satellite-based X-ray astronomy which is the
standard practice today. In 1979, the Einstein observatory discovered X-rays from Jupiter (Metzger
et al., 1983) (more details are given in the following section). In the following decade up to 1990,
X-ray emission was detected from 3 solar system objects other than the Sun, namely the Earth, the
Moon, and Jupiter. In 1996, the Réntgensatellite (ROSAT) discovered X-rays from comets (Den-
nerl et al., 1997; Lisse, Dennerl, Englhauser, Harden, et al., 1996). Our understanding of the X-ray
emission from the solar system objects was revolutionized by this epoch-making discovery. The data
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provided evidence of the Solar Wind Charge eXchange (SWCX) and urged Cravens (2002, 1997) to
demonstrate its mechanism as an important process of the X-ray production in the solar system.

After the appearance of the advanced X-ray observatories Chandra, XMM-Newton, and Suzaku
in the 2000s, the study of X-ray emission from the solar system objects progressed at a quick pace.
The observations successively showed X-ray emission from a number of solar system objects which
contain Venus, Mars with its halo, Saturn with its rings, the Galilean satellites Io with its plasma
torus, and Europa. Thanks to the good spatial and spectral resolution compared with the past X-ray
observatories, the physical mechanism of the production of X-rays from the solar system objects was
significantly better understood. Bhardwaj, R. F. Elsner, Randall Gladstone, et al. (2007) reviewed and
summarized recent results of X-ray observations of the solar system objects, and gave an overview
of the X-ray production mechanisms in the solar system. Ezoe, Fujimoto, et al. (2012) and Ezoe,
Ishikawa, Ohashi, Yamasaki, et al. (2011) summarized the subsequent comprehension of X-rays from
the solar system objects observed with Suzaku.

X-rays are a part of electromagnetic radiation with wavelengths of 0.01-10 nm in general terms,
whose corresponding photon energies range from ~100 €V to tens of keV. In this paper, we define
soft and hard X-rays as energy ranges below and above 1 keV, respectively. As energy goes further
lower, the electromagnetic wave becomes extreme ultraviolet (EUV), ultraviolet (UV), visible light,
infrared (IR) and radio waves. In the planetary science, observations with other wavelengths than
X-rays are also quite useful. For Jupiter, we give a review later in section 2.2.

Bhardwaj, R. E Elsner, Randall Gladstone, et al. (2007) briefly described a variety of physical
mechanisms responsible for X-ray production from the solar system objects, by summarizing the
main mechanisms to be the following 5 processes:

1. Collisional excitation of neutral species and ions by an impact of charged particles (particularly
electrons) followed by line emission.

2. Electron collisions with neutrals and ions producing continuum bremsstrahlung.

3. Solar photon scattering from neutrals in planetary atmospheres—both elastic scattering and
K-shell fluorescent emission.

4. Charge exchange (CX) of solar wind ions having energies of ~1 keV u~! with neutrals, followed
by line emission.

5. CX of energetic heavy ions of planetary magnetospheric origin with energies of MeVu~! im-

pacting neutrals—or of directly excited ions in collisions with neutrals.

X-ray emission from the solar system objects mainly shows phenomena involving highly excited
neutrals and ions. The Bohr energy expression:

E, = —-Z> 13.6eV/n?, (2.1)

gives energies for a species with nuclear charge Z, and the principal quantum number n for one
electron. According to the equation, the ground-state energy for atomic hydrogen, i.e., Z = 1, is
—13.6 eV, which is also the ionization potential. On the other hand, for O”" ions (Z = 8), the ground-
state energy is 64 times this value, —870¢€V. In the case of an atom/ion with multiple electrons,
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the energy levels are not so simply expressed but the X-ray emission process reflects the transition
between energy levels which can be bound or free. There are broadly 3 types of transitions, namely
bound-bound, bound-free, and free—free, respectively denoted as b—b, b—f, and /~f. Once an atom
is excited from the ground state to a higher level by collisions with fast electrons, then the de-
excitation will be line emission of one (or more) photons by the excited electrons falling to lower
states. Considering the n = 2 — 1 transition for example, H Lyman alpha photons with an energy
of 10.2 eV correspond to UV radiation, whereas for O’" ions 653 eV photons are produced and they
are soft X-rays.

We consider in more detail each of the above-listed 5 mechanisms of the X-ray production in con-
nection with the solar system objects or its surrounding regions. We will classify these mechanisms

into 3 categories as follows, and describe them in the later sections one by one;
1. Solar X-rays and their scattering on the surfaces of the objects (— subsection 2.1.1).

2. Line emission from charge exchange processes by heavy ions contained in solar winds or in-
terplanetary plasma sources (— subsection 2.1.2).

3. Non-thermal emission in the planetary magnetosphere (— subsection 2.1.3).

2.1.1 Solar X-rays and its scattering

Needless to say, the Sun is the source of energy for all life on the Earth. The source of the solar energy
is a nuclear fusion reaction that occurs in the stellar interior where hydrogen is converted to helium.
Davis (1969) conducted an experiment to detect evidence of solar neutrinos in order to confirm that
the nuclear fusion actually took place in the center of the Sun. Another method of exploring the
internal structure of the Sun is helioseismology, namely the study of the structure and dynamics of
the Sun through its oscillations. The study to clarify the stellar interior by investigating the Sun’s
vibration began in the early 1960s with the discovery of steady solar vibration by Leighton et al.
(1962). In the old days in the 17th century, Galilei discovered sunspots in the Sun using a telescope
that was just invented. In the 20th century, Hale and Nicholson (1925) found the magnetic field of
thousands of gauss at the sunspot and signaled the beginning of the solar physics. Later, solar obser-
vations using not only white light but also He monochromatic light (656.3 nm wavelength), radio
waves, X-rays, etc., proved that the Sun is an active celestial body with many explosive processes.
Most of the solar activities are caused by magnetic fields. In the middle of the 20th century, it was
found that solar corona seen during a total solar eclipse actually showed an extremely high tempera-
ture of ~1 MK. Later, it was found that this corona phenomenon was also caused by magnetic fields,
but the specific mechanism remained still as a mystery. From the corona, it was found that plasma
was constantly flowing out into the interplanetary space at a speed of 400-800 km s~!. This is the
solar wind which was theoretically expected by Parker (1965). It can be said that the solar wind is a
result of the ultra-high temperature corona originated by the solar magnetic activity. The solar winds
always collide with solar system objects including the Earth. In the planetary magnetospheres and
upper atmospheres, the effects of the interaction with the solar winds appear clearly. For example,
when a large amount of plasma is ejected with flares (called as coronal mass ejection), magnetic
storms and aurora occur on the Earth. In this way, the solar physics itself is a very interesting topic,
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and it contains various aspects of fundamental physics, but here we would like to focus on it from

the viewpoint of “effect on X-ray emission from solar system objects”.

Solar X-rays

Solar X-rays and UV photons are mainly produced in the solar corona rather than the surface. This is
because the X-ray and UV continuum represent much higher temperature than the visible light, and
the opacity of the medium increases as the wavelength becomes shorter in these bands. Thus, the
emission corresponds to a phenomenon occurring in the upper layer of the solar atmosphere. In the
range of EUV where the wavelength is 100 nm or less, b—f and f~f emission from abundant elements
such as hydrogen and helium are the main component. In the wavelength range below 10 nm (0.1
keV), the b—f and f~f emission from low Z species increases, and a continuum component to 1 nm
or less (1keV or more) is formed. In the shorter wavelength range, the radiation from the corona of
1 MK becomes weaker, and the main components are the emission lines and continuous components
from high-temperature plasmas over 10 MK heated by solar flares.

X-rays are generated when electrons collide with neutral or ionized atoms. Fast electrons collide
with atoms and excite them into a higher bound state or further ionize them. The former is found
in the solar corona as line emission in the range of X-ray and UV. Electrons whose kinetic energy
is high enough (about the temperature of the coronal plasma) can excite ions of high Z species
to such as He-like oxygen (0°") or Ne-like iron (Fe'®"), and produce X-rays. When the plasma is
in thermal equilibrium, the radiative recombination balances the collisional excitation to a certain
energy levels. Here, the radiative recombination (simply the reverse process of photo-ionization)
occurs when an electron in a free state falls into a bound state. This is the so-called b—f transition. In
the case when the bound state is not a ground state, then an X-ray line is produced with an energy
corresponding to the difference of energy levels. In a hot plasma, dielectronic recombination is often
more important than the simple radiative recombination in high Z species since several electrons are
orbiting in an atom (Mewe, 1990). There are two electrons involved in this recombination process:
the colliding electron and the electron inside the atom. The colliding electron and the atom stay for
a long time keeping a short distance as a temporarily trapped state, and it raises the probability of
the dielectronic recombination.

When the energy of the electron is significantly higher, a continuum component is generated by
the f—f transition. This process is called as bremsstrahlung and can be considered as electromagnetic
radiation in the classical description. It is emitted by the acceleration of electrons caused by Coulomb
interaction with a charged nucleus. In a high-temperature plasma such as the solar corona, the
electron energy distribution is Maxwellian, and thus the emission is thermal bremsstrahlung. This
radiation is one of the main components of solar X-rays (Zirin, 1988), and is also considered to be
produced in high-temperature plasma in Io Plasma Torus (IPT) (R. E Elsner, Gladstone, et al., 2002).

Radiation from the solar corona (the temperatures between ~1 MK in coronal holes and 3 MK in
active regions) mainly consists of the above mechanisms 1 and 2. The heavy ions (0%, 07+, Fel4™,
Si'?*, etc.) in the solar corona are highly ionized, and they generate many X-ray emission lines
through the processes described above. Moreover, the solar corona containing these heavy ions is
also the source of solar winds.
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Solar X-ray scattering on solar system objects

X-rays are characterized by being easily absorbed by atoms and molecules in the atmosphere and
subject to Thomson scattering (Chantler, 1995). When applied to the solar system objects, it cor-
responds to the scattering of solar X-rays in the atmosphere of planets and satellites, which works
like a frosted glass mirror. The balance between the scattering and the absorption cross sections is
important. In the soft X-ray band, the former is much smaller than the latter, and the solar X-rays are
only slightly rebounded in the target atmosphere. Nevertheless, radiation from this process is seen
in the planetary X-ray spectrum. For example, in the case of the Earth, scattered X-rays are observed
not only when a large flare occurs but also in the quiet state. Maurellis et al. (2000) first calculated
the scattering of solar X-rays on Jupiter’s disk. Cravens, Clark, et al. (2006) showed that the scat-
tering albedo of stellar X-rays is very small in the exoplanet system (1 X 1072 at 3 nm wavelength).
The X-ray spectrum in this process is basically that of solar X-rays, but emission lines from highly
ionized elements in the corona are broadened in energy by an albedo function that depends on the
scattering process in the planetary atmosphere.

When an atom is irradiated by X-rays, its inner electrons are either excited or emitted, creating
vacancies in the inner shell. When outer shell electrons make transition to the inner shell vacan-
cies, the energy corresponding to the energy level difference is emitted as an electromagnetic wave
(characteristic X-rays) in the X-ray region. This is called fluorescent X-ray emission.

The energy of the incident X-rays to ionize an atom needs to be higher than the absorption
edge energy of the target element. The absorption edge energy of inner-shell electrons is in the
wavelength region of X-rays for many elements. X-ray fluorescence is caused by an electron transition
to a lower vacant level, and the fluorescent X-rays from solar system objects are mainly from Ka
and KB transitions. L-shell fluorescence from heavy elements can also occur, but the fluorescence
yields are much lower than for the K-shell. Since the energy of the fluorescent X-rays is unique to
the element, the target composition can be identified from the observed spectrum (referred to as
qualitative analysis). Further, the X-ray fluorescence intensity is proportional to the number of the
target element, the density of each element can be measured (referred to as quantitative analysis).

Carbon is contained in Jupiter’s atmospheric methane, and as carbon dioxide in Venus’, and Mars’
atmosphere. Fluorescent X-rays from carbon have little contribution to disk X-rays from planets like
Jupiter, but are dominant in Venus and Mars, where carbon dioxide is the main component in the
atmosphere. Krasnopolsky et al. (2004) showed that the contribution of solar X-ray scattering and
K-shell fluorescence was small in the X-ray emission of comets because their atmosphere does not
provide the neutral column density of ~1 X 102° cm™2 required for this process (it is easy on the
Earth). Fluorescence processes occur not only in the atmosphere, but also by the absorption of solar
X-rays on solid surfaces such as the Moon, Galileo moons, and Saturn’s rings. It can be said that
X-rays emitted from the solar system objects with relatively low surface temperatures are ultimately

induced by the solar radiation (and the solar corona).

2.1.2 Charge exchange

One of the most important X-ray production mechanisms for many solar system environments is the

solar wind charge exchange (SWCX) mechanism (review articles can be found in Cravens, 2002;



8 Chapter 2. Review

Krasnopolsky et al., 2004; Lisse, Cravens, et al., 2004). Charge exchange (or charge transfer; CX) is
a fundamental process in atomic physics, which is accompanied by characteristic line emission. This
process has been investigated in various contexts for a long time. The main feature of CX is a sig-
nificantly large cross section of ~1 x 107> cm? (Lisse, Dennerl, Englhauser, Triimper, et al., 1997),
which is several orders of magnitude larger than those of other processes of electron collisional ex-
citation (Cravens, 2002; Krasnopolsky et al., 2004). In recent X-ray astrophysics, the CX process has
attracted attention as a new type of emission from a variety of X-ray sources such as solar system
objects, starburst galaxies and supernova remnants, where ionized particles or hot plasmas interact
with near-neutral low-density gas. This section briefly describes the principle and historical study of

the CX process.

Principle of charge exchange

In the CX process, one or more electrons transfer from an atom or molecule to an ion, entering to
certain excited states, and the ion which captured the electrons is de-excited by releasing emission

lines as the electrons cascade down to the ground state. The CX reaction is generally described by

A% +B — Al@T+E pre (2.2)
— AT LB 4 h, (2.3)

where A denotes the colliding ion (e.g., O, C, Fe, etc) with a charge g (e.g., 5, 6, or 7), and r electrons
are captured from a neutral target B (an atom or molecule; e.g., H, O, H,O, etc). Consequently, the
ion A is de-excited through line emission with an energy hv. The CX process can be intuitively
understood by the following “Classical over-Barrier Model”. As shown in Figure 2.1, when the two
particles are separated, there is a barrier between the Coulomb potentials created by each particle,
and electrons are bound to each particle. As the incident ion approaches and the distance between
the potentials decreases, the barrier energy becomes lower. As the distance becomes very short and
the barrier level drops to lower than the binding energy of the target neutral’s electrons, the electrons
bound to the target neutral can move to the other ion.

When the ionization degree of the colliding particle is high, the energy level of the ground state
is much lower than that of the neutral particle, and the moved electron will go to the excited level of
the colliding particle. In Figure 2.2, we consider a highly-ionized heavy atom, namely fully-stripped
carbon, contained in the solar winds as colliding particles. They interact with neutral hydrogen
atoms and molecules around comets or the Earth’s atmosphere. When the colliding particles have
the velocity comparable to the solar wind, a single electron is usually transferred. Equation 2.2 are
thus specifically written as,

c*+H — C*+H'. (2.4)

The electron is thought to enter into the n = 4 level of carbon. The electron in the excited level will
cascade down to the ground level by emitting photons with energies corresponding to the difference
of the energy levels. In the case of ions which are either fully ionized or with one electron, the K-shell

has a vacancy and the electron makes transition from the higher level to the ground level. X-rays
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FIGURE 2.1: Schematic views of potential energies in the charge exchange process
based on the Classical over-Barrier Model. In the upper panel, the collisional ion A
and the target neutral B are separated, and there is a potential barrier between them
so that no electron moves from B to A. On the other hand, in the lower panel under
a lower separation, the potential barrier is lower and the electron can transfer. The
electron transits to the ground state through X-ray line emission since the ground state
energy level of the highly-ionized A is lower than that of the neutral B.
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Electron transfering
by collision (charge exchange)

Atomic hydrogen

Fully-ionized carbon
in solar winds

FIGURE 2.2: A schematic view of the CX process in which an electron is transferred and
an X-ray line emission is produced. This is an example process between fully-ionized
carbon in solar winds and atomic hydrogen. The electron is transferred to the excited
level (n = 4) of the carbon from the hydrogen and falls down to the ground state
(n = 1) through X-ray emission with a fixed energy of 459 eV.

emitted from the electron has a certain energy specific to the ion species. X-rays radiated by the
CX reaction are exclusively emission lines specific to each ion, and no continuum is emitted. This is
greatly different from the other emission processes such as bremsstrahlung.

According to quantum mechanics, each electron orbit defined by the principal quantum number
n is further divided into orbits with different angular momentum. When the relative velocity at the
time of collision is large, the probability of entering to a state with different angular momentum is
determined by the degree of degeneracy, and the larger the degree, the easier for the electron to
enter the state. According to the selection rule, the angular momentum quantum number [ should
change by 1 in a transition emitting a photon, and many electrons eventually fall to the ground state
by making transition to the inner states step by step. On the other hand, when the relative speed
of the initial collision is small, the electron is more likely to enter into a state with a small angular
momentum. When the electron is in the orbit with the angular momentum quantum number [ = 1 (p
orbital), it is possible to make an immediate transition to the ground state. Therefore, the transition
from the second shell (n = 2) to the ground state (2p — 1s transition) occurs when the relative
velocity is low, and the outer orbits such as the third, fourth, and fifth are involved when the relative
velocity is large. For example, in the case of fully-ionized carbon, X-rays of 367 eV correspond to 2p
— 1s transition in the former case and the energy is 459 eV for 4p — 1s transition in the latter case.

Solar wind charge exchange

The SWCX mechanism was first proposed (Cravens, 1997) to explain the surprising ROSAT observa-
tions of soft X-ray and EUV emission from the Comet Hyakutake in 1996 (Lisse, Dennerl, Englhauser,
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FIGURE 2.3: Historical ROSAT images of X-ray emission from solar system objects.!
The left panel shows X-rays from the Comet Hyakutake which is the first detection of
the SWCX process in the solar system. The right image shows X-rays from the Moon
where the solar X-ray scattering occurs in the right side brighter area. A decade-long
mystery about the origin of X-rays from the dark moon (the left side dark area) is
solved by Chandra’s observation. This is the Earth’s geocoronal SWCX X-ray emission
as a “foreground” to the spacecraft observation.

Harden, et al., 1996), as shown in Figure 2.3. Since then, the mechanism has also been shown to
operate in the heliosphere, in the terrestrial magnetosheath (geocoronal emission; as shown in Fig-
ure 2.3), and at Mars (halo emission). For the species and charge states relevant to the actual SWCX
process in comets and planets, the principal quantum number of the ion A4-D* is usually in the
range n = 4,5, or 6. The most significant lines in the measured cometary spectra are the He-like
transitions of 0%, produced by the CX of solar wind O”* ions with neutral targets. In particular, the
lines with energies 561, 568, and 574 eV are very strong (Krasnopolsky et al., 2004; Lisse, Cravens,
et al., 2004).

Highly-charged ions are essential for the X-ray production in the CX process, and the solar winds
contain a small amount of such ions. Schwadron and Cravens (2000) and Steiger et al. (2000) found
that 0.1% of the solar winds comprise such highly charged heavy ions such as 07*, 0%*, C®*, C>*,
N°*, Ne®*, Si°*, and Fe'?*. Their composition and abundance are variable and largely depend on
the solar activity, which strongly affects the condition of the solar corona as the origin of the solar
winds. Schwadron and Cravens (2000) and Steiger et al. (2000) further suggested that the slower
solar winds originated from the hotter corona and contained more abundant highly charged ions.

X-ray production from the CX process can be expressed by the following relatively simple equa-

tion:

Psan(l') = nsq(r)nn(r) (&) fsqjasqn(g)- (2.5)

IThese images are credited by C. Lisse, M. Mumma (NASA/GSFC), K. Dennerl, J. Schmidt, and J. Englhauser
(MPE): https://apod.nasa.gov/apod/image/hyakutake_rosat_big.gif (left), and by ROSAT/J. Schmitt et al.:
https://chandra.harvard.edu/photo/2003/moon/moon_rosat. jpg (right), respectively.
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3571 at a position vector

Here, Pggjn(r) is the photon volume emission rate in units of photons cm™
r, in the solar system environment. ng(r) is the number density of the solar wind, with s denoting
the ion species and q the charge-state, and n,(r) is the number density of target neutral species, n.
(g) is the average collision velocity which is almost equal to the solar wind speed, usw, for most
of the locations. ogn(g) is the total charge transfer cross-section at the collision velocity g for the
designated ion and neutral species. fyq; is the probability of occurrence of the specific transition, j,
after the charge-exchange collision.

Equation 2.5 has to be applied to all the solar wind species with all charge states, all target neutral
species, and all the relevant transitions to obtain the complete spectrum of the SWCX X-ray emission.
In a collisionally thin regime where the neutral density is low, ngq is just the static solar wind density.
On the other hand, in the vicinity of the object, the original solar wind flux of a particular ion species
may be attenuated due to the CX collisions or the density can be altered by dynamical processes such
as the bow shock caused by the supersonic solar wind flow around the object. This implies that it is
difficult to completely estimate where and how much the X-rays are generated by the SWCX process.

On planets with a magnetosphere, the CX mechanism can be modified considerably. In the exam-
ple case of Jupiter, as described later in section 2.2, heavy ions come not only from solar winds but
also from planetary plasma sources. They all cause the CX process and give the X-ray line emission.
It explains a part of soft X-rays observed in Jupiter’s aurora. The presence of strong magnetic fields
deflects and accelerates the heavy ions. The energetic heavy ions descend to the planetary neutral
atmosphere, where they collide with atoms and molecules and lose the transition energy. This will
increase the fraction of highly excited ions. Therefore, the ionization degree of precipitating ions can
be both increased and decreased many times through continuous collisions with the atmospheric gas.
The basic mechanism is the same as the above described SWCX process, however especially the ion
species in the magnetosphere can be different from the solar winds and the emitted X-ray spectrum
would thus be different and strongly dependent on the kinetic energy of the ions (Kharchenko et al.,
2008). Although such an effect is expected to be present in all magnetic planets, currently it has
only been confirmed in Jupiter.

Charge exchange in X-ray astrophysics

When the X-ray radiation from the comet was recognized as being caused by the CX process, it was
suggested that part of the diffuse soft X-ray background was also due to the CX process with solar
winds interacting with the geocorona and with neutral materials in the heliosphere. The “mysterious
X-ray brightening” observed during the ROSAT all-sky survey was shown to correlate with the solar
wind flux, and its origin was also interpreted as the CX process between the solar winds and the
geocoronal neutral hydrogen (Cravens, 2000). Therefore, the SWCX process provides a means for
observational investigations of low-density neutral matter in the geocorona, outer planetary atmo-
sphere, and around comets, as well as the elemental composition of the solar winds (Dennerl, 2010).
On the other hand, in the observation of the diffuse soft X-ray background, separation of the X-ray
radiation from the high-temperature interstellar medium from the CX X-rays is difficult in both spa-
tially and spectrally when the resolution is not good enough. In this view, the SWCX process can be a
troublesome existence. Especially in the low energy side, there is an indication that X-rays produced
by the SWCX process in the heliosphere account for a large proportion of the stationary component
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(Lallement, 2004). It is an important issue to be fully resolved for the study of hot interstellar and

intergalactic materials.

2.1.3 Non-thermal emission

In this section, we will summarize radiation processes which are relevant to high energy electrons.
These are formulated as non-thermal radiation processes, and three types, including the brems-
strahlung already mentioned above, are important for the X-ray emission. The non-thermal radiation
is important in understanding the acceleration process of high energy electrons, which is a universal
phenomenon taking place in the universe on various different scales. Such non-thermal radiation
has also been observed in our solar system, indicating that electrons are accelerated to very high
energies of the order of keV-MeV. In this thesis, we study the possibility of particle acceleration
in the magnetosphere, especially based on X-ray observations of Jupiter. In this relatively “close”
region within the solar system, it would be possible to obtain detailed properties of the particles as
the seed particles and the resultant X-rays emitted from the system. Our study will be a step forward

in solving the fundamental and common problems about the particle acceleration in the universe.

Bremsstrahlung

Free electrons are deflected by the Coulomb force of the nuclei (mainly protons), and this acceler-
ation causes emission of electromagnetic waves. Situations of electron—electron or proton—proton
encounters do not cause acceleration of dipole moments, and no bremsstrahlung radiation is resulted.
In addition, since protons are much heavier than electrons, only electrons should be considered for
the bremsstrahlung process in which the acceleration strength is essential.
When the motion of a single electron is deflected by a single nucleus, the emitted energy per
frequency is given by
B0 2wl 26
When the single electron with a velocity of v and a charge of —e paths near the single nucleus with
a charge of —Ze with an impact parameter of b, and is slightly made a turn by the Coulomb force,

Equation 2.6 becomes with a function of b given by

6
dw(b) 37rc832njzeu2b2 (b <v/w),
dw 2.7)

0 (b>»v/w).

Equation 2.7 diverges when b — 0 and v — 0, so in fact, their minimum limitations should be set

by realistic values.
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Electrons with a uniform velocity of v in a certain plasma with electron and ion density of ne and
nj, respectively, emit the power per unit volume and unit time given by

dw(b) /°° dw(b)
= i2 ——=bdb 2.8
dodvde " ) T dw (2:8)
b 2.6
max 82
~ neni27w/ e (2.9
by 3TC3M2v2b2
16e° 9 bmax
= — Z“log —— 2.10
303mzvnen1 ©8 bmin ( )
16me® 3 b
- 2T neniZzilog (—max) (2.11)
3\/§C3m20 T bmin
167e®
= mneniZzgﬁ(v, w), (2.12)

which considers electron number pathing between b to b+db per unit time for a single ion is described
by 2mbdbun.. Here, gs¢(v, w) = V3/710g (bmax/bmin) is called “Gaunt factor” with a function of the
electron energy and the emitted frequency in the bremsstrahlung and roughly values an order of ~1.

Equation 2.12 is based on an assumption that electrons have a certain velocity (v). Then, we
obtain the energy spectrum of the bremsstrahlung to fold with an actual distribution of the elec-
tron velocity. The bremsstrahlung can occur in both thermal and non-thermal regimes. The thermal
bremsstrahlung is called as f~f emission, as mentioned already, and observed as a continuum emis-
sion from optically thin hot plasmas such as the solar corona. Depending on whether the electron
distribution is Maxwellian or power-law, it becomes thermal or non-thermal bremsstrahlung, respec-
tively. The former produces a spectrum with a certain cut-off energy of ~kT corresponding to the
electron temperature, while the latter does a power-law spectrum. In both mechanisms, such contin-
uum is accompanied with X-ray line emission in various astrophysical contexts (e.g., Porquet et al.,
2001; Tatischeff, 2003).

Synchrotron radiation

Electrons accelerated by a magnetic field B will produce synchrotron radiation, in which electro-
magnetic waves are emitted because the Lorentz force by the magnetic field causes deflection of the
electron path. It is one of the most important radiation mechanisms in high energy astrophysics.
Supernova remnants are the representative sources of synchrotron radiation emitted usually in the
radio wavelength (even up to X-ray band). Another source in our solar system is the Jovian syn-
chrotron radio emission. It is produced near Jupiter (~2 R;) where the magnetic field is very strong
(~1.2 G; Bolton, Janssen, et al., 2002), and has been intensely monitored for a long time. Here we
briefly describe the general scheme of the synchrotron radiation (for more details, see e.g., Rybicki
and Lightman, 2004).

An electron with energy E = ym,c? gyrates around a magnetic field line with an angular frequency
(Larmor frequency)

Qe =

> (2.13)
yMec
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and the associated radius of gyration orbit (Larmor radius) with a pitch angle 0 is,

v, ymecvsin®  ymec?

= , 2.14
VR eB eB (214
which is numerically given as
s [1G
re =~ 1.7 X 10%y 3 | o (2.15)
The total power of the synchrotron radiation is given by
_4 2.2
Psyn = BCOTB y“Us, (2.16)

where Uj is the energy density of the magnetic field (= B2/(8x)). The power emitted by an electron

as a function of photon energy € is given by,

V3e3Bsin6 [ ¢
P = ———F|— 2.1
Syn(e) 27rmecC ((—:C) (217)
37iy%eBsin O
= — 2.18
€c Smec (2.18)

Here, €. denotes the characteristic synchrotron photon energy, and F(x) gives the spectral energy
distribution from a single electron in terms of the modified Bessel function Ks/3 (Ginzburg and Sy-
rovatskii, 1964).

The spectrum of the synchrotron radiation for given energy distribution of electrons can be ob-
tained by integrating the above photon spectrum generated by a single electron. The energy spectrum
of the accelerated electrons is generally described by a power-law function, and the number density

spectrum as a function of energy E is described by,
N(E) = CE™P. (2.20)

The resultant photon energy spectrum (not the number spectrum) can also be described by a power-
law with a spectral index s,
P(e) o« €7*. (2.21)

The total power radiated per unit volume per unit photon energy € by such an electron distribution

is given by integrating over the entire electron energy as,

Pan(©) = [ ENEIPo) (2.22)
_ V3e®Bsin C p 19 p 1 mece —(p-1)/2
= rz+=|t -5l smaas (2.23)
2mtmec p+1 \4 12 4 12/ \ 37iy%eBsin 6
o CBPHDIZe(-D/2, (2.24)

where I' denotes the gamma function. According to this formula, when the electron energy density



16 Chapter 2. Review

spectrum has a power-law index p, the energy spectral index of the synchrotron emission becomes
(p — 1)/2. In the X-ray observation, the photon number spectrum is often used and it is given by
Loty (€) = Proty, (€)/€. So, the photon index T of the power-law is given by

Troty, © et (2.25)
+1
r = P —. (2.26)

Note that the spectral index I' is defined by the electron distribution rather than by the single-electron
emission spectrum. The characteristic synchrotron photon energy e, strongly depends on the electron
energy as €. o« y? oc E2. This difference in the dependence on the power index accounts for the slope
difference between the spectra of emitted photons and parent electrons. The emitted photon energy

spectrum has a peak at €peax = 0.29¢., whose numerical values are given below.

3ny%eB 5. e
€peak = 0.29¢. = 0.29 = 0.29 x 3y°B (2.27)
mecC 2mecC
E. \*( B

= 0.87x|2x107—= X 1mG x 9.3 x 107! erg/G (2.28)

10TevV/ \1mG
= 3.2x107° E._\"(_B er (2.29)
- 10Tev) \1mG) '8 '

2

E B
~ 2keV = ) (2.30)
10Tev) \1mG

Inverse Compton scattering

Inverse Compton scattering is an important mechanism in producing high-energy photons in diverse
astrophysical settings. In this process, low energy photons (seed photons or soft photons) are scat-
tered by high energy electrons to higher energies.

The total power radiated by a single high energy electron is given by

4
Pic = gcoTﬂZYZUph, (2.31)

where Upy, is the energy density of seed photons (= npn(€p)€o). Note that this is the same formula as
for the synchrotron radiation, Equation 2.16, with Up replaced by Upp. This formula is valid as long
as the Thomson scattering holds, namely €y < mec?.
The number of photons scattered per unit time is cornpy. Dividing Equation 2.31 by this, one
can obtain the average energy of the scattered photons:
4 5

=22, 2.32
€=V (2.32)

where the value of B is near unity (y > 1).



2.2. Jupiter system 17

Assuming that the electron distribution takes the form of Equation 2.20, the spectra for single

scattering, namely the total scattered power per volume per energy, is given by

Pioto(€) = mergCA(p)e /2 / deo €7 npn(eo) (2.33)

A(p) = 2°*1 / dx x®P~D2 £(x) (2.34)
0

_ e P> +4p+11 235

(P+32(p+5pP+1)

which is valid in the isotropic approximation. When the photon spectrum npn(€p) is given by the

blackbody radiation,
81eg 1
nph(€o) = B3 o/l _ 7 (2.36)
we obtain from Equation 2.34
8m2r2C
Pioyc(€) = hS—Cg(kT)(erS)/ZF(p)e_(p_l)/z (2.37)
+5 +5
F(p) = A(pr (p ) ¢ (p ) (2.38)
2 2
(o) = Yk (2.39)
k=1

where { denotes the Riemann zeta function. Note that the photon index of the inverse Compton
scattering spectrum has a dependence on the electron energy distribution in the same manner as
Equation 2.26.

The inverse Compton scattering is an efficient process of producing X-ray and y-ray emission in
various astrophysical contexts. For instance, Sunyaev-Zel'dovich effect is the most important phe-
nomenon produced by this process. Photons of Cosmic Microwave Background radiation (CMB)
passing through clusters of galaxies are scattered off by high energy electrons whose energy is typ-
ically several keV, and the 2.7 K blackbody spectrum is shifted up to slightly higher energy. Far-
infrared photons, that are powerfully emitted by some galaxies, also become hard X-rays of several

hundred keV when scattered by high energy electrons with energy 10 GeV.

2.2 Jupiter system

Jupiter which is the largest planet in our solar system has a period of rotation of 9h 55 min 29.37s,
a radius of 71492km (traditionally defined as 1Rj), a period and a radius of revolution of 11.86
years and ~5.2 AU (~7.8 x 108 km), respectively. Jupiter’s magnetic field is ~4.2 G on the equatorial
surface. Since the Earth’s surface magnetic field is ~0.35 G, it is more than 10 times stronger.
Evidence of Jupiter’s magnetic field was obtained in the mid-1950s when a ground radio telescope
accidentally detected radio emission from this planet. This intensely changing radio emission was
interpreted as synchrotron radiation from high energy particles interacting with the magnetic field
around the planet. Since then, Jupiter’s magnetic field and its radiation belt have been studied

directly by Pioneer and Voyager spacecrafts, and are one of the most active research subjects for up
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to today’s JUNO satellite. Pioneer 10 also measured Saturn’s magnetic field directly in September
1979.

If we can take the Earth’s magnetic field, the most well-studied case of the planetary magnetic
field, as a model, its origin is considered to be inside the core of the planet. A dynamo is a common
and simple mechanism for creating the magnetic field. The dynamo is a mechanism that converts
mechanical energy into electric or magnetic field energy. Usually, a dynamo has a built-in permanent
magnet that creates the field. However, it is also possible to consider a dynamo that creates a
magnetic field as a result of its own action. Such a dynamo is called as a self-excited dynamo and is
thought to be the simplest mechanism in explaining the planetary magnetic field. Necessary elements
for its operation are a good electrical conductor and a mechanical energy source to drive the dynamo.

Jupiter’s magnetic field is tilted by ~11° relatively to its axis of rotation (similar situation as
the Earth). It has a more complicated magnetic structure than the Earth, but its essence can be
considered basically the same. It is clear that the origin of Jupiter’s magnetic field is closely related
to the internal structure of the planet. The presence of the magnetic field around Jupiter and Saturn
can be seen as indirect evidence that these planets have liquid domains inside. According to one
theory, Jupiter’s conductive core may reach 0.7-0.8 Ry.

Based on the basic principle of the dynamo action described above, Jupiter’s 10-hour high-speed
rotation produces a convective system with a ring current. This current creates a magnetic field
that affects the strength of the original ring current. In fact, the magnetic field generated in this way
works in the direction that reduces the original force driving the ring current. In this way, the system

limits the strength of the magnetic field and prevents it from increasing to infinity.

2.2.1 Magnetosphere

Jupiter’s magnetic field extends out of the surface beyond its atmospheric layer and regulates the
behavior of charged particles which are far from Jupiter itself. A magnetosphere is defined as the
region where the influence of magnetic fields on charged particles is significant. The shape of the
planetary magnetosphere generally is not a simple sphere. The Jovian magnetosphere has a long
magnetotail that extends nearly to 7.5 X 108 km (~ 1 x 10* R}, even to Saturn’s orbit) in the opposite
direction of the Sun. The Earth’s magnetosphere is similar in basic structure, but it is much smaller
in size. Jupiter’s magnetosphere is overwhelmingly huge and powerful, and its size is variable in the
range of 50-100 R; in the solar direction.

Jupiter’s magnetosphere changes its size by interactions with the solar winds. The solar wind is
composed of protons, electrons, and heavy ions, with its intensity depending on the average solar
activity characterized by the 11-year solar cycle. When the solar winds collide into Jupiter’s magnetic
field, a bow shock is formed. The inner region of the shock bounded by the surface of a magnetopause
is called as a magnetosheath, and the magnetic field is disturbed there. It was precisely in this region
where Voyager recorded the highest temperature in the solar system, reaching ~300 MK (Krimigis,
1981).

The shape of the magnetosphere is determined by the balance between the external pressure
(ram pressure) exerted by the solar wind and the internal pressure (magnetic pressure) of the mag-
netosphere, but it is sensitive to changes in the intensity of the solar wind. If the solar wind is
strong, the Sun side of the magnetosphere will be compressed accordingly. One of the reasons why
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the Earth’s magnetosphere is much smaller than Jupiter’s is that the Earth is closer to the Sun, and
the solar wind’s ram pressure is higher (actually 25 times stronger). But it is also related to the fact
that the Earth’s magnetic field is much weaker than that of Jupiter.

In the outer region of Jupiter’s magnetosphere beyond 20 Rj, the magnetic field is mostly confined
to a plane which is the extension of the planet’s equator. In this disk-like region, there is a current
flow carried by a low energy plasma confined in the magnetic field. This region, called as the plasma
sheet, is twisted to opposite directions in the dawn and dusk spheres of the planet. Thus, if the sheet
is above the equator on one side, it is lower on the other side. The plasma sheet behaves like a rigid
body, rotating in synchronization with the planetary rotation with up and down movements.

Jupiter’s magnetosphere is classified into 3 regions according to the convention of previous re-
search; (i) inner (<6Ry), (ii)) middle (6-50Ry), and (iii) outer (>50R;) regions. With one exception
of Cassini, which mainly skimmed the dusk boundary region in December 2000, 6 spacecrafts have
so far explored the magnetosphere of Jupiter. Pioneer 10 flew by Jupiter in December 1973 along a
low inclination trajectory (S II? latitude <15°) and approached within 2.8 R; from Jupiter’s center.
This satellite confirmed the strong magnetic field of Jupiter and its very large spatial size. Pioneer
11 arrived at Jupiter in December 1974 on a highly-inclined trajectory (maximum S I latitude 52°)
and approached within 1.6 Ry of Jupiter’s center. Because of its retrograde orbit and its high incli-
nation, Pioneer 11 provided the best description of the internal field so far. Voyager 1 and 2 visited
Jupiter in March and July 1979 on nearly equatorial trajectories, with closest distances of 4.9 R;
and 10.1 Ry, respectively. Voyager 1 discovered a dense plasma torus of heavy ions near Io’s orbit,
whereas Voyager 2 revealed the equatorial current sheet of Jupiter in detail. Ulysses flew by Jupiter
in February 1992 on a mid-latitude trajectory with the closest distance of 6.3 R; from Jupiter’s center.
This was the first spacecraft to explore the dusk high-latitude region of Jupiter. Finally, Galileo has
been orbiting Jupiter since December 1995. After exploring the magnetotail as its prime mission, the
spacecraft has now completed its investigation of the dusk and post-noon sectors of Jupiter’s magne-
tosphere. In this way, the 6 spacecrafts have jointly performed complete mapping of the low-latitude
regions of the magnetosphere over the entire local time. In the following, we mainly describe the
interiors of the inner magnetosphere which is relevant to Jupiter’s X-ray emission. As for the middle
and outer magnetosphere, see Bagenal et al., 2004 (in particular Chapter 24) and Khurana et al.,
2004) for their detailed accounts.

Particle distribution

The Jovian magnetosphere is normally described in terms of three major regions (Dessler, 1983)

1. The inner magnetosphere extends to the orbit of Io at a distance of ~6R;. This is the region
where the principal magnetic field is created by the origin internal to the planet itself. Outside
of this region, the effect of the azimuthal current sheet in the equatorial plane produces signif-

icant perturbation, leading to the stretching of the magnetic field lines in the radial direction.

2The Jupiter system Il (1965) coordinate system follows the definition in Appendix B of Dessler, 1983. This coordinate
system is the accepted standard for analysis of data from the Jupiter system. System I is a spherical, planetographic
coordinate system where the planetary rotation rate of (9h, 55min, 29.715s) is based on the rate of rotation of Jupiter’s
magnetic field. The prime meridian is defined as the sub-Earth meridian at 00:00:00 UT on Jan 1, 1965. Range is
measured from Jupiter center of mass. Longitude for standard System I is measured west. This direction choice causes
the coordinate system to be left-handed and to a stationary or distant observer, longitude increases with time.
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FIGURE 2.4: A schematic picture of Jupiter’s magnetosphere showing the noon-
midnight meridian (top) and the equatorial cross section (bottom) (Fig. 24.1 in Bage-
nal et al., 2004).
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2. The middle magnetosphere is located between ~6R; and 30-50 Ry, and this is where the

equatorial currents flow.

3. The outer magnetosphere extends from 30-50 R; to the magnetopause. In this region, the
magnetic field has a large southward component, and changes in the solar wind pressure can
cause large temporal and spatial variations both in magnitude and direction.

In the Jovian radiation belts, trapped particles are about 10 times more energetic than their
counterparts in the Earth. In addition, the particles are several orders of magnitude more abundant
since Jupiter’s magnetosphere has major internal sources of material. It is now understood that most
of the particles come from Io and the IPT. As a result, the densest part of the magnetosphere is the
IPT situated at 5.5-10 Ry (Rogers, 1995).

The model developed by Divine and Garrett (1983) is the only global model available today and
is based on data obtained by the series of Pioneer and Voyager fly-bys combined with those by Earth-
based observations (Divine and Garrett, 1983). For the electrons, the model covers the whole range
from the surface of Jupiter to the magnetotail, while for the protons it is applicable from the surface
to the magnetic shell parameter® L = 12. As for the energy spectra, minimum energies of the model
are 0.06 and 0.6 MeV for electrons and protons, respectively.

The magnetic field used in the model is based on the D4 model derived from the Pioneer Helium

vector magnetometer data (Smith et al., 1976), and is given by

B= (rM) V1 + 3(sin A )2, (2.40)

m

where M is the magnetic dipole moment of Jupiter (4.225G R3; Smith et al., 1976), rm and Ay, are
distance and latitude in the S I coordinate. The magnetic shell parameter is given by

= -2
L= (RJ) (cos Am) <, (2.41)

where Rj is the Jovian equatorial radius (7.1492 X 10° cm).
The actual model formulas are given here, showing the fluxes of the charged particles (both

electrons and protons) for the 4z direction as follows:

z

J = 4ﬂ/215inadcx (2.42)
0
A — A Ay — A
logI = Ao—AilogE+——"2log{l+ (E/Dy)*} + 22— log{l + (E/D5)°} (2.43)
3(cn — 1)%x + 3cn(cn — 1x? + 2x3
A, = ap,+(by—a 2.44
] n ( n 1'1) 3 _ 9Cn + 7CI% ( )
| B /B

_ log(Bm/ e), (2.45)

log (Bc/Be)

3The magnetic shell parameter L (L-value) had been first proposed by Mcllwain (1961) for the Earth’s magnetosphere.
Now, it is widely used to describe a particular set of planetary magnetic field lines. Colloquially, the L-value often describes
the set of magnetic field lines which cross the planet’s magnetic equator at a number of planet-radii equal to the L-value.
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TABLE 2.1: Parameters of the Divine&Garrett model for electrons, taken from Divine
and Garrett, 1983.

L ap ai as as bo bl b2 b3 Co C1 Ca C3 D2 D3

1.089 6.06 0.0 0.0 47 6.06 0.0 00 47 0.0 00 081 05 20 30.0
1.55 6.9 0.0 0.3 43 6.06 0.0 00 47 0.0 00 081 05 20 300
1.75 7.34 0.0 0.57 398 6.06 0.0 00 47 0.0 00 081 05 20 300
1.9 70 00 047 438 651 0.0 00 542 0.0 00 083 05 20 300
2.0 736 00 075 3.65 626 0.0 0.0 476 0.0 0.0 068 05 20 30.0
2.1 729 00 069 341 633 0.0 0.0 479 0.0 0.0 0.7 05 2.0 300
24 731 072 0.67 415 591 0.0 0.0 521 00 058 014 018 0.7 26.0
2.6 7.33 096 0.69 424 579 0.0 0.0 485 00 055 006 00 0.7 26.0
2.8 739 076 059 265 586 0.0 0.0 6.09 00 056 036 035 02 220
285 744 0.8 0.6 265 538 0.0 0.0 6.09 00 0.56 037 035 0.2 220
3.2 70 132 053 265 589 0.0 0.0 6.09 00 049 04 035 02 220
3.6 691 137 0.51 3.51 575 0.0 0.0 6.7 00 058 049 035 02 220
5.2 6.21 1.7 048 493 58 0.0 034 428 00 056 00 05 02 220
6.2 6.37 133 0.0 227 633 00 166 307 0.0 056 013 04 1.0 10.0
7.2 6.39 107 0.02 3.02 612 00 182 356 0.0 032 006 04 1.0 10.0
9.0 6.6 065 054 3.6 563 065 207 20 0.0 0.0 0,59 047 1.0 10.0
105 723 059 195 223 573 093 271 20 055 00 062 056 1.0 10.0
11.0 7.07 092 20 20 556 082 282 20 056 057 047 0.0 1.0 10.0
12.0 6.76 095 213 20 5.0 1.2 299 20 058 026 037 0.0 1.0 10.0
140 6.67 0.2 2.9 20 334 286 101 20 062 065 00 0.0 1.0 10.0
16.0 4.44 0.89 0.9 20 586 076 795 20 00 026 07 00 1.0 10.0

where E is the energy of the charged particles and x is the intermediate variable where 0 < x <
1. B, represents the mirror point field strength given by B, = B(sin a)~2, B. does the upper cutoff
field strength along the L-value for stable charged particle trajectories, which is calculated from the
04 model (Acuna and Ness, 1976) and is described as the dashed curve in figure 1 in Divine and
Garrett, 1983, and B, does the minimum field strength along the L-value given by B. = M(LR;)~3.
Table 2.1 summarizes ay, by, ¢, and D, parameters in Equation 2.43 and Equation 2.44 for electrons
(for protons, see table 5 in Divine and Garrett, 1983), and the resultant distributions are shown in
Figure 2.5 (for protons, also see figure 3 in Divine and Garrett, 1983).

Inner radiation belts

Plasmas are energized by various electric fields and directed inwards, creating radiation belts in the
inner magnetosphere of Jupiter. N. Brice and Mcdonough (1973) and Schardt and Goertz (1983)
described that this radial diffusion was driven by the ionospheric dynamo fields produced by the
winds in Jupiter’s atmosphere. Based on the Pioneer observations, the electron distribution in the
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FIGURE 2.5: Sample dependences for electron distribution model in the Jovian mag-
netosphere, taken from Divine and Garrett, 1983. (a) Omnidirectional integral flux
at three energies as a function of L-shell parameter. (b) Integral intensity at 90° pitch
angle at the equator and for three L-shell values as a function of energy. (c) Integral
(E = 3MeV) intensity at 90° pitch angle for different L-shells as a function magnetic
latitude.
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inner (and middle) magnetosphere was modeled by Divine and Garrett (1983), the details of which
will be shown later.

The Divine&Garrett (D&G) model reproduces the in-situ observed data quite well, with devia-
tions limited to a range which might be expected from dynamics and time variability. The electrons
could be strongly absorbed by Galilean moons, Io at 5.9 R; and Europa at 9.5 R;. However, the ob-
served effects of the absorption are small and no large density drops are observed near the orbits of
these moons. Inside of distance ~2 Rj, electrons are further lost due to interaction with other minor
satellites and the rings of Jupiter. The Galileo satellite observed that the energy spectra of electrons
became softer as the satellite approached Jupiter (<2 Rj), presumably because energetic electrons
experienced stronger interaction in Jupiter’s atmosphere.

However, the D&G model provides a relatively poor fit to the observed features of the synchrotron
emission, including the overall intensity, spectrum of the radio emission, and the beaming curve
variation over Jupiter’s rotation. Bolton, Levin, et al. (2001) have inverted the observed synchrotron
emission to relativistic electrons and looked into the spatial distribution of electrons in the radiation
belts, and indicated that the D&G model significantly underestimated the number density of relativis-
tic electrons by as much as a factor of 5-10. The pitch-angle distribution was also not consistent with
the synchrotron emission images. Near Jupiter (<3 Rj), the relativistic electrons lose their energy via
the synchrotron radiation in the decimetric radio band, which was first discovered from Earth-based
observations by Sloanaker (1959).

The Jovian synchrotron emission has been observed in decimetric radio bands corresponding to
frequencies between hundreds MHz to several GHz. Figure 2.6 shows a color map of the 13.8 GHz
synchrotron emission taken by the Cassini spacecraft (Bolton, Janssen, et al., 2002). This obser-
vation provides unambiguous evidence for the presence of ultra-relativistic electrons with energies
up to tens MeV. The brightest regions near 1.4 R; shows peak emission by electrons with an aver-
age energy of ~50 MeV gyrating in a background magnetic field of empirically ~1.2G. In regions
showing significant emission at radial distances >2 Ry, it is probably suggested that much higher en-
ergy (~100MeV) electrons at the larger radial distances due to the weaker magnetic field strength.
Including ground-based observations with different wavelengths (e.g., 0.333, 2.3, and 5GHz), a
spectrum of the Jovian synchrotron emission has been obtained as shown in Figure 2.7 which indi-
cates energy indexes roughly estimated with ~0.15 and ~2, whose corresponding photon indexes
are ~1.15 and ~3, in lower and higher frequencies than 5 GHz, respectively.

Bolton, Janssen, et al. (2002), Klein et al. (2001), and Santos-Costa et al. (2008) reported both
long and short term variations of the synchrotron emission (Figure 2.8). Given the strength of
Jupiter’s magnetic field and the relevant energies of the electrons responsible for the synchrotron
emission, it was difficult for theorists to explain even a 10-20% variability in the synchrotron range.
On the other hand, a correlation between the long-term variation of the synchrotron flux and the
solar wind intensity has been reported by Bolton, Gulkis, et al. (1989) with a lag time of 1-2 years,
consistent with the diffusion coefficients suggested by N. M. Brice and Ioannidis (1970). Miyoshi,
Misawa, et al. (1999) have reported that some short-term variation of the synchrotron radiation was
correlated with the solar F10.7 flux enhancements, and suggested that this may be due to enhanced
radial diffusion as a result of atmospheric heating associated with the increase of the solar UV/EUV
flux. The characteristic timescale for relativistic electrons for the radial diffusion and the resultant
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FIGURE 2.6: Galileo Color maps of Jupiter’s synchrotron emission at 2.2 cm wave-
length (13.8 GHz) obtained with the Cassini Radar instrument during Jupiter flyby in
2001 (after figure 27.15 in Bagenal et al., 2004). A visible image constructed from
Hubble Space Telescope and Voyager data is shown superimposed for context. Ther-
mal emission from the atmosphere has been subtracted.
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FIGURE 2.7: Jupiter’s non-thermal radio spectrum, taken from Bolton, Janssen, et al.,
2002. The flux density of Jupiter’s synchrotron emission simultaneously observed with
Cassini (13.8 GHz), the DSN (2.3 GHz), and the VLA (0.333 GHz) from January 2001.
Previous measurements at 6 cm (5 GHz) from 1994 are also shown for completeness.
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FIGURE 2.8: History of long-term variations in the flux density of Jupiter’s synchrotron
radio emission at 13 cm wavelength. The DSN and GAVRT data (open and filled trian-
gles) were merged with the ongoing NASA/JPL Jupiter Patrol (filled circles), and ob-
servations made with Parkes and Nancay radio telescopes (open circles) (after Bolton,
Janssen, et al. (2002)). The black curve depicts the general temporal variation of the
decimetric emission.

synchrotron radiation is approximately a year. Because of the great complexity of the Jupiter system
(rings, dust, and satellites) and the strength of the Jovian magnetic field (~10 times stronger than
the Earth’s), Jupiter’s radiation belts are very energetic and have a wide variety of processes going
on.

Io Plasma Torus

Io has the orbit closest to Jupiter (5.9 R;) among the four Galilean satellites, with the orbital period
of 42.46 h. The most important factors that make Io’s electrodynamic interaction unique in our solar
system are Jupiter’s strong magnetic field, its fast rotation, and Io’s volcanic activity. Io and the
other Galilean satellites are located deep within Jupiter’s magnetosphere. In contrast, for example,
the Earth’s moon passes through the tail of the Earth’s magnetosphere once per month. Io is also
the most volcanically active body in our solar system with more than 100 known active volcanoes.
These volcanoes create a tenuous and patchy atmosphere on Io that is thought to consist mainly of
SO,.
Through several processes, Io’s atmosphere loses matter into the Jovian magnetosphere where
the mass arrives in both ionized and neutral forms. Saur et al. (2003) estimated that <20% is locally
ionized. A mechanism of the neutral mass loss could be sputtering by torus ions (Johnson, 2013;
Smyth, 1998). The neutrals are then ionized by UV radiation or by electron impact ionization. The
new ions and electrons accumulate around the orbit of Io and form the Io plasma torus as shown in

Figure 2.9. The total mass loss rate from Io, which maintains the torus, is thought to be ~1000 kg s™*.
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FIGURE 2.9: A sketch of the Io plasma torus and the general geometrical setup, after
Audouze and Israel (1988).

Upstream of Io the plasma nearly fully co-rotates with Jupiter, i.e., with the same angular veloc-
ity as Jupiter, whose rotation period of ~10h makes the IPT rotate with a velocity of ~74kms™..
The torus plasma overtakes Io with a relative velocity of ~57kms~!. The plasma of the torus con-
sists mostly of the ions of SO,, i.e., S*, §**, O*, 0**, etc., which eventually populate the whole
magnetosphere of Jupiter. Therefore, the plasma of the Jovian magnetosphere, in contrast to that
of the Earth, contains mostly heavy ions. Outside of Io’s ionosphere in the IPT, the plasma density
varied for different fly-by measurements as ~1000 cm ™ to ~3600 cm™2 (Gurnett et al., 1996), which
is comparable to the maximum density of 2000 cm~ observed by Voyager 1 (Frank and Paterson,
2000, 2001, 2002; Frank, Paterson, et al., 1996).

Aurora

Auroral processes are exhibited by planets and satellites which have a collisionally thick atmosphere
and an internal magnetic field sufficiently strong to stand against the solar wind or plasma flow. This
auroral activity is manifested as emission produced by the impact of high-energy charged particles
with the planet’s upper atmosphere. Thus, auroras reflect the magnetospheric processes and show
us the global scale of the magnetosphere.

Jupiter’s aurora is one of the most powerful region (~1 x 10° W in radiation; 100 times stronger
than that of the Earth) over all planets in the solar system, and has been observed in a wide range
of wavelengths from infra-red to X-ray. Several phenomena have been confirmed through UV and
IR observations, such as the main oval surrounding Jupiter’s magnetic pole, the satellite’s footprint
through their own flux tube, and the polar emission connecting to the magnetotail (Bagenal et al.,
2004; e.g., figure 26.1).

Regarding Jupiter’s aurora, an interaction of Io with Jupiter’s magnetic field is of particular inter-
est, with no equivalent phenomenon at the Earth. Io is electrically connected, due to its ionosphere,
with Jupiter’s magnetic field and with the co-rotating IPT.
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Particle acceleration

The following scenarios are considered for acceleration mechanisms of the high energy particles in
Jupiter magnetosphere. At first, plasmas, which are thought to mainly originate in the IPT (in part
from solar winds) and to be transported outward via several transient processes (see detail, e.g.,
chapter 25 in Bagenal et al., 2004), are provided by magnetic reconnections in the magnetotail,
trapped in Jupiter’s magnetic field and transported inward across the field lines. Then, in the in-
ward transport process, the plasma particles are accelerated by a betatron acceleration based on the

conservation of the first adiabatic invariant of themselves in the magnetic field, i.e.,

PL Ey Ey
=— =— |14+ — 2. 6
H 2m()B B ( Eo) ( 4 )

should be conserved. Here, p, is the momentum of the charged particle perpendicular to the mag-
netic field direction, my is the rest mass of the particle, B is the magnetic field magnitude (at the
mirror point), Ey is the kinetic energy of the particles, and Ej is the rest energy of the particles. For
simplicity, the pitch angle of the particles is assumed to be 90°. When the particles conserving p are
transported from regions with relatively weak magnetic fields (distant from the planet) into regions
with strong magnetic fields (vicinity of the planet), the energy of the particles increases in response
to the change in the magnetic field strength.

However, it was also known that the radial diffusion process could not completely explain den-
sities of ultra-relativistic (several tens MeV) particles in the inner radiation belts, which suggested
a necessity of non-adiabatic accelerations until the particles approaching the Io (Sicard and Bour-
darie, 2004). The wave-particle interaction by the whistler-mode chorus waves has been focused
as one candidate for the non-adiabatic accelerations (Horne et al., 2008; Miyoshi, Morioka, et al.,
2003). The whistler-mode chorus waves are plasma waves generated in the inner magnetosphere
and observed in 0.2-0.8 times wavelength bands of the characteristic cyclotron frequency of electrons
(Santolik et al., 2004). Ratcliffe and Storey (1953) discovered the whistler-mode chorus waves from
the Earth’s magnetospheric observations (they called “whistlers”) and Katoh and Omura (2007) and
Omura et al. (2008) conducted the simulated experiments and reproduced that in part high-energy
electrons are accelerated with high efficiency by nonlinear interaction with the generated chorus
waves. The chorus waves, whose amplitude is ~10~3 times the background magnetic field strength,
are coherent waves, and the (in part) resonant electrons are trapped by the potential created by the
wave electromagnetic field component, resulting in efficient acceleration. Figure 2.10 shows spatial
distributions of the chorus waves observed by the Galileo probe (Katoh, Tsuchiya, et al., 2011). The
chorus waves have been observed in regions between Io (~6Rj) to Ganymede (~15R;) along the
probe trajectories. It remains necessary to directly observe the chorus waves with high-resolution
for more detail discussion about its physical processes.

These accelerated particles lose their energies by colliding with the moons, dusts, and rings, by
generating synchrotron radiations in the vicinity of Jupiter, and by precipitating into the ionosphere
followed by the aurora emission. As for the acceleration and disappearance of particles in Jupiter
magnetosphere, theoretical scenarios based on in-situ and remote observations of high energy par-
ticles and the aurora emission are being constructed. However, many phenomena remain that have
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FIGURE 2.10: Spatial distributions of the whistler-mode chorus waves observed by
Galileo probe, taken from Katoh, Tsuchiya, et al., 2011.

not been sufficiently elucidated by observations, such as the magnetosphere-ionosphere coupling,
non-adiabatic accelerations near Io, acceleration by field-aligned currents and so on. In order to
entirely describe the mechanism of the generation and extinction of high-energy particles in Jupiter
magnetosphere, It is necessary to obtain the spectra of high-energy particles at each location, the
maximum energy of particles, the aurora emission, etc. spatially and temporally.

2.2.2 X-ray emission

The Einstein observatory first detected Jupiter’s X-ray emission on April 13, 1979 (Metzger et al.,
1983). In the same period, Jupiter’s ultraviolet auroral emission was also first detected by the In-
ternational Ultraviolet Explorer (IUE) and subsequently observed by the Voyager 1 Ultraviolet Spec-
trometer which was passing through the Jupiter system. The spatial resolution of the instruments
in this era was not enough to identify that the emission is connected anywhere in the Jovian mag-
netosphere, and even related with the Io torus or larger radial distances from the planet. Never-
theless, the Einstein spectrum provided a view that Jupiter’s auroral emission is not due to electron
bremsstrahlung as on the Earth, but is likely line emission from energetic oxygen and sulfur ions
(0.03-4.0 MeV/nucleon) precipitating just outside of the Io plasma torus (IPT). This view indicated
by Metzger et al. (1983) was followed by observations by Gehrels and Stone (1983), showing a large
decrease in the radial distribution of these ions at 6-8 Rj. The effect on Jupiter’s upper atmosphere
by energetic electrons and ion precipitation was modeled by Horanyi et al. (1988) and Waite Jr.,
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Cravens, et al. (1983), respectively. The models aimed at distinguishing the electrons from the ion
precipitation, and suggested that most of the effects were similar, but that both ultraviolet and X-ray
emissions from the energetic oxygen and sulfur were the observable sign of the ion precipitation.

Searches for these auroral emission lines were carried out in UV (Waite Jr., Clarke, et al., 1988)
X-ray wavelengths (Waite Jr., Bagenal, et al., 1994; Waite Jr., Gladstone, et al., 1997) based on the
IUE and ROSAT observations, respectively. No clear signatures, however, were obtained for sulfur
near 1256 A or for oxygen at 1304 A.

Auroral emission: Chandra & XMM-Newton

Chandra carried out the first observations of Jupiter’s X-ray aurora. Surprisingly, the emission was
not located in the ultraviolet auroral zone at all (Gladstone et al., 2002), and the X-rays came from
higher latitudes near Jupiter’s pole—regions that were mapped to the outer boundary of Jupiter’s
magnetosphere. Furthermore, the emission was pulsing regularly with a 40-min period. The peri-
odicity was reminiscent of Jupiter’s radio emission known as quasi-periodic radio bursts, which had
been observed by Ulysses in conjunction with energetic electron acceleration in Jupiter’s outer mag-
netosphere (MacDowall et al., 1993). However, the 40-minute periodicity was not present during a
latter observational sequence (R. E Elsner, Lugaz, et al., 2005). Variability at similar time scales was
seen, but the occurrence was in a more random way. Simultaneous radio observations by Ulysses
indicated that the variation had no strong periodic feature as seen in the past occasions, and statis-
tical correlation between the X-ray and radio variations could not be found. A Chandra time-tagged
observation coordinated with UV observation by Hubble Space Telescope (HST), in addition, allowed
identification of a Jovian polar cap auroral flare, although spatial correlation between X-ray and UV
was not confirmed. The X-rays increased in time in a consistent way with the UV flare, but the lo-
cation of the X-ray peak was not morphologically associated with the UV flare location (R. E Elsner,
Lugaz, et al., 2005). This morphological inconsistency between X-ray and UV has been left unsolved
up to date.

Chandra showed a clear spectral signature of oxygen line emission and the location to be a high-
latitude region that could be mapped to near the magnetopause boundary as shown in Figure 2.11.
These results presented the following difficulties. If X-ray aurora was observed at low latitudes, this
region could be connected to the middle magnetosphere where there was sufficient phase space
density of energetic sulfur and oxygen ions to account for the X-ray emission. However, the high
aurora latitudes were connected to the outer magnetosphere which lacked the density of energetic
heavy ions to provide the measured X-ray intensity. Horanyi et al. (1988) suggested firstly that
acceleration of energetic ions could be invoked to increase the phase space distribution, and the
question was whether the acceleration involved magnetospheric heavy ions or solar wind heavy ions.
This acceleration process for both sources was soon demonstrated, and megavolt accelerations were
required. Such acceleration may also explain the quasi-periodic radio emissions (Cravens, Waite,
et al., 2003).

Subsequent spectral observations were conducted from XMM-Newton whose X-ray detector had
medium and high energy resolution (Branduardi-Raymont, Bhardwaj, R. E Elsner, et al., 2007;
Branduardi-Raymont, R. E Elsner, Galand, et al., 2008; Branduardi-Raymont, R. E Elsner, Glad-
stone, et al., 2004). The observations showed very strong emission lines of He-like oxygen from
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Jupiter’s aurora as shown in Figure 2.12. In addition, XMM-Newton, for the first time, identified a
higher energy component in the auroral spectra which was variable on a time scale of days as shown
in Figure 2.13 (Branduardi-Raymont, Bhardwaj, R. E Elsner, et al., 2007). The spectral shape of
the high-energy component is consistent to be bremsstrahlung of energetic electrons precipitating
from the magnetosphere (Singhal et al., 1992). The variability of the bremsstrahlung spectrum was
caused by a change of energy distribution of electrons in the Jovian magnetosphere or by an increase
of the solar activity during the observation period, November 2003. Kharchenko et al. (2008) have
calculated the X-ray spectrum produced by precipitating sulfur and oxygen ions in the auroral at-
mosphere of Jupiter, and compared it with the results by Chandra and XMM-Newton. They found
a reasonable agreement between the observed and model spectra if equal abundance of sulfur and
oxygen ions with energies of ~1-2MeV u~! exist in the emitting region.

The above-mentioned question whether the acceleration involved magnetospheric heavy ions or
solar wind heavy ions may now be answered: both of them are likely to contribute equally. Bunce
et al. (2004) suggested that magnetic reconnection near the cusp of Jupiter’s magnetosphere might
be responsible for the acceleration of heavy ions, and from an analogy with the Earth, both solar

winds and magnetospheric plasmas could be accelerated.

Disk emission: Chandra & XMM-Newton

Waite Jr., Gladstone, et al. (1997) first recognized the low-latitude disk X-ray emission (i.e., near
Jupiter’s equator) from ROSAT observations, and suggested a correlation between low magnetic
field regions and X-ray bright regions. This supported a view that the X-rays were generated as a
result of precipitation of energetic sulfur and oxygen ions originating Jupiter’s inner radiation belts
into its atmosphere. Maurellis et al. (2000) proposed two alternative mechanisms, which could
account for the low-latitude ROSAT measurements well. One is an elastic scattering of solar X-
rays by atmospheric neutrals, and the other is a fluorescence from carbon K-shell caused by X-ray
scattering of methane molecules located below the Jovian homopause.

In the 2000s, a Chandra HRC-I observation gave the high-resolution image of Jupiter’s X-rays
(Gladstone et al., 2002), with no information on the X-ray spectrum. It resolved two auroral hot
spots in the polar regions, and, in addition, displayed a relatively uniform distribution of X-rays
covering the whole Jupiter’s disk at low latitude.

Observations by XMM-Newton in April and November 2003 clearly showed a difference in spec-
tral shape between the disk and auroral emission as shown in Figure 2.12 (Branduardi-Raymont,
Bhardwaj, R. E Elsner, et al., 2007). The disk spectrum (Figure 2.13) peaked at higher energies
(0.7-0.8 keV) than the aurora (0.5-0.6 keV) and lacked the high energy component (>3 keV) which
was present in the latter. Based on the observation in November 2003, XMM-Newton EPIC images
were shown in narrow spectral bands centered on the 0%, 07*, Fe'®* and Mg!®" emission lines
(Branduardi-Raymont, Bhardwaj, R. E Elsner, et al., 2007).

The disk X-ray spectrum measured with XMM-Newton was well fitted by a coronal plasma model
with a temperature in the range 0.4-0.5keV and solar abundance, by including additional Mg!®*
and Si'?* emission lines at 1.35 and 1.86 keV, respectively. These lines in the spectra were likely to
be caused by the solar activity which was enhanced at the time of observation. The XMM-Newton
spectral data strongly supported the view that Jupiter’s disk X-rays were scattered solar radiation
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FIGURE 2.11: Chandra HRC images of Jupiter’s X-rays showing bright X-ray emission
from Jupiter’s aurorae at the high-latitude position and uniform distribution from the
low-latitude disk regions, taken from Bhardwaj, R. E Elsner, Randall Gladstone, et al.,
2007.
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FIGURE 2.12: XMM-Newton EPIC images of Jupiter’s X-rays in 4 sets of energy bands
(taken from Branduardi-Raymont, Bhardwaj, R. Elsner, et al., 2007): (upper left)
0.55-0.60 keV for O°", (upper right) 0.63-0.68 keV for 07", (lower left) 0.70-0.75
and 0.80-0.85 keV for Fe'6*  (lower right) 1.30-1.40 keV for Mg!%*. The O°" emis-
sion peaks clearly at the North and (more weakly) South auroral spots, and O’" ex-
tends to lower latitudes, with enhancement at the North spot, while Mg!%" and espe-
cially Fe'®* display a more uniform distribution over the planet’s disk.
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and (middle) south aurora, and (bottom) disk regions, respectively (taken from
Branduardi-Raymont, Bhardwaj, R. E Elsner, et al., 2007).
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(Branduardi-Raymont, Bhardwaj, R. E Elsner, et al., 2007). A Chandra ACIS-S observation in Febru-
ary 2003 indicated a similar result that the disk emission was harder than the auroral emission
(Bhardwaj, 2006; Bhardwaj, R. E Elsner, J. Hunter Waite, et al., 2005). Chandra observations also
confirmed the correlation between the regions of low magnetic field and slightly higher soft X-ray
count rate, suggesting a possibility of a secondary component in addition to the scattered solar X-
rays. Unlike the auroral X-ray emission, the disk emission did not show any variability on timescales
from 10 to 100 min.

The conclusions obtained from the spectral studies of Jupiter were strengthened by the obser-
vation, again in November 2003 by XMM-Newton, of similar day-to-day variability in the solar and
Jovian equatorial X-ray fluxes. A large solar X-ray flare, occurred on Jupiter-facing side of the Sun,
was accompanied by a corresponding feature in Jupiter’s disk X-ray lightcurve (see Figure 30, taken
from Bhardwaj, R. E Elsner, Randall Gladstone, et al., 2007). This finding supported the view that
indeed Jupiter’s low latitude X-rays were mostly scattered radiation of solar origin. Recent calcula-
tion of the albedo effect (Cravens, Clark, et al., 2006) could explain the observed flux, under the
hypothesis that both elastic scattering and fluorescence were the origin of the observed emission.
These results, however, do not rule out the presence of other sources for the low-latitude X-ray emis-
sion, e.g., precipitation of energetic oxygen and sulfur ions from Jupiter’s radiation belts, especially
into the regions of low magnetic field.

Emission from Jupiter’s inner radiation belts: Suzaku

There are so many high-energy electrons in Jupiter’s radiation belts. The magnetic field is strong
within ~6 R; from Jupiter (~1.2G and ~0.01 G at ~1.5R; and ~6.0 Ry, respectively), and three ex-
ploration satellites (Pioneer 10, Pioneer 11, and Galileo) discovered high-energy electrons from keV
reaching up to several tens of MeV. Synchrotron radiation from these electrons has been monitored
in radio wavelengths by ground-based telescopes and Cassini satellite. In short, Jupiter’s internal
radiation belts are the strongest particle acceleration site in the solar system. However, since the
environment is occupied by plasmas with energetic particles, it is difficult for exploration satellites
to directly enter the region and only limited information can be obtained. Also, the remote obser-
vation of the Jovian synchrotron radio emission is biased to the region where the magnetic field is
very strong (~2R;). Thus, a precise and global view of the energy and spatial distribution of elec-
trons in the inner radiation belts has not yet been obtained. Understanding the distribution of such
high-energy electrons is very important in clarifying the acceleration mechanism.

Suzaku observed Jupiter for ~160 ks in February 2006 and discovered extended X-ray emission in
1-5keV around Jupiter (Ezoe, Ishikawa, Ohashi, Miyoshi, et al., 2010). The Suzaku XIS instrument
could detect relatively weak emission as shown in Figure 2.14 (top), since, comparing with other
X-ray observatories, the detector background was low and the satellite orbit had a low altitude of
about 550 km (Mitsuda et al., 2007). The spatial distribution of the extended emission also shown
in Figure 2.14 (bottom) was roughly approximated by an ellipse-like shape with a size of 16 Ry X
8 Ry, indicating an association with Jupiter’s inner radiation belts where the relativistic electrons
existed. The spectrum was well fitted by a flat power-law with a photon index ~1.4, which strongly
suggested non-thermal emission. The luminosity estimated from the power-law spectral fit in 1-5
keV was 3.3 x 10%° erg s~!, which was as large as that of the auroral emission within a factor of 2-3.
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Ezoe, Ishikawa, Ohashi, Miyoshi, et al. (2010) discussed a possibility that the emission was produced
via an inverse Compton scattering process in which the relativistic electrons in the inner radiation
belts amplified the energy of visible photons coming from the Sun. However, the electron density in
the inner radiation belts modeled from the past in-situ measurements could not account for the level

needed to explain the observed X-ray luminosity by a factor of 7-50.

Table 2.2 summarized the above-mentioned comprehension of Jupiter’s X-rays. It indicates that we
have not completely understood the mechanisms of Jupiter’s X-ray emission other than from the
aurora region. On the other hand, the fact that X-rays are emitted from Jupiter suggests that X-ray
observations can be established as a new probe to monitor high-energy particles that reach keV to
MeV.
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Ishikawa, Ohashi, Miyoshi, et al., 2010).
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Chapter 3

Instrumentation

X-rays from astronomical objects can only be measured from space because the terrestrial atmosphere
is opaque to this wavelength regime. X-ray astronomy has advanced through launching a number
of rockets and astronomical satellites. At present, there are two large X-ray observatories operating
in Earth orbit, Chandra, and XMM-Newton, over about 20 years. Japanese Suzaku, operated in
2005-2015, was characterized by a very low background. The National Aeronautics and Space
Administration (NASA)’s mission Chandra achieves the best angular resolution (0.5’) and provides
us with spectacular X-ray images of all categories of objects. On the other hand, Chandra is not
so suitable to observe extended X-ray sources, because its instrumental background is high due to
its high-altitude orbit. The European mission XMM-Newton is unique with its large effective area,
which gives us X-ray spectra with good statistics. However, XMM-Newton also shows a relatively
high detector background, as compared with Suzaku, and is not perfect for the study of Jovian
diffuse hard X-ray emission. This satellite has a highly elliptical orbit, with an apogee of about
115000 km and a perigee of about 6000 km. The high orbits of Chandra and XMM-Newton enable
long continuous observations, however their trajectories pass through the Earth’s radiation belts
and cause a significant increase of the detector background. On the other hand, Suzaku orbited
around the Earth at a low altitude of ~500 km, and the onboard instrument showed stable and low
background. In fact, Suzaku was the only observatory which detected Jupiter’s diffuse hard X-ray
emission in 1-5 keV at this time (Ezoe, Ishikawa, Ohashi, Miyoshi, et al., 2010). On the contrary,
Suzaku had a disadvantage in the angular resolution in spatially distinguishing the diffuse emission
from Jupiter’s auroral emission, which was dominant in the similar energy range of >1keV. The
auroral emission is thought to be emitted via bremsstrahlung and was intermittently observed by
XMM-Newton (Branduardi-Raymont, Bhardwaj, R. E Elsner, et al., 2007; Branduardi-Raymont, R. E
Elsner, Galand, et al., 2008; Branduardi-Raymont, R. E Elsner, Gladstone, et al., 2004). Based on
these characteristics of the satellites, in this paper, we will mainly utilize Suzaku data, and also
adopt XMM-Newton data which were taken in coordinated observations with Suzaku. Details about

Suzaku and XMM-Newton are described in the following sections.

3.1 Suzaku observatory

Suzaku is the 5th Japanese X-ray astronomy satellite, launched in July 2005 (Mitsuda et al., 2007)
and operated in the orbit till 2015. The orbit was near-circular with an apogee of 568 km, an incli-
nation of 31.9°, and an orbital period of about 96 minutes. Three scientific payloads were onboard
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FIGURE 3.1: Side view of Suzaku with the internal structures after deployment of the
Extensible Optical Bench (EOB), quoted from Mitsuda et al., 2007.

on Suzaku. The first instrument is the X-ray Imaging Spectrometer (XIS), which covers the energy
range of 0.2-12 keV (Koyama et al., 2007). The second one is the non-imaging, collimated Hard
X-ray Detector (HXD), with the bandpass extending to very high energies of 10-600 keV (Takahashi
et al., 2007). The HXD is equipped with an all-sky monitor, the Wide-band All-sky Monitor, which
can detect Gamma Ray Bursts and other transient sources. The third one is an X-ray microcalorimeter
(X-Ray Spectrometer; XRS, Kelley et al., 2007). Although XRS has superior energy resolution than
XIS in the energy range 0.3-12 keV, the loss of liquid helium in the very early phase hampered its
operation in the orbit. A configuration of these payloads is shown in Figure 3.1, and their parameters

are summarized in Table 3.1.

3.1.1 X-ray Telescope

Suzaku has five light-weight thin-foil X-Ray Telescopes (XRTs, Serlemitsos et al., 2007). Four of them
are used for XIS, and the remaining one is for XRS. The external dimensions of the four XRTs for XIS
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TABLE 3.1: Overview of Suzaku capabilities (after Mitsuda et al., 2007).

S/C  Orbit apogee 568 km
Orbital period 96 min
Observing efficiency ~43%
XRT Focal length 4.75m
Field of view 17’ at 1.5keV
137 at 8keV
Plate scale 0.724’ mm™*
Effective area 440 cm? at 1.5keV

250 cm? at 8keV

Angular resolution 2’ (HPD; Half Power Diameter)
XIS  Field of view 17.8' x 17.8”

Bandpass 0.2-12 keV

Pixel grid 1024 x 1024

Pixel size 24pm X 24 pum

Energy resolution ~130eV at 6 keV (FWHM)

~60eV at 1.5keV (FWHM)
Effective area (incl. XRT) 330 cm? (at 1.5keV) / 160 cm? (at 8 keV) (FI)
370 cm? (at 1.5keV) / 110 cm? (at 8keV) (BI)
Time resolution 8s (normal mode)

7.8 ms (P-sum mode)
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are the same.

The XRTs consist of closely nested thin-foil plates, reflecting X-rays at small grazing angles, and
are mounted on the Extensible Optical Bench (EOB) to the spacecraft. The XRT has a cylindrical
shape with the following components:

1. a thermal shield at the entrance aperture to help maintain a uniform temperature;
2. a pre-collimator mounted on metal rings for stray light elimination;

3. a primary stage for the first X-ray reflection;

4. a secondary stage for the second X-ray reflection;

5. a base ring for structural integrity and for interfacing the EOB of the spacecraft.

All these components, except for the base rings, are constructed in segments with an azimuthal angle
90° and called as quadrants. Four quadrants are coupled together with interconnect-couplers and
also by the top and base rings. The telescope housings are made of aluminum to keep the lightweight.
Each reflector consists of a substrate also made of aluminum and an epoxy layer working as adhesive
to bond the reflecting gold surface to the substrate. Because the substrates have a thickness of 0.152
mm, they allow high-density nesting and thus provide a large collecting area with a moderate angular
resolution in the energy range 0.2-12 keV. Each telescope unit weighs less than 20 kg.

Performance of XRT was confirmed with XIS in orbit. Imaging capability of XRT was confirmed
by observing SS Cyg in quiescence in November 2005 for a total exposure time 41.3ks. This is a
point source and moderately bright (3.5-5.9 counts™! for XISO through XIS3), with no pile-up even
at the image core. Figure 3.2 shows the images and point spread functions (PSFs) for all the XRT
modules. The HPD (half power diameter), which is the diameter enclosing half of the focused X-rays,
was obtained as 1.8, 2.37, 2.0, and 2.0’ for XRTO, 1, 2 and 3, respectively.

Figure 3.3 shows focal positions of XRT when the satellite is pointed to a source at the XIS aim
point. The data were taken with a point-like active galaxy, MCG6-30-15, in August 2005. The focal
positions are located close to the detector center with deviations 0.3 mm from each other.

Therefore, the field of views of the XIS sensors overlap well.

A series of observations of the Crab Nebula was conducted in August 2005 and August 2006
at off-axis angles 0, 3.5’, and 5.7’. Based on the data, the vignetting of the four XRT telescopes
were studied in two energy bands, 3—-6 keV and 8-10 keV. Figure 3.4 shows the observed vignetting
data of the Crab compared with calculated curves by a ray-tracing simulator. The results allow us to
obtain the effective area within 10% accuracy over the XIS field of view.

3.1.2 X-ray Imaging Spectrometer (XIS)

The XIS instrument consists of four sensors: XIS 0, 1, 2, and 3. Each sensor is an X-ray sensitive
charge coupled device (CCD), in which incident X-ray photons are converted to a number of electron-
hole pairs via photoelectric absorption and subsequent ionization by photoelectrons and by secondary
electrons. The incident X-ray position is recorded as the pixel position, and the number of pairs tells

us the energy. Each XIS is located in the focal plane of the XRT. The imaging area of each CCD has
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FIGURE 3.2: Image and Point-Spread Function (PSF) of four XRT modules taken from
Serlemitsos et al., 2007. All of the images are binned with 2 x 2 pixels, followed by
smoothing with a Gaussian profile with a sigma of 3 pixels, where the pixel size is 24

pm.

1024 x 1024 pixels, and covers a 17.8" x 17.8" region on the sky. The specification of the XIS is
summarized in Table 3.1. The angular resolution is ~2’ defined by HPD of the XRT.

The CCD chip has a gate structure on one surface to transfer the charge packets to the readout
gate. The surface of the chip with the gate structure is defined as “front side”. A front-side illuminated
CCD (FI CCD) detects X-ray photons on this side, and photons penetrate the gate structure. The
photoelectric absorption by the gate structure reduces the low energy quantum detection efficiency
(QDE) for the FI CCD. On the other hand, a back-side illuminated CCD (BI CCD) detects photons
from the “back side”, which has no gate structure. The BI CCD gives a high QDE below 1 keV, but
the electrons have to drift to the gate structure on the other side. This gives somewhat worse energy
resolution than the FI CCD because of the diffusive spread of the electron cloud. The XIS instrument
consists of three FI CCD (XIS 0, 2, 3) and one BI CCD (XIS 1) sensors. A comparison of the effective
area between the FI and BI CCDs combined with the XRT efficiency is shown in Figure 3.5. This
figure shows spectral features due to the elemental composition of XIS and XRT. K-shell absorption
edges of oxygen (0.54 keV) and aluminum (1.56 keV) in the blocking filters are present, as well as
a number of weak M-shell features between 2-3 keV arising from the gold on the XRT. According
to this figure, the BI CCD has an advantage in the soft X-rays detection below 1 keV. To minimize
thermal noise, the sensors are operated at about —90 °C in the orbit.

X-ray CCDs are also sensitive to UV and optical photons. To suppress such signals, an optical
blocking filter (OBF) is installed in front of each XIS sensor. The OBF is made of polyimide with a
thickness of 1000 A, which is coated with 1200 A-thick aluminum (with 400 A and 800 A on different
sides). To calibrate the XIS energy scale in the orbit, three *°Fe isotopes with a half-life of 2.73 years
are mounted in each XIS sensor. The isotopes emit strong Mn Ka and KB lines at 5.9 keV and 6.5 keV,
respectively. Two sources are attached on the sidewall of the housing and illuminate two corners of
the CCD chip, and the other one is installed on the door of the housing to illuminate the entire chip.
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during August 2005, taken from Serlemitsos et al., 2007. The model curves were cal-

culated with ray-tracing simulator with spectral parameters of Ny = 0.33 x 10?2 cm™2,

2

photon index 2.09, and normalization 9.845 photons cm™2s~'keV~!, respectively.
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FIGURE 3.5: XIS effective area for a combination of XRT and XIS, for both FI and BI
CCDs, taken from Mitsuda et al., 2007.
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The source at the door is used for the initial calibration only, before the opening of the door.

XIS background

Background of the XIS mainly consists of the following three components: (i) Non X-ray Background
(NXB), (ii) diffuse X-rays from hot interstellar medium, such as local hot bubble and milky-way halo,
and cosmic X-ray background (CXB) of extragalactic origin, and (iii) solar system emission, consisting
of SWCX emission from terrestrial atmosphere and heliosphere and reflection of solar X-rays.

NXB is originated from cosmic ray incidence, and the spectrum comprises continuum and several
emission lines. The continuum component is produced when the cosmic rays directly deposit their
energy on the CCD chip, while fluorescent X-rays are emitted when the cosmic rays hit the spacecraft
body. The diffuse X-rays from the local hot bubble are dominant below 1 keV, and the intensity de-
pends on the direction in the sky with no time variation. The CXB comes from all directions of sky and
its spectrum is approximated by a power-law function with a photon index ~1.4 in the energy band
2-10 keV (Kushino et al., 2002). It is uniform over the sky with small local fluctuations. The solar
system component is mostly emission lines from both SWCX and fluorescence lines of nitrogen and
oxygen originated from solar X-ray scattering at the terrestrial atmosphere. The intensity depends
on the solar activity and on the elevation angle from the sunlit Earth rim. The atmospheric scattering
component can be minimized by screening the data with the elevation angle. The screening criteria
for the XIS data are described in the following chapters.

These background events also affect the Chandra and XMM-Newton data, even more severely.
Figure 3.6 shows the XIS background count rate as a function of energy, together with those of
ASCA, Chandra, and XMM-Newton. This plot indicates that Suzaku XIS, in particular FI, shows the
background level significantly lower than other instruments by a factor of >2. Suzaku’s low-Earth
orbit gives the NXB of the XIS to be very stable on time scales of months, and thus the NXB spectrum
can be constructed from the data obtained when the spacecraft is pointed to the night Earth. The
background rate in the energy range 0.4-12 keV is 0.1-0.2 counts™! for the XIS FI and 0.3-0.6

count s~ for the BI after grade selection.

Filters

The quantum efficiency below 2 keV decreases in the orbit due to accumulation of contaminating
material on the optical blocking filter (OBF) of the XIS sensors. The OBF is subject to radiation cool-
ing, and its low temperature causes the accumulation of contamination material. The contamination
source is thought to be outgassing from the satellite, and consists of several different materials with
time-varying composition. The thickness and the chemical composition of the contaminant at the
XIS nominal position are monitored by observing standard cosmic X-ray sources.

Sudden anomalies caused putatively by micro-meteorite hits affect the XIS sensors. A drastic
anomaly of XIS 2 occurred in November 2006, and the entire sensor was lost then. In June 2009,
1/8 of the XIS 0 area became noisy and the region was masked by area discrimination since then.
For XIS 1, it is speculated that a small hole was punched on the OBF in December 2009. Diagnostic
observations showed that the scientific impact of this anomaly was minimal, and the sensor was

operated in the same way as before the anomaly.
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FIGURE 3.6: XIS background count rate as a function of energy, along with those
of ASCA, Chandra, and XMM-Newton, taken from Mitsuda et al., 2007. The rate is
normalized with the effective area and the field of view, which is a good measure of
the sensitivity determined by the background for spatially extended sources.
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Radiation damage

The performance of X-ray CCDs gradually degrades in the space environment due to the radiation
damage. This generally causes an increase in the dark current and a decrease of the charge transfer
efficiency (CTE). For XIS, the dark current is expected to show a small increase because of the low
(~ —90°C) operating temperature. However, the decrease of CTE is unavoidable, and continuous
calibration of CCD on orbit is essential to keep the good performance of the XIS. The CTE calibration
uses the radioisotope, and charge injection is performed with the following procedure: (i) The >°Fe
sources near the two corners of the chip enable us to monitor the charge loss in the transfer by the gain
comparison. (i) the CCD chips are equipped with charge injection capability, which can be used to
recover the CTE. To raise the CTE, the XIS sensors employ spaced-row charge injection (SCI). In this
operation, periodically injected artificial charges fill radiation-induced traps and prevent electrons
produced by X-rays from being captured by the charge traps. The SCI was successfully demonstrated
in 2006, and the energy resolution was improved.

In the standard processing of the XIS data, flickering pixels have to be removed. These are
pixels which produce false signals above the threshold in a given period of time, thus the number
of flickering pixels depends on how long the data are integrated. In producing the NXB database, a
very long integration time was used (19 months), whereas individual observations are much shorter.
Because of this, the NXB spectra generated using xisnxbgen have many flickering pixels removed
and are systematically weaker than the actual background spectra. This was not a problem in the
early phase of the mission when the fraction of flickering pixels was tiny. However, as the fraction
increased, the discrepancy became noticeable in the later phase of the mission. We apply a method
to cope with this problem. A cumulative flickering pixel map (“noisy pixel map”; the map of the
pixels that have shown flickering more than once throughout the mission in the past) is provided in
the CALDB. This map can be applied for observation data to better match the background spectra
generated by xisnxbgen at a sacrifice of an effective area up to 6.5%. See details of this procedure
inhttp://www.astro.isas.jaxa.jp/suzaku/analysis/xis/nxb_new2/.

3.2 XMM-Newton observatory

The European Space Agency (ESA)’s X-ray satellite XMM-Newton was launched on December 10,
1999, from Kourou (French Guiana) by the Ariane-V rocket (Jansen et al., 2001). It was placed into
a highly eccentric orbit, with an apogee about 115000km and a perigee about 6000 km, and an
orbital inclination of 33°, which provides good visibility over the celestial sky. Although the orbital
period is 48 hours, the exposure available for scientific data analysis is limited to 39 hours (~140ks)
per orbit. This is because observations are not carried out when the satellite altitude is less than
46 000 km, where the radiation background related to the Earth’s magnetosphere is severe. XMM-
Newton carries the following three instruments: (i) European Photon Imaging Camera (EPIC), (ii)
Reflection Grating Spectrometer (RGS), and (iii)) Optical Monitor (OM).

The three EPIC cameras consist of two different types of CCD cameras, MOS and pn, and two
systems with MOS sensors have the RGS spectrometers in the X-ray path under the X-ray telescopes.
The OM has its own telescope. A sketch of the XMM-Newton payload is shown in Figure 3.7. There


http://www.astro.isas.jaxa.jp/suzaku/analysis/xis/nxb_new2/
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FIGURE 3.7: A sketch of the XMM-Newton payload taken from Jansen et al., 2001. The
three mirror modules, two of which are equipped with Reflection Grating Arrays, are
visible at the lower left. At the right end of the assembly, the focal plane instruments
are shown: EPIC MOS cameras with their radiators (black/green horns), radiator of
the EPIC pn camera (violet) and those of the (light blue) MOS detectors (in red). The
OM telescope is obscured by the lower mirror module.

are in total six science instruments (2 MOS, 1 pn, 2 RGS, and 1 OM) on board XMM-Newton, which
are operated simultaneously. The instruments can be operated independently and in different modes
of data acquisition.

In the following sections, we describe the X-ray telescopes and EPIC cameras, which are used in

this study. We summarize the basic parameters of the EPIC cameras in Table 3.2.

3.2.1 X-ray Telescope

XMM-Newton’s three XRTs are co-aligned with an accuracy of better than 1-2”. Each telescope
consists of 58 Wolter type-I mirror shells, and the grazing incidence angle ranges between 17’ and
42’. The focal length is 7.5m and the diameter of the outermost mirror is 70 cm. One telescope
equipped with the pn camera at the focal plane has a simple light path with double reflection by the
first and second mirror modules. The other two telescopes, combined with MOS detectors, have the
RGS assembly in their light path, and part of the incoming X-rays are reflected to a secondary focal
plane. About 44% of the incoming light is focused onto the MOS camera at the prime focus, while
40% is dispersed by RGS to a linear strip of CCDs. The remaining light is absorbed by the support
structures of the RGA.

The first critical parameter which determines the quality of an X-ray mirror module is its ability
to focus photons. One of XMM-Newton’s strong points is that the core of its on-axis point-spread
function (PSF) is narrow and varies little over a wide energy range (0.1-6 keV). Above 6 keV, the
PSF becomes only slightly more energy-dependent. PSF determines the imaging quality of XRT, and
Figure 3.8 shows the in-orbit on-axis images obtained by each detector. The radial substructures
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TABLE 3.2: Basic performance of the EPIC detectors (after ESA: XMM-Newton SOC,
2019; Jansen et al., 2001).

EPIC-MOS EPIC-pn

lumination method Front illuminated Back illuminated

Pixel size 40 pm 150 pm
1.1 41"

Field of View 30’ 30’

PSF (FWHM/HEW) 57 /14" 57 /14"

Spectral resolution ~70eV ~80eV

Time resolution 1.5ms 0.03 ms

Band pass 0.15-12keV 0.15-15keV

TABLE 3.3: The on-axis in orbit and on ground 1.5 keV HEW of the different XRT (after
ESA: XMM-Newton SOC, 2019; Jansen et al., 2001).

Instr. MOS1 MOS2 pn

HEW (orb./grd.) (arcsec) 15.2/15.2 13.8/13.6 13.0/12.8

are caused by the spiders holding the mirror shells. The encircled energy function (EEF) of each
detector is shown in the bottom of Figure 3.8 as a function of radius from the center of the PSF
for several different energies. For an on-axis source, high energy photons are reflected and focused
predominantly by the inner shells of the XRTs. The inner shells have small curvature and apparently
give better focus than the average of all shells, hence the EEF increases for higher photon energy. A
half energy width (HEW), which means the angular width encircling half of all the reflected photons,
can be derived from EEF. Table 3.3 lists the on-axis HEW for the different XRTs measured in orbit
and on ground. The PSF depends on the off-axis angle of the source, and as it increases the HEW
becomes larger.

XMM-Newton'’s XRT has the largest effective area of focusing telescope so far. The effective area
at 1.5 keV is about 1550 cm? for each telescope, i.e., 4650 cm? in total. Figure 3.9 shows the on-
axis effective area of all XRTs. The two MOS cameras have lower area than pn, because incoming
photons are partially reflected by the RGS and the remaining photons fall onto the MOS detectors.
The shape of the X-ray PSF and the effective area are both a function of off-axis angle within the
field of view. As the off-axis angle increases, the XRT effective area decreases. This effect is called
“vignetting”. Figure 3.10 displays the vignetting curves as a function of off-axis angle for several
different energies. The vertical axis is normalized by the on-axis effective area.

The off-axis vignetting for the two telescopes equipped with the RGS has a directional dependence
according to the RGS’s dispersion direction. As shown in Figure 3.10 left panel, a source at an off-
axis position in the dispersion direction will be vignetted either largely (0°) or little (180°) since the

reflection surface is inclined by 1.58° from the X-ray path.
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FIGURE 3.8: (top) On-axis images of the MOS1, MOS2 and pn detectors (left to right).
The images are 110 arcsec wide and a logarithmic scale is used to visualize the wings
of the PSF. (bottom) The encircled energy function as a function of angular radius (on-
axis) at different energies. The curves are calculated assuming a fractional encircled
energy of 100% at a radial distance of 5’. These figures are after ESA: XMM-Newton
SOC, 2019.
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FIGURE 3.9: The net effective area of all XRTs, combined with the response character-
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FIGURE 3.10: (left) Vignetting factor as a function of azimuthal angle of the X-ray tele-
scope in front of the MOS1 camera. The curves are given for an off-axis angle of 10”.
(right) Vignetting curve as a function of off-axis angle (0-15’ based on simulations)
for several different energies for the X-ray telescope equipped with the pn camera.
These figures were taken from ESA: XMM-Newton SOC, 2019.

3.2.2 European Photon Imaging Camera (EPIC)

The EPIC MOS and pn cameras have pixel sizes of 40 um and 150 pm, respectively. For the focal
length of the X-ray telescopes (7.5 m), these pixel size corresponds to 1.1 " and 4.1 " on the sky. Since
they are smaller than the HEW of XRT (~15 "), EPIC’s angular resolution is basically determined by
the PSF of the mirror modules.

The energy resolution of EPIC cameras is determined by the intrinsic performance of the CCD
instruments. The measured in-flight FWHM of the Al Ka (1.4keV) and Mn Ka (5.89keV), which
are the on-board calibration lines. It is well known that the energy resolution of the MOS cameras
has been gradually decreasing due to the charge transfer inefficiency (CTI) effect, which means the
imperfect transfer of charge during the transportation through the CCD to the output amplifiers. The
latest calibration status is found at XMM-Newton Science Operation Centre.! The accuracy of the
energy determination is about 10 eV over the full energy range and for all modes except for MOS
timing mode.

EPIC background

The EPIC background can be divided into two parts: background due to X-ray incidence, and instru-
mental background. The latter component may be further divided into a detector noise component,
which becomes important at low energies (i.e., <300 eV), and a second component which is caused
by particles. The instrumental background is characterized by a flat spectrum and is particularly
important in high energies (i.e., > a few keV).

The particle-induced background can be divided into two components: an external “flaring”
component, characterized by strong and rapid variability which is totally absent for most of the

time, and a second more stable internal component. The flaring component is currently attributed

lhttp://xmm.vilspa.esa.es/external/xmm_sw_cal/calib/documentation.shtml#EPIC
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FIGURE 3.11: (left) Background spectrum for the MOS1 camera during an observation
with the filter wheel in the closed position. The prominent features around 1.5 and
1.7 keV are respectively Al K and Si K fluorescence lines. The rise of the spectrum
below 0.5 keV is due to the detector noise. (right) That for the pn camera. The rise
of the spectrum below 0.3 keV is due to the detector noise. The relative line strengths
depend on the (variable) incident particle spectrum. These figures are after ESA:
XMM-Newton SOC, 2019.

to soft protons, which are presumably funneled toward the detectors by the X-ray mirrors. The
stable component is due to the interaction of high-energy particles with the spacecraft structure
surrounding the detectors and possibly the detectors themselves. All these background components
are summarized as follows:

1. Background by the X-ray incidence
2. Instrumental Background

(a) detector noise (<300 eV)
(b) particle induced background (> a few keV)

e flaring component: due to soft protons (< a few 100 keV)

e stable component: due to high-energy particles (>100 MeV)

Current understanding is that soft protons are most likely distributing in clouds which populate
the Earth’s magnetosphere. The number of such clouds encountered by XMM-Newton in its orbit
depends upon many factors, such as the altitude of the satellite, its position in the magnetosphere,
and the level of solar activity.

The intensity of the stable background is monitored regularly for both MOS and pn cameras
during closed filter observations. This component shows only a little intensity variation in time
which are typically observed on long time-scales. The intensity of this component during any given
observation is within ~10% of the mean. The intensity observed in a MOS camera is usually well
correlated with the intensity measured in the other, although some exceptions have been seen. In
Figure 3.11 we show the observed spectra of the stable component for the MOS1 and pn camera,
respectively.

Average count rates due to the internal “quiescent” background, for both MOS and pn, depend

on different modes and filters, as well as energy ranges and pattern selection. For example, the
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background count rate of MOS camera with the “thin” filter is ~0.3-2 counts™! in 0.2-1 keV, and
~1-3 counts~! in 1-5 keV, while that of pn camera is ~3-20 counts~! in 0.2-5 keV. Further details

are given in http://www.cosmos.esa.int/web/xmm-newton/bs-countrate.

Filters

The EPIC CCDs are also sensitive to IR, visible and UV light. Therefore, if an astronomical target
has a high optical to X-ray flux ratio, there is a possibility that the X-ray signal is contaminated by
non X-ray photons. To prevent such a contribution, each EPIC camera is equipped with a set of 3
separate aluminized optical blocking filters, named as “thick”, “medium” and “thin” filters. The thick
filter should be used for all point source targets up to 1-4 my (MOS) or 0-3 my (pn). The medium
filter is about 10° times less efficient than the thick filter, therefore, it is useful for preventing optical
contamination from point sources as bright as 8-10 my. The thin filter is about 10° less efficient
than the thick filter, so the use of this filter will be limited to point sources with optical brightness
my about 14 magnitudes fainter than the corresponding thick filter limitations.

3.3 Strategy of the present thesis

Suzaku observed Jupiter three times in February 2006, January 2012, and April 2014 with the XIS
instrument. As already shown in Figure 3.6, the low-Earth orbit of Suzaku and the large effective
area of XIS FI gives the lowest particle background among all X-ray CCDs which have been used for
X-ray observatories. The Jovian diffuse hard X-ray emission was seen in 1-5 keV. In this band, the
XIS FI has good sensitivity for spatially extended sources due to the low background. Therefore, in
this thesis, we utilize only the XIS FI data for the hard diffuse emission, with the BI data used for the
soft emission only.

Since the Suzaku observation in 2014 was coordinated with XMM-Newton, we also use the XMM-
Newton’s EPIC camera to look into the emission from Jupiter’s body. The angular resolution of XMM-
Newton is much better than that of Suzaku, so it is able to separate the body emission. The body
emission contains strong non-thermal bremsstrahlung in >2 keV from Jupiter’s aurorae, which needs
to be separated from the extended hard emission from the Suzaku data.


http://www.cosmos.esa.int/web/xmm-newton/bs-countrate
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Chapter 4

Observations and analysis

This chapter describes X-ray observations of Jupiter from Suzaku and XMM-Newton and results of
the data analysis. Table 4.1 summarizes parameters of the Suzaku observations. Observations from
Suzaku have been carried out in three separate periods, which are February 24-28, 2006, January
3-13, 2012, and April 15-21, 2014, with net exposure times of 159, 165, and 160Kks, respectively.
Numazawa et al. (2019) reported results of the Suzaku observation in 2014, but analytical processes
had been changed in this thesis. Figure 4.1 shows relative positions of Jupiter by fixing the positions
of the Sun and the Earth (i.e., the observatory). Distances to Jupiter from the Earth are ~5.0, 4.7,
and 5.4 AU, and opening angles of the line connecting Sun-Jupiter-Earth are ~9.9°, 11.0° and 10.7°,
for the 2006, 2012, and 2014 observations, respectively. These parameters are taken from NASA’s
Jet Propulsion Laboratory HORIZONS Web-Interface.!

Solar activity, indicated by sunspot number, showed significant variation over a period of 2002—
2016 as shown in Figure 4.2, whose data were taken from Sunspot Index and Long-term Solar Obser-
vations (Silso) web site.? During the first Suzaku observation in 2006, the activity was approaching
the solar minimum when the 23rd solar cycle was near the end. On the other hand, in the second
and the third observations in 2012 and 2014, the activity was near the solar maximum of the 24th
cycle.

First of all, we mainly utilized HEASoft version 6.21 (released on April 5, 2017) and CALDB
version 2016-06-07 for all the analysis of the Suzaku data described in this chapter. In addition, we
used XMMSAS version 1.2 (xmmsas_20160201_1833-15.0.0) for the XMM-Newton data analysis.

The entire Suzaku data were reprocessed after the termination of the satellite operation and
online-released on October 24, 2016. We adopted the newly reprocessed cleaned event files with
processing version 3.0.22.43 and 3.0.22.44. Here, we briefly describe the analysis flow of the Jupiter
data;

1. Create mosaic images from XIS BI for a soft band (0.2-1 keV) and XIS FI for a hard band (1-5
keV) from the screened event files, for which exposure corrections were made by dividing the

image with exposure map generated by xisexpmapgen (version 2015-01-07).

2. Identify bright point sources in the hard band mosaic image using wavdetect in CIAQ package
(version 4.11), 3XMM-DRS8 Catalog (2014 only), and/or visual detection, and exclude them

from the event files to obtain contamination-free images.

"https://ssd.jpl.nasa.gov/horizons.cgi
2http://www.sidc.be/silso/monthlyssnplot
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TABLE 4.1: Specifications of the Suzaku observations of Jupiter.

Year 2006 2012 2014
Date Feb. 24-28 Jan. 3-13 Apr. 15-21
Line of sight (a, 8) ~226.6, —16.2 ~28.9, 10.6 ~104.2, 23.1

(hh:mm:ss) 15h06m24s, —16°12°0” 1h55m36s, 10°36’0” 6h56m 48s, 23°6’0 "’

b, D 344.0°, 35.7° 147.5°, —49.2° 192.7°,11.4°
Maneuver 4 5 14
Motion velocity ~3.3”h7! ~7.3"h7! ~19.9”h™!
Exposure 159ks 165ks 160ks
Distance ~5.0AU ~4.7 AU ~5.4AU
Angle (Sun-Jupiter-Earth) ~9.9° ~11.0° ~10.7°
Jupiter
2014 \

~5.2 AU

The Earth

FIGURE 4.1: Relative positions of Jupiter with respect to the Sun and the Earth.
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3. Convert the sky coordinate of the image after the point-source exclusion into Jupiter’s reference
frame (JRF) coordinate (see Appendix A).

4. Create images in the JRF coordinate for the two energy bands, using the event files processed

in step 3.

5. Make projection profiles from the JRF images and estimate the size of diffuse emission around
Jupiter assuming an ellipsoidal shape. A ratio of diffuse to point-like emission (i.e., from

Jupiter itself) is calculated.

6. Extract spectra from a circular (for source) and a surrounding annular (for background) regions
both centered at the origin of the JRF coordinate, using the event files processed in step 3.

7. Generate the Redistribution Matrix File (RMF) for the epoch of the Jupiter observation using
xisrmfgen (version 2012-04-21), and the Ancillary Response Files (ARFs) for the circular and
ellipsoidal regions are produced using xissimarfgen (version 2010-11-05).

8. Carry out spectral fits using Xspec (version 12.10.1) with the models describing Jupiter’s X-ray
emission and a power-law function for the Jovian diffuse hard X-ray emission. The background-
subtracted spectra of all detectors (XIS FI+BI) are fitted.

4.1 2014 observations by Suzaku and XMM-Newton

The log of Suzaku and XMM-Newton observations in 2014 is shown in Table 4.2. The coordi-
nated XMM-Newton observations with ID revolution 2628 and 2630 approximately correspond to
the Suzaku observation ID 508023010-508023040 and 508023110-508023120, respectively. Net
exposure of the Suzaku observations was 161.5 ks, while the XMM-Newton one was 77.4ks.
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FIGURE 4.3: Suzaku XIS BI mosaic images of the vicinity of Jupiter in 0.2-1 keV, dis-
played on the J2000.0 coordinates. Exposures are corrected and the unit is counts s~!
binned pixel!. For clarity, the images are binned in 8 x 8 original pixels and smoothed
by a Gaussian of 0 = 5 pixels. White circles show the size and trajectory of Jupiter
during the observations. Green circles marked with a red slash indicate point sources
that are omitted when we superpose the images in Jupiter’s reference frame.

4.1.1 Image analysis
Mosaic image

Since Jupiter moves fast (up to a few arcmins per day) in the field of view during the observation,
we need to change the pointing direction fourteen times a day to keep the object near the field cen-
ter. We will then convert all the data coordinates into Jupiter’s reference frame (JRF) before we
analyze the emission from Jupiter. We used Jupiter’s ephemeris obtained from the Jet Propulsion
Laboratory (JPL). At first, before the above-mentioned procedure, we examined X-ray images with-
out the attitude correction. Figure 4.3 and Figure 4.4 show mosaic images of BI and FI instruments
in two energy bands, 0.2-1 and 1-5 keV, respectively. The images were divided by exposure maps
which were generated by the exposure map generator xisexpmapgen. In both images, especially
in the 0.2-1 keV one, faint trails are seen along Jupiter’s motion, indicating that Jupiter’s X-rays are
detected.

There are point sources in the image besides Jupiter’s trail, and they are more noticeable in the
1-5 keV image. We used wavdetect (which is a point-search program in the CIAO package) to
pick-up the sources along with their positions and compared with the XMM-Newton Serendipitous
Source Catalog (3XMM- DRS8 version). This showed a total of 44 point sources. These point sources
are indicated in Figure 4.3 and Figure 4.4 by green circles marked with a red slash. We excluded
circular regions centered on individual sources, with a diameter equal to the beam size, i.e., the half
power diameter (HPD) of XIS (~2). For safety, we masked these 44 point sources for both 0.2-1
and 1-5 keV images.
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FIGURE 4.4: The same as Figure 4.3 but for XIS FI in 1-5 keV.

Jupiter’s reference frame (JRF) image

We have to correct the coordinates of the event file to obtain coordinates centered at Jupiter. There
is no official tool for the coordinate correction for moving targets, so we made it on our own and
called it attitune. The attitune tool can correct the coordinate by taking into account both
Jupiter’s motion in the sky and the satellite’s orbital motion around the Earth. The Earth’s motion
around the Sun is also considered. Parameters of the former were obtained from JPL HORIZON,
while the latter ones were extracted from the Suzaku orbit file packaged with the event files of
the respective observations. Using these information, the tool corrects the line-of-sight direction
recorded in the attitude files, which are in the same package of the event files of each observation.
This correction resulted that Jupiter was in the center of the field of view. The event files were re-
processed by xiscoord (version 2009-02-28) through addressing the corrected attitude files, finally,
to be converted into Jupiter’s reference frame (JRF).

We created the two band images again, but in the JRF coordinate as shown in Figure 4.5 and
Figure 4.6. The 44 point sources were removed from the event file before this step. Exposure maps
can also be generated by xisexpmapgen with the corrected attitude files. In generating the exposure
maps, the positions of the 44 point sources, which were no more stationary in the JRF framework,
were excluded using detector masks as a parameter of xisexpmapgen. Jupiter’s movement in the
8 s interval, which is equal to Suzaku’s time resolution defined by the event-by-event accumulation in
CCD, corresponded to ~0.04 " as estimated from Jupiter’s apparent velocity and causes a negligible
image blur compared with Suzaku’s HPD (~2").

The images thus obtained indicate different spatial extent between the soft and the hard energy
bands as seen in Figure 4.5 and Figure 4.6. The soft X-ray image is likely to agree with the point
spread function (PSF) of Suzaku. On the other hand, the hard X-ray one is surely more extended
than the PSF and indicates a spatial extent ~6’ X ~2’ corresponding to ~20R; X ~8 Ry.
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FIGURE 4.5: Suzaku XIS Bl image after correcting for Jupiter’s ephemeris and Suzaku'’s
orbital motion in 0.2-1 keV. The images are exposure-corrected, binned, and
smoothed in the same way as in Figure 4.3. White dashed square shows the region
used for a projection profile, with a size 15’ X 6’. Green circles indicate the regions
used for spectral analysis. The radius of the inner circle is 6’ to extract the source and
the outer radius 8 defines the background region.



4.1. 2014 observations by Suzaku and XMM-Newton 63
r 1.13e-05
c
o
- -+ 9.66e-06
(&
b
-~
©
-_— 7.99e-06
O
L
(]
c
- 6.31e-06
Q
Q
=
8
» 4.64e-06
(]
2.97e-06

12 6 0 -6 -12

Distance in R.A. direction

FIGURE 4.6: The same image as Figure 4.5 but for XIS FI in 1-5 keV.
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Projection profile

To look into the spatial distribution of the X-ray emission, we generated projection profiles along the
horizontal axis as shown in Figure 4.7 and Figure 4.8. In these plots, the data were accumulated in
white dashed squares in Figure 4.5 and Figure 4.6 with a binning of 1616 pixels without smoothing.

We produced a model profile consisting of Jupiter’s body (disk and aurorae) and its surroundings,
with their configurations assumed to be a small circle and an ellipse, respectively. For this modeling,
we utilized xissimarfgen by varying parameters which described the shape of the X-ray emitting
region. The size of the small circle describing Jupiter’s body emission was fixed to be Jupiter’s
apparent size of 18.3”". The elliptical shape of the diffuse emission was changed around 6’ in
horizontal (R.A.) and 2.5’ in vertical (Decl.) axes with a pitch angle 5" in each axis. The simulated
models are normalized and centered on Jupiter to be fitted with the data.

As a result, we found that the observed profile can be represented by a combination of the uniform
circle and a uniform elliptical emission with semi-axes of 6.4’ and 2.5’, corresponding to 21.0 R
and 8.2 Ry, respectively. The hard band emission is surely extended over a wide region (>6Ry). On
the other hand, the soft emission is not well-fitted by the same model and marginally consistent with
the small circular emission from Jupiter’s body.

We calculated a diffuse intensity ratio, defined as the intensity of the simulated elliptical emis-
sion (green curve in Figure 4.7) divided by that of the small circular emission (orange curve), by
integrating counts in the respective areas in the projection profiles. The diffuse intensity ratio (D/B

ratio) was evaluated as 1.91 + 0.36 in the 2014 observation.

4.1.2 Coordinated XMM-Newton observations

This section describes the observed results taken in 2014 from XMM-Newton, which gives much
better angular resolution (~15 "’ in half energy width) than Suzaku and its simultaneous data are very
useful in separating Jupiter’s body and extended components. Figure 4.9 and Figure 4.10 show the
EPIC images in 0.2-1 and 1-5 keV, respectively. The images are reconstructed in the JRF coordinate
by using attmove (version 1.5) which is one of the SAS tools and has been officially developed to
handle data of moving targets such as the solar system objects. The images are then generated by
using ESAS tools® (ESA: XMM-Newton SOC, 2019). The soft X-rays contribute significantly to the
aurora emission, while the hard X-rays are relatively uniform over Jupiter’s body.

Here, we did not subtract the cosmic diffuse X-ray background, CXB, when produced the energy
spectra because Jupiter cast a shadow to the diffuse background and the residual particle back-
ground of the detector was no more than 1% of Jupiter’s flux in the band 0.2-2 keV. Note that
the particle background gives significantly more contribution in higher energies. Lumb (2002) re-
ported that the EPIC particle background was flat as a function of energy and the estimated level was
0.0210 + 0.0022 cm~2s~!. Considering the size of the region for which the spectrum is produced,

we estimate the level to be 9.6 X 107 count s~

which was less than 5% of the flux integrated above
2 keV. Thus, we created the EPIC particle background spectra using mos-, pn-spectra, mos-
and pn-back (from the ESAS package) and subtracted them from the source region spectra. These

background spectra reproduce well the particle background component of each EPIC camera based

Shttps://heasarc.gsfc.nasa.gov/docs/xmm/esas/cookbook/xmm-esas . html
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FIGURE 4.7: Projection profiles in the soft band along the horizontal axis, extracted
from square regions in Figure 4.5 (0.2-1 keV). Crosses show the data. Errors are
statistical 1o ones. The orange curve shows a simplified model of X-rays from Jupiter’s
body (18.3 " radius) in 0.2-1 keV. The normalization and offset of the curve are tuned
by fitting the data with reduced y-square of 1.10.
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FIGURE 4.8: The same as Figure 4.7, but in Figure 4.6 (1-5 keV). The orange curve
shows a simplified model of X-rays from Jupiter’s body (18.3 " radius) in 1-5 keV. In
the left panel, the green curve indicates the expected profile for a uniform elliptical
region with semi-axes of 6.4’ and 2.5’, and the red line is the sum of the orange and
green curves. The normalizations and offsets of these lines are tuned by fitting the
data with reduced y-square of 1.02.
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FIGURE 4.9: XMM-Newton cameras’ combined images after correcting for Jupiter’s
ephemeris and XMM-Newton’s orbital motion in 0.2-1 keV. The white circle has a
radius of 24 ”. Both the width and the hight of the image correspond to 2.
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FIGURE 4.10: The same as Figure 4.9 but in 1-5 keV.



4.1. 2014 observations by Suzaku and XMM-Newton 69

on the models calibrated by the developer team. RMFs and ARFs were generated by rmfgen and
arfgen from SAS tools with the point source option, in the same manner as in Branduardi-Raymont,
Bhardwaj, R. E Elsner, et al., 2007; Branduardi-Raymont, R. E Elsner, Gladstone, et al., 2004.

The MOS and pn spectra after the background subtraction are shown in Figure 4.11. The spectra
are characterized by a thermal continuum with several emission lines in the lower energy band and
also a continuum extending up to >5 keV. Following the analysis in Branduardi-Raymont, Bhardwaj,
R. E Elsner, et al., 2007, we tried to fit a model consisting of four Gaussians along with the following
three continuum components: an APEC model peaked near 0.8 keV, a thermal bremsstrahlung in a
range <0.5keV, and a power-law function for the hard end of the spectrum. Here, we did not in-
clude an absorbing column in the model, because of the proximity of the object. The four Gaussians
had center energies, 0.57, 0.65, 1.35, and 1.86 keV, which are the known values of Oy, OVHILW,
Mg, and SI,;; lines, respectively. Given the moderate statistical quality of the data, the higher two

line energies were fixed in the spectral fits. We assumed that O,;; and O lines were charge ex-

VIIILya
change (CX) emission from Jupiter’s aurorae where the cool thermal bremsstrahlung was produced,

whereas Mg, and SI,,; lines were scattered solar coronal emission from Jupiter’s disk which was

XTI
also responsible for the thermal emission fitted by the APEC model. The power-law component rep-
resents non-thermal bremsstrahlung from keV electrons which are considered to precipitate into the
aurorae.

Table 4.3 summarizes the best-fit parameters and 90% confidence errors. The temperature of
the APEC model, ~0.59keV, is consistent with the solar coronal emission (Branduardi-Raymont,
Bhardwaj, R. Elsner, et al., 2007). The temperature of the cool bremsstrahlung, ~0.09 keV, also
agrees with the results from the past XMM-Newton observations (Branduardi-Raymont, Bhardwaj,
R. E Elsner, et al.,, 2007). The photon index I' and normalization of the power-law component
were, however, different from the past XMM-Newton observations. We estimated the 2014 flux in
2-7 keV as (4.4 +0.1) x 107 ergem™2s™! and compared it with that in the past observations (
~2.1x 10" erg cm~2s71; after table 1 in Branduardi-Raymont, Bhardwaj, R. E Elsner, et al., 2007),
which turned out to be a factor of ~2 increase, with the difference of the distance to Jupiter taken
into account. Such a flux change seems possible, since there was a factor-of-two variation observed
within several days in Nov. 2003 from XMM-Newton (rev. 0726 and 0727; Branduardi-Raymont,
Bhardwaj, R. E Elsner, et al., 2007).

4.1.3 Spectral analysis of Suzaku data

We analyzed the Suzaku spectrum by extracting photons from a rather wide region, in order to
examine the nature of the extended emission. We used the JRF-converted event files, from which
the 44 point sources were removed, and accumulated source photons from the circle with a radius
of 6’ and background ones from the surrounding annulus with an outer radius of 8’ using xselect
(version 2.4d). Both regions have the same center in the JRF coordinate. Consequently, the source
region includes both Jupiter’s body and the diffuse emission which cannot be spatially separated by
Suzaku's angular resolution (HPD of ~2'). The diffuse X-ray background was subtracted using the
data taken in the outer annular region. The size of Jupiter’s body (~30" in diameter) is smaller
than the source region, and we may ignore Jupiter’s occultation of a small part of the diffuse X-ray
background.
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FIGURE 4.11: Background-subtracted MOS (black) and pn (red) spectra of Jupiter’s
body emission region, compared with the best-fit models summarized in Table 4.3

(solid lines).
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TABLE 4.3: Spectral parameters (and their 90% confidence errors) for the XMM-
Newton MOS (0.4-8 keV) and pn (0.2-2 keV) data of the point-like emission region

in 2014.
APEC? kTP Norm.¢
0.02 1.2
0.597 005 27.1J_r1.4
Gaussiand Line energy*® Flux®
0.002 2.1
0.57+99¢ 17.321
0.01 2.1
0.667 o 6.8
1.35 (fixed) 1.0793
1.86 (fixed) 0.5*0:3
Bremss. kTP Norm.¢
0.02 1585.2
0.097) 05 1562.5J_r792.8
Power-law T (Photon index) Norm.¢
0.19 1.3
0.85J_r0‘25 4.3
x?/d.o.f8 118.25 / 79

2 APEC abundance parameter is set by aspl (As-
plund et al., 2009).

b APEC or bremsstrahlung temperature in keV.

¢ Normalization in units of 10® photons cm™2 571
keV1,

4 The widths of Gaussians are fixed at 0.01 keV in
the fits.

¢ Energy of the emission line features in keV.

f Total flux in the line in units of 10® photons cm™
sL.

8 y2 value and degrees of freedom.

2
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Then, we generated both RMF and ARFs using xisrmfgen and xissimarfgen for each ex-
tracted spectral file, respectively. Based on the results of the profile fitting of the projected data, we
prepared both point-like ARFs and elliptically extended ARFs for the emission from Jupiter’s body
and the diffuse emission, respectively. The total exposure time for each region was calculated from
the pre-generated exposure maps in the JRF coordinate, and the backscal parameters of both the
source and the background spectral files were over-written with these values. This procedure was
necessary because xselect did not take into account the loss of areas of the removed point-source

regions in the JRF-converted event files.

Spectral fit

The XIS spectra thus obtained are shown in Figure 4.12. A thermal emission accompanied by several
lines can be seen in the low energy range, and an additional continuum extends up to >5 keV: similar
to the feature seen in the EPIC spectra (Figure 4.11). We first fitted the spectra with the best-fit model
from the EPIC spectral analysis by employing point-source ARFs, and found a difference around the
0.5 keV line and a large excess of the hard component. Then, we allowed the center energy of the first
Gaussian at 0.57 keV to be free and added an additional power-law model for the diffuse emission,
which uses the extended ARFs. We fixed the parameters of the previous power-law component at
the XMM-Newton values, which accounted for the auroral non-thermal bremsstrahlung.

Table 4.4 summarizes the best-fit parameters and their 90% errors. Temperatures and normaliza-
tions of the APEC and the thermal bremsstrahlung models agree with the results of XMM-Newton’s
EPIC spectral fits within their errors. Fluxes of the Gaussians centered at 1.35 and 1.86 keV are
consistent within their errors. The center energy of the first Gaussian in the best-fit model is 0.53
keV, which does not directly match any likely energy resulted from the CX reaction. We consider
that this feature is likely to be a mixture of oxygen and nitrogen lines whose energies are 0.57 and
0.43 keV, respectively. Significant flux increase of the line-like feature at ~0.53 keV also suggests
that the condition of the CX process may have changed from that in the coordinated XMM-Newton
observation. A flux of the second Gaussian at ~0.65 keV which increased by a factor of 2.8 + 1.5
from the coordinated XMM-Newton observation was also likely caused by the change of the CX con-
dition. In the hard energy band, we recognize an excess from the power-law fit to XMM-Newton’s
EPIC data. This excess can be fitted by another power-law model with T of 1.241’8:‘5‘2. This rather flat
power-law spectrum is likely to be the same as the non-thermal emission discovered from the past
Suzaku observation in 2006 (Ezoe, Ishikawa, Ohashi, Miyoshi, et al., 2010).

Flux & luminosity

Finally, we calculated fluxes and estimated luminosities in 0.2-1 and 1-5 keV from the best-fit model,
corrected for the distance to Jupiter at the observed epoch. The fluxes in 0.2-1 and 1-5 keV are
calculated as (25.5 + 1.6) X 107** and (13.2 + 1.1) x 107** ergem 257!, respectively. Then, the
luminosities are estimated as (21.0 + 1.3) x 10*> and (10.8 + 0.9) x 10'> ergs~! for 0.2-1 and 1-5
keV] respectively. As for the two hard components, which are Jupiter’s body and the diffuse emission,
the luminosities in 1-5 keV are separately obtained as (4.5+0.3)x 10 and (6.3+0.9)x 10'° ergs~!,

respectively. We also calculate the luminosity ratio, namely the diffuse luminosity divided by that of
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FIGURE 4.12: Background-subtracted FI (black) and BI (red) spectra of the extended
emission region, compared with the best-fit models summarized in Table 4.4 (solid
lines). APEC model, thermal bremsstrahlung, two power-law functions, and four
Gaussians are shown in dashed, dash-dotted, dash-three-dotted, and dotted lines, re-
spectively. Energies of the Gaussian lines (dotted curves) are 0.53 + 0.01, 0.65, 1.35,
and 1.86 keV, representing a possible N, and Oy, mixture, OVIIILya’ Mgy, and Sk,
lines, respectively. The line energies of the last two lines are fixed in the spectral fits.
The T and normalization of one power-law model (thin dash-three-dotted curves) are
also fixed to the values from the spectral fits of XMM-Newton’s EPIC data.
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TABLE 4.4: Best-fit parameters (and their 90% confidence errors) for the Suzaku XIS
FI (0.65-9 keV) and BI (0.2-3.5 keV) spectra of the extended emission in 2014.

Body  APEC? kTP Norm.¢
0.53737 30.7+2%2
Gaussian? Line energy® Fluxf
05300 467773
0.65+0-02 19.1737
1.35 (fixed) 1177
1.86 (fixed) 2.2477
Bremss. kTP Norm.¢
008%0% 102797178701
Power-law T (Photon index) Norm.€
0.85 (fixed) 4.3 (fixed)
Diffuse Power-law I (Photon index) Norm.¢
1.2470% 15.3749°
x?/d.o.fe 28.84 / 26

2 APEC abundance parameter is set by aspl (Asplund et al.,

2009).

b APEC or bremsstrahlung temperature in keV,

¢ Normalization in units of 10® photons cm™2 s™! keV 1.

4 The widths of Gaussians are fixed at 0.01 keV in the fits.
¢ Energy of the emission line features in keV.

f Total flux in the line in units of 10° photons cm™2 s

8 ¥2 value and degrees of freedom.

2 -1
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Jupiter’s body, as 1.41 + 0.22. This value is consistent with the D/B ratio (1.91 + 0.36) obtained for
the projection profile within the error. Based on this, we will use the D/B ratio from the projection
profile when we estimate the separate luminosities from Jupiter’s body and the diffuse emission in
the following sections. For the other Suzaku observations, no coordinated observation with XMM-

Newton was carried out and we do not have high-resolution images.

4.2 2012 observation by Suzaku

The 2012 observation log is summarized in Table 4.5. The net exposure was 165.8 ks. In this period,
the solar activity went up to its maximum in the 24th solar cycle. Here and after, we will adopt the
same analysis procedure as described for the 2014 observation. Note that there was no coordinated

X-ray observation with other satellites.



Chapter 4. Observations and analysis

76

€'€C
9'8¢€
6'vc
§'G€

S'€e

¥C:E¥:0CLET-T0-CT0T
¥C:LS'S0LET-T0-CT0T
€¢-00-S01CTI-10-C10C
¥1:92:02.LS0-10-¢10¢C
L0:LY6TLY0-10-CT0T

I#:£S:S01ET-10-C10C
0%:00:S0.LCT-10-CT0TC
GEE€SYOLIT-T0-CI0C
€T LY 611¥0-10-C10C
€S9:4S5:021E0-10-C10¢

¥059°0T ‘6280°6C
€8C9°01 ‘S¥€0°6C
1209°0T ‘T186'8C
889%°0T ‘T60L°8T
6¥SY'0T ‘64L9°8T

050900905
00900905
0€0900905
020900905
010900905

() sansodxy

(pu=)

(31e3s) aaep 'sqO

('1P2d “Vv¥) Y3IS jo aur]

ar 'sqo

"Z10T Ul SUONBAISqO Nyezng 3 jo s30T 1G4 A14V],



4.2. 2012 observation by Suzaku 77

4.2.1 Image analysis
Mosaic image

Mosaic images in 0.2-1 and 1-5 keV in the J2000.0 coordinate are shown in Figure 4.13 and Fig-
ure 4.14, respectively. These are divided by exposure maps which are generated by xisexpmapgen.
Jupiter moved from right to left and a faint X-ray trail was recognized along Jupiter’s motion (espe-
cially in the soft band image).

The point sources were searched for in the hard band image using wavdetect, and a total of 28
sources were identified. The sources are shown by green circles with red slashes in Figure 4.13 and
Figure 4.14. We removed X-ray photons from these 28 sources using circular masks with a diameter

of >2 (approximating Suzaku’s HPD).

JRF image

We converted the events into the JRF coordinate using attitune and aeattcor in the same way
as for the 2014 observation. Figure 4.15 and Figure 4.16 show the two band images in the JRF
coordinate, which are also exposure-corrected. In this observation, Jupiter’s movement in the 8 s
interval was ~0.02".

The hard X-ray emission is extended around Jupiter, while the soft X-ray emission corresponds
to the PSF of Suzaku. The spatial extent of the hard X-ray image is similar to that in the 2014

observation.

Projection profile

Projection profiles are produced along the horizontal axis of the white dashed square region in the
JRF image. The profiles in the soft and hard bands are shown in Figure 4.17 and Figure 4.18,
respectively. The data are binned in 16 X 16 pixels without smoothing.

Similarly to the 2014 observation, we modeled the spatial profiles of Jupiter’s body and the
surrounding region. A circle with a radius of 1Ry = 21.1” was used for the body emission. An
ellipse with semi-axes around 6’ and 2.5’ which were varied with a pitch of 5arcsec was tested
for the diffuse emission. We fitted these models to the data by adjusting the normalization, center
position, and axis lengths of the ellipse.

Consequently, we found that the hard band profile was reproduced by a point-like emission over-
laid by a uniform elliptical emission with semi-axes 5.6" and 2.4’, corresponding to 15.9R; and
6.9 Ry, respectively. In contrast, the soft band profile was inconsistent with the same model and
marginally consistent with a point-like emission centered on Jupiter’s body. This result is similar to
that of the 2014 observation. However, the center positions of these emission are slightly shifted by
~ — 0.5’ which corresponds to ~1.4 R;. This could not be a significant problem considering Suzaku’s
angular resolution and the known pointing uncertainty (Uchiyama et al., 2008). We, then, finally
obtained the D/B ratio to be 1.73 = 0.24.
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FIGURE 4.13: The same as Figure 4.3 but for the 2012 observation data.
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FIGURE 4.14: The same as Figure 4.4 but for the 2012 observation data.
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FIGURE 4.15: The same as Figure 4.5 but for the 2012 observation data.
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FIGURE 4.16: The same as Figure 4.6 but for the 2012 observation data.
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FIGURE 4.17: The same as Figure 4.7 but for the 2012 observation. Jupiter’s body has
a radius of 21.1 ", while the elliptical region has semi-axes of 5.6 " and 2.4 ’. Reduced
x-square is 1.84.
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FIGURE 4.18: The same as Figure 4.8 but for the 2012 observation. Jupiter’s body has
aradius of 21.1 ", while the elliptical region has semi-axes of 5.6 and 2.4’. Reduced
x-square is 1.12.
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4.2.2 Spectral analysis

Spectral analysis was carried out to the data for which the 28 point sources were removed and
converted to the JRF coordinate in the same manner as for the 2014 observation. The regions used
for the source and the background are also the same, namely the 6’ circular and the 6-8’ annular
regions. To fit the projected profile, we used elliptically extended ARFs with semi-axes of 5.6’ and
2.4 for the diffuse emission, with point-like circular ARFs with a radius of 21.1 " (1 Ry) for Jupiter’s
body.

Spectral fits

The spectra thus obtained are shown in Figure 4.19. Comparison with the XIS spectrum in 2014,
the CX lines in 0.5-0.7 keV are less significant. However, this spectrum shows a thermal emission
peaked around 0.8-0.9 keV with several emission lines in 1-2 keV, and also a hard continuum ex-
tending up to >5keV. Emission below 0.5 keV is likely to be a CX component. The spectral model
consists of the following components: four Gaussians, an APEC model peaked near 0.8 keV, a thermal
bremsstrahlung in the range <0.5 keV, so using the point-like ARFs, and a power-law model for the
hard band using the extended ARFs. The last component represents the diffuse emission including
the auroral non-thermal emission. Because of the statistical quality, the four Gaussians had their cen-
ter energies fixed at 0.57, 0.65, 1.35, and 1.86 keV in the same way as for the XMM-Newton EPIC

data analysis. The former two lines represent the CX emission of O, and O from Jupiter’s

VIIILya

aurorae, whereas the latter two are Mg, and Siy;, lines in the scattered solar coronal emission by

XIIT
Jupiter’s disk.

Table 4.6 summarizes the best-fit parameters and 90% confidence errors. The whole spectrum
can be reproduced with similar parameters as those in 2014. The temperature of the APEC model is
0.64 keV and corresponds well with the solar coronal temperature. The APEC model shows almost
the same normalization as for the 2014 Suzaku XIS spectrum. The bremsstrahlung temperature is

also consistent with the result of the 2014 Suzaku XIS and XMM-Newton EPIC observations. The

7+0.30

power-law slope is quite flat with I' = 0.877 3,

implying non-thermal emission as in the 2014 case.

Flux & luminosity

Similarly to the 2014 analysis, the flux and luminosity are estimated. The fluxes in 0.2-1 and 1-5
keV are (29.3 + 1.6) x 107 and (11.1 +£ 0.8) x 1071* ergem™2 57!, respectively. The corresponding
luminosities are (18.2 + 0.9) x 10'®> and (6.7 + 0.5) x 10'® ergs™! in 0.2-1 and 1-5 keV, respectively.
In the hard band, we use the D/B ratio, 1.73 + 0.24, from the projection profile, and estimate the
individual contributions from Jupiter’s body and the diffuse emission as (2.5 +0.3) x 10'° and (4.4 +

0.8) X 10'° ergs™!, respectively.

4.3 2006 observation by Suzaku

The 2006 observation log is shown in Table 4.7. The net exposure was 158.6 ks. The solar activity was
near its minimum in the 23rd solar cycle. Ezoe, Ishikawa, Ohashi, Miyoshi, et al. (2010) detected the
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TABLE 4.6: Best-fit parameters (and their 90% confidence errors) for the Suzaku XIS
FI (0.75-7 keV) and BI (0.2-3 keV) spectra of the extended emission region in 2012.

Body  APEC? kTP Norm.¢
0.09 4.9
0.64i0.08 29.5J_r5_0
Gaussian? Line energy® Flux!
. 16.0
0.57 (fixed) 28.1+160
0.65 (fixed) 15.2f;:1
. 1.0
1.35 (fixed) 0.67¢
1.86 (fixed) 0.6752
Bremss. kTP Norm.¢
0.04 12618.8
0'09t0.03 2794'6J—r1717.1
Diffuse Power-law TI' (Photon index) Norm.¢
0.30 5.6
0.87+939 12,4750
x2/d.o.fe 17.71 / 29

2 APEC abundance parameter is set by aspl (Asplund et al.,
2009).

b APEC or bremsstrahlung temperature in keV,

¢ Normalization in units of 10® photons cm™2 s™! keV~!.

4 The widths of Gaussians are fixed at 0.01 keV in the fits.
€ Energy of the emission line features in keV,

f Total flux in the line in units of 10® photons cm™2 s~1.
8 2 value and degrees of freedom.
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FIGURE 4.19: The same as Figure 4.12 but for the 2012 observation, compared with
the best-fit models summarized in Table 4.6 (solid lines).

Jovian diffuse hard X-ray emission from this observation. In order to treat all the data in a uniform

way, the data were processed again here with the same procedure as described in this chapter.
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4.3.1 Image analysis
Mosaic image

Images in 0.2-1 and 1-5 keV with the J2000.0 coordinate are shown in Figure 4.20 and Figure 4.21.
Since XIS 2 was still operational in this period, the hard band FI image (Figure 4.21) is based on
all the FI CCDs. The exposure is corrected with exposure maps for individual detectors generated
by xisexpmapgen. Jupiter moved from right to left and a faint trial was detected along the path
(especially in the soft band).

Applying wavdetect and visual inspection to the hard band image, a total of 27 point sources
were identified beside Jupiter’s trail. The point sources are shown by green circles with a red slash
in Figure 4.20 and Figure 4.21. These point sources were removed using circular regions with a

diameter of >2’ as before.

JRF image

We converted the events into the JRF coordinate with attitune and aeattcor in the same way
as for the 2014 and 2012 observations. Figure 4.22 and Figure 4.23 show the images in the JRF
coordinate after the exposure correction. Jupiter’s movement in the 8 s interval was only 0.007 .

As discovered by Ezoe, Ishikawa, Ohashi, Miyoshi, et al. (2010), we confirmed the extended hard
X-ray emission around Jupiter, whereas the soft X-ray emission was concentrated to Suzaku’s HPD.
Since the JRF image is generated by a different method in Ezoe, Ishikawa, Ohashi, Miyoshi, et al.,
2010, the agreement of the image indicates that the present JRF conversion method is valid. The
hard band image shows that Jupiter’s body gives a somewhat weaker contribution as compared with
the 2014 and 2012 observations.

Projection profile

Projection profile is produced along the horizontal axis of the JRF images for the data in the white
dashed square region, and contributions of the different emission components are evaluated. The
profiles in the soft and hard bands are shown in Figure 4.24 and Figure 4.25, respectively. The data
are binned in 16 X 16 pixels without smoothing.

Similarly to the 2014 and 2012 observations, the model consists of a circle with a radius of 1Ry
= 19.9” for the body emission and an ellipse, for the extended emission, with semi-axes changed
around 4’ and 1’ with a pitch of 5" along each axis. We fitted the model to the data by adjusting
the ellipse size, normalization, and center position.

The hard band profile is marginally reproduced by this model consisting of the small circular
emission and the uniform elliptical emission with semi-axes 4.2 and 1.2’ corresponding to 12.6 R;
and 3.5 Ry, respectively. The soft band profile is roughly consistent with the concentrated emission
from Jupiter’s body. These features are similar to those for the 2014 and 2012 observations. How-
ever, there is a small excess in the right side of the center in the soft band image. This may indicate
emission from the IPT as discussed by Ezoe, Ishikawa, Ohashi, Miyoshi, et al. (2010) and reported
by R. E Elsner, Gladstone, et al. (2002). We obtained the D/B ratio to be 6.16 + 1.78.
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FIGURE 4.20: The same as Figure 4.3 but for the 2006 observation data.
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FIGURE 4.21: The same as Figure 4.4 but for the 2006 observation data.
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FIGURE 4.22: The same as Figure 4.5 but for the 2006 observation data.
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FIGURE 4.23: The same as Figure 4.6 but for the 2006 observation data.
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FIGURE 4.24: The same as Figure 4.7 but for the 2006 observation. Jupiter’s body
has a radius of 19.9 "/, while the elliptical region is shaped with semi-axes of 4.2 and

1.2’. Reduced y-square is 1.87.
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FIGURE 4.25: The same as Figure 4.8 but for the 2006 observation. Jupiter’s body
has a radius of 19.9 ", while the elliptical region is shaped with semi-axes of 4.2 and
1.2’. Reduced y-square is 1.39.
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4.3.2 Spectral analysis

Spectral analysis was carried out to the data for which the 27 point sources were removed and
conversion to JRF coordinate was made in the same way for other observations. Extracted regions
for the source and the background are also the same, i.e., 6’ circular and 6-8’ annular regions.
From the projection profile fit, we use elliptically extended ARFs with semi-axes 4.2’ and 1.2’ for
the diffuse emission while point-like ARFs with a radius of 19.9” (1 Rj) for Jupiter’s body.

Spectral fits

The BI and FI spectra are shown in Figure 4.26. The soft band emission is slightly weaker than those
in the 2014 and 2012 observations, as indicated by the image analysis. In contrast, the hard band
intensity is similar to those in the other observations. The fitted model is almost the same as the 2012
one, but the cool bremsstrahlung is replaced by a Gaussian function with a center energy 0.25 keV.
This is because the spectrum does not show continuum emission below <0.5 keV. We fit with all the
line energies fixed at 0.25, 0.57, 0.65, 1.35, and 1.86 keV and determined the APEC temperature.
Then, we allowed the center energies of the former three lines to be free and obtained the best-fit
model.

Table 4.8 summarizes the best-fit parameters and 90% confidence errors. The temperature of the
APEC model is 0.73f8:%§ keV which is consistent with the solar coronal temperature. The normaliza-
tion of the APEC model is lower than the 2014 and 2012 levels, likely to correlate with the decrease
of the solar activity. The line energies are 0.257%91 0.55 +0.02, and 0.68 + 0.02 keV, which presum-

-0.03’
ably correspond to line complexes from C;, ionized Mg, Si, and S, Oy, and O, ions, respectively.
The power-law slope I' = 0.65f8:28, again, implies non-thermal emission.

Flux & luminosity

Fluxes in 0.2-1 and 1-5 keV are (11.1+0.9)x107** and (9.3+0.7)x 107!* erg cm=2 57!, respectively.
Corresponding luminosities are (7.8 + 0.7) x 10> and (6.5 + 0.5) X 10'° ergs~!, respectively. In the
hard band, the D/B ratio is 6.16 + 1.78 as obtained from the projection profile and contributions of
Jupiter’s body and the diffuse emission are estimated as (0.9 + 0.2) x 10> and (5.6 + 2.2) x 10'°
ergs~!, respectively.

4.4 Summary

The fluxes and luminosities obtained from three observations in this chapter are listed in Table 4.9.
By combining the imaging and spectral analyses (and based on the coordinated observation with
XMM-Newton), the fluxes and luminosities in the 1-5 keV of the emission from Jupiter’s body and
the diffuse emission are obtained separately.

Finally, we plotted a variation of each of the obtained X-ray luminosity and compared them to
that of the solar activity as shown in Figure 4.27. In this figure, we described the results of the
2006 observations as unity and calculated ratios of the other results to it. As the solar activity
increased from 2006 to 2012 and 2014, the soft and hard luminosities of the emission from Jupiter’s
body clearly increased by a factor of 2-5. The soft X-rays from Jupiter’s body consist of the solar
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TABLE 4.8: Best-fit parameters (and their 90% confidence errors) for the Suzaku XIS
FI (0.7-7 keV) and BI (0.2-2 keV) spectra of the extended emission region in 2006.

Body  APEC? kTP Norm.¢
0.13 4.0

0.73%013 15.4*%9

Gaussian? Line energy® Flux!
0.01 264.4

0'25to.03 96'9:%6.8

0.02 23.8

0.55*005 24.77927

0.02 6.7

0.68%9-92 11.9%27

. 1.5

1.35 (fixed) 0.7+55

1.86 (fixed) 11773

Diffuse Power-law T (Photon index) Norm.¢

0.36 5.4
0.65%0-36 8.4+54
x?/d.o.f8 29.41 /20

2 APEC abundance parameter is set by aspl (Asplund
et al., 2009).

b APEC temperature in keV,

¢ Normalization in units of 10® photons cm™2 s™! keV~!.
4 The widths of Gaussians are fixed at 0.01 keV in the
fits.

¢ Energy of the emission line features in keV,

fTotal flux in the line in units of 10 photons cm™2 s~1.
8 y2 value and degrees of freedom.
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FIGURE 4.26: The same as Figure 4.12 but for the 2006 observation, compared with
the best-fitting models summarized in Table 4.8 (solid lines).

X-ray scattering and the CX interaction of heavy ions which originate in not only IPT or the Jovian
magnetosphere but also solar winds. Thus, we considered that it was likely to depend on the solar
activity of a certain degree. The hard X-rays from Jupiter’s body consist of the bremsstrahlung by
energetic keV electrons in the magnetosphere. Branduardi-Raymont, Bhardwaj, R. E Elsner, et al.
(2007) have implied that the hard bremsstrahlung is maybe driven by the solar activity. We thought
that our results also supported the possibility.

On the other hand, the hard luminosity of the diffuse emission was relatively stable within 20—
30% at most, and did not simply depend on the solar activity. This variability was marginally consis-
tent with that of the Jovian synchrotron radio emission which shows a tendency to be out of sync with
the solar activity after 1994 when Comet Shoemaker-Levy 9 impacted on Jupiter (Bolton, Janssen,
et al., 2002; Han et al., 2018; Santos-Costa et al., 2008). In the following chapter, we discuss about
the diffuse hard X-ray emission, which mechanisms emit the diffuse X-rays, referring to the possibility
of the inverse Compton scattering hypothesis proposed by Ezoe, Ishikawa, Ohashi, Miyoshi, et al.,
2010.
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TABLE 4.9: X-ray fluxes and luminosities of Jupiter’s X-rays observed by Suzaku in
2006, 2012, and 2014. Errors are 68% confidence range.

Obs. year Energy range? FluxP Luminosity®
2006 0.2-1.0 11.1+£09 7.8=+0.7
1.0-5.0 9.3+0.7 6.5+0.5
Body? — 0.9 +0.2
Diffused — 5.6+2.2
2012 0.2-1.0 29.3+1.5 182+0.9
1.0-5.0 11.1+£0.8 6.9+0.5
Body? — 2.5+0.3
Diffused — 44+0.8
2014 0.2-1.0 255+1.6 21.0+1.3
1.0-5.0 13.2+1.1 10.8+0.9
Body* 55+04 45+0.3
Diffuse® 7.7+1.1 6.3+0.9

2 Energy in units of keV.

b Flux in units of 107 ergem™2 s
¢ Luminosity in units of 10> ergs~

2.1
1

distance to Jupiter listed in Table 4.1.
d Calculated by using the D/B ratio resulted in analyses

of projection profiles.

, calculated with a

¢ Calculated by using each model parameter of spectral
fits to the Suzaku XIS data combining the XMM-Newton

EPIC data.
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FIGURE 4.27: Variations of the Suzaku observed X-ray luminosities of the emission
from Jupiter’s body in soft (0.2-1 keV) and hard (1-5 keV) bands and of the diffuse
emission in the hard band, compared to that of the solar activity. Each colored mark
indicates each luminosity as shown in the legend. Vertical axes are luminosity ratios
in the left side with each luminosity of the 2006 observation described as unity and
sunspot number in the right side which is the same as Figure 4.2.
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Discussion

5.1 Origin of Jovian diffuse hard X-ray emission

In this section, we look into the origin of the Jovian diffuse hard X-ray emission. We can consider here
5 candidates for its origin as follows; (i) Cosmic X-ray Background (CXB), (ii) scattered solar X-rays,
(iii) synchrotron radiation of high energy electrons in the Jovian magnetosphere, (iv) bremsstrahlung
radiation by electrons which have non-thermal energy distribution, and (v) inverse Compton scatter-
ing of solar visible photons by high energy electrons. We will address each of the above possibilities
in the following sections. Note that the spectrum of the extended emission could be well-fitted by
the flat power-law model, suggesting that a non-thermal mechanism is working. In this view, the

latter three possibilities will need closer attention.

5.1.1 Cosmic X-ray Background

In X-ray observations over a certain solid angle, the incoming photons inevitably include background
radiation, consisting of origins such as Local Hot Bubble (LHB), geocoronal SWCX, Milky-Way Halo
(MWH), and Cosmic X-ray Background (CXB). These radiations have spatial structures but are
known to come from all directions in the sky. In the 1-5 keV band, CXB contributes most signif-
icantly among these components.

As shown in Figure 4.6, Figure 4.16, and Figure 4.23, the structure of the hard emission around
Jupiter is described by a uniform elliptical shape which is extended preferentially along the horizontal
axis, as seen most clearly in the 2006 observation. Such a structure is not expected if the emission is
due to CXB, which should be highly uniform over the whole sky. However, since the observed data
were superposed through the JRF-correction by attitune, we need a careful examination to see if
any spurious feature might be produced. We, then, generate a simulated CXB image and compare
them with the observed one to see how the uniform emission would look like. In generating the
CXB image, we did not employ the known intensity and spectral parameters of CXB but the observed
values from the spectral fits for the 6-8” annular region in each observation. This should give us a
realistic estimation how the actual sky background would be observed if they are spatially uniform.
Even when Jupiter’s extended X-rays might have been much weaker than the CXB component which
takes the known spectral parameters, our estimation here can be treated as a case that Jupiter’s
X-rays do contribute at a certain level.

Figure 5.1 shows the XIS FI and BI spectra in the 2014, 2012, and 2006 observations, respec-
tively. The background components, i.e., LHB, geocoronal SWCX, MWH, and CXB, were included



102 Chapter 5. Discussion

in the fit assuming the spectra with APEC, Gaussian function, APEC, and a power-law function, re-
spectively. The models for MWH and CXB were multiplied by the same photoelectric absorption
with Ny for the observed direction. Table 5.1 summarizes the best-fit parameters for each obser-
vation. The Ny value was fixed at the values obtained from NASA’s web interface tool ! for the
line of sight direction of each observation. The photon index I was also fixed at 1.41 suggested by
Kushino et al. (2002). We created each ARF for a circular area with a radius of 20’ which corre-
sponded to ~1.06 X 10~*sr. This area is larger than the Suzaku XIS field of view (17.8’ x 17.8")
and can be regarded as practically covering the field uniformly. The obtained fluxes in 2-10 keV
were (5.22 + 0.06) X 1078, (5.43 + 0.09) x 1078 and (4.56 + 0.04) x 1078 ergem 2 s ! sr! for the
2014, 2012, and 2006 observations, respectively. These values are comparable to the past results,
e.g., by Kushino et al. (2002).

Using xissim (version 2010-11-05) along with the obtained spectral parameters and the JRF-
corrected attitude files, we generated simulated CXB images in 1-5 keV in the JRF coordinate. They
actually contain other components as LHB, MWH, and SWCX, but CXB is dominant in the energy
range and we call it this way for convenience. We also produced a ratio image which was the observed
image divided by the simulated CXB image, as shown in Figure 5.2, Figure 5.3, and Figure 5.4. All
the ratio images indicate a feature extending along the horizontal axis and suggest that the observed

diffuse emission is not expressed by the CXB radiation.

5.1.2 Solar X-ray scattering

It is known that all of the solar system objects basically reflect the solar photons on their surface where
the particle density is high (e.g., Bhardwaj, R. E Elsner, Randall Gladstone, et al., 2007). Actually, a
part of soft X-rays from Jupiter’s body is explained by the solar X-ray scattering on Jupiter’s surface.
We can eliminate a probability that the diffuse emission is caused by the solar X-ray scattering,
based on the consideration that the efficiency of the scattering simply depends on the density of the
scatterer.

According to Bagenal et al. (2004), the particle density in the Jovian magnetosphere is estimated
as ~2 x 10 em™3 at IPT (maximum) and ~2 x 107! em™ at 35Ry, respectively. The density is sig-
nificantly lower than that of Jupiter’s surface which has a large density of <1 x 10?° cm™2 at 1 bar.
Assuming that a scattering pass length is 10R; (=7.1492 x 10'° cm), the scattering column density
is estimated with ~1.4 x 10'3 em™2 at IPT (maximum), which is sufficiently smaller than the recipro-
cal of the Thomson scattering cross section, 1/o1 ~1.5 x 10** cm™2. Thus, we can conclude that the
scattering efficiency for the solar X-ray photons is too low to explain the emission from the Jovian
magnetosphere.

5.1.3 Synchrotron radiation

Synchrotron radiation occurs as a result of interactions of magnetic fields and relativistic electrons.
Characteristic energy of the synchrotron radiation depends on the strength of the magnetic field and
energy of the electrons. The X-ray image indicates that the hard X-rays are emitted at a distance of

>6Ry. The magnetic field of the Jovian magnetosphere basically becomes weaker with the distance

Ihttps://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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FIGURE 5.1: NXB subtracted FI (black) and BI (red) spectra of the background annular
region for the 2014 (top), 2012(middle), and 2006 (bottom) observations, compared
with the best-fit models summarized in Table 5.1 (solid lines). Two APEC models,
Gaussian, and a power-law function are shown in dashed, dotted, and dash-three-
dotted lines, respectively. Energies of the Gaussian lines (dotted curves) are around
0.54 keV; representing a possible geocoronal SWCX line from O,;; (not included for the
2006 spectra). I of the power-law function (dash-three-dotted curves) is also fixed to
the known value.
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TABLE 5.1: Best-fit parameters (and their 90% confidence errors) for the Suzaku XIS
FI (0.4-10 keV) and BI (0.3-8 keV) spectra of the annulus background region in 2006,
2012, and 2014 observations. The model consists of apec + gaussian + phabs
X (apec + power-law), corresponding to Local Hot Bubble (LHB), geocoronal
SWCX, a photoelectric absorption Ny column density, Milky-Way Halo (MWH), and
Cosmic X-ray Background, respectively. The Ny is fixed at values calculated from
NASAs web interface tool. T of the power-law function is fixed at 1.41 referring
Kushino et al., 2002. The gaussian component is not included in the 2006 spectra.

Model Parameter 2014 2012 2006
b 0.03 : 0.009
APEC? kT 0.097993 0.1 (fixed)  0.1279%
Norm.¢ 64.033% 5.6ig:2 33.5f§:;
. : d 0.003 0.006
Gaussian Line energy’ 0.547 004 0.557 000 —
4.6 14.5
EW® 17.6+48 27.5+145 —
f 2.9 1.8
Flux 30.6"29 10.3*18 —
Absorption Ny® 0.087 (fixed) 0.050 (fixed) 0.072 (fixed)
b 0.02 0.39 0.008
APEC? kT 0.24+9:92 0.29+0:39 0.2975:99
4.4 3.6 1.7
Norm.¢ 29.272¢ 4.6759 29.1777
Power-law T (Photon index) 1.41 (fixed) 1.41 (fixed) 1.41 (fixed)
0.3 0.3 0.3
Norm.© 8.673 8.9703 7.5703
¥2/d.o.f1 433.19/330  302.62/273  678.35/460

4 APEC abundance parameter is set by aspl (Asplund et al., 2009).
b APEC or bremsstrahlung temperature in keV.
¢ Normalization in units of 10~ photons cm™2 s~ keV 1.
d Energy of the emission line features in keV.
¢ Line equivalent width in eV,

fTotal flux in the line in units of 10~ photons cm™2 s

2 1

& Equivalent hydrogen column in units of 10?2 cm™2.

h ¥2 value and degrees of freedom.
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FIGURE 5.2: Suzaku XIS FI images in 2014 after correcting for Jupiter’s ephemeris
and Suzaku’s orbital motion in the 1-5 keV divided by CXB images in the same energy
range simulated with the best-fit parameters listed in Table 5.1. The image is binned
by a factor of 16 and smoothed by a Gaussian of o = 5 pixels.
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FIGURE 5.3: The same as Figure 5.2, but in 2012.
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FIGURE 5.4: The same as Figure 5.2, but in 2006.
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from Jupiter and is known to be on the order of 0.01 G around 6 R;. According to Equation 2.30,
when the magnetic field (B) is ~0.01 G, we need very high electron energy (E.) of several TeV in
order to produce X-ray photons. This energy is >1 x 10* times higher than the observed maximum
energy of the Jovian magnetospheric electrons (<1 X 10%> MeV; Bagenal et al., 2004).

Even in case that such very high energy electrons exist, their Larmor radius in B = 0.01G is
estimated to be ~3 x 10*! cm for 1 TeV electrons as given by Equation 2.15. This Larmor radius is
significantly larger than the orbital radius of ~6R; = 4 x 10'°cm. Such TeV electrons are unable
to be trapped by the magnetic field in the Jovian magnetosphere, and, thus, will escape from the
region. Therefore, we can eliminate the synchrotron radiation as a possible mechanism of the diffuse

emission.

5.1.4 Bremsstrahlung

Bremsstrahlung occurs from moderately high energy electrons. We need electrons accelerated up
to several keV which have been observed by past in-situ spacecrafts (Bagenal et al., 2004). Thus,
in terms of the electron energy necessary to produce the observed emission, bremsstrahlung seems
to be a reasonable mechanism. The diffuse emission may be produced by accelerated keV electrons
impacting on atoms or ions present in the path of electron transport, and as the electrons lose their
energies the bremsstrahlung is produced.

Electrons with Maxwellian distribution generally produce not only the bremsstrahlung contin-
uum but also several emission lines due to interactions with atoms or ions (mainly collisional ioniza-
tions). However, we need also to assume a case of keV electrons which have non-thermal distribution
(Tatischeff, 2003). The Jovian magnetosphere is known to contain high abundance of heavy ions
such as oxygen and sulfur mainly originating from Io’s volcano as shown in Figure 23.1 in Bagenal
et al., 2004. We, therefore, would expect strong emission lines from these ions. The oxygen Ka line
(0.53keV) is also included in the spectrum of Jupiter’s aurora, and it is not straightforward to tell
from the oxygen line if the plasma contains Io’s ejecta or not. However, sulfur Ke line (2.3 keV) is not
present in the aurora so this can be a useful measure in judging the likeliness of the bremsstrahlung.
By using Xspec for APEC model, the equivalent width of sulfur Ka line was estimated to be at least
~5keV if the plasma contains Io’s ejecta. Such a line should be observed in the XIS spectra with
its energy resolution of ~130¢eV at 6keV (Koyama et al., 2007). However, we see no signature of
such a line emission in Figure 4.12, Figure 4.19, and Figure 4.26. Therefore, the possibility of the
bremsstrahlung can be eliminated.

5.1.5 Inverse Compton scattering

Inverse Compton scattering is the remaining possibility as a mechanism of the diffuse hard emission.
Ezoe, Ishikawa, Ohashi, Miyoshi, et al. (2010) have considered the scattering of solar visible photons
by ultra-relativistic electrons in the Jovian magnetosphere. Characteristic energy of the scattered
photons is given by Equation 2.32 as,

E E 2
~3keV [ 2 I (5.1)
1.4eV /] \ 20 MeV
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where E,, and E. are the energies of the solar photons and the relativistic electrons before the
scattering process.

The electrons with an energy of 50 MeV were observed by Cassini spacecraft at 1.4 R; (Bolton,
Janssen, et al., 2002), suggesting that the inverse Compton scattering may work in a wide region in
the Jovian magnetosphere. At an outer region (> several Ry), such 50 MeV electrons have not been
directly observed yet, but their presence may be examined through empirical models of particle
distribution in the Jovian magnetosphere (e.g., Divine and Garrett, 1983). This mechanism does
not produce any line emission, which is consistent with the observed XIS spectrum. Hence, we may
conclude that the most promising process for the diffuse emission is inverse Compton scattering of

the solar photons by the ultra-relativistic electrons in the Jovian magnetosphere.

5.2 Particle distribution in Jovian magnetosphere

The empirical model by Divine and Garrett (1983) (D&G model) describes spatial distribution of
charged particles around Jupiter. In this section, we employ this model and quantitatively examine
the possibility of inverse Compton scattering. This is the first attempt of the evaluation of inverse
Compton scattering based on the model of charged particle distribution in the Jovian magnetosphere.
We calculate the X-ray luminosity and spectrum and compare them with the observed results from

the Suzaku observations.

5.2.1 Charged particle model: Divine and Garrett, 1983

Although there are other models of the distribution of charged particles in the Jovian magnetosphere,
we will use the D&G model because the model is most “comprehensive”. The D&G model is based
on the data collected during the Pioneer and Voyager flybys of Jupiter combined with earth-based
observations, and is the only global model applicable from the inner to outer magnetosphere up to
16 R;. The model also covers a wide range of electron energy higher than 0.06 MeV, and has been
applied up to 35 MeV so far (Schardt and Goertz, 1983).

Our code can calculate the number density of electrons for a given energy at a given location
in the Jovian magnetosphere. Figure 5.5 shows the distribution of energetic electrons in the Jovian
magnetosphere reproduced by the code. Basically, as shown in Figure 2 in Divine and Garrett, 1983
and Figure 24.3 in Bagenal et al., 2004, as the electron energy becomes higher the density at a distant
position from Jupiter drops quickly.

5.2.2 Inverse Compton scattering by relativistic electrons

The X-ray emission produced in the inverse Compton scattering by the ultra-relativistic electrons can
be calculated in our code. Figure 5.6 describes how X-ray flux distribution is calculated. The calcula-
tion is carried out with a pitch of 2 R over a spatial range of <16 Ry in equatorial X- and Y-directions
and <10R; in vertical Z-direction. The covered range of electron energy is from 0.06 to 50 MeV. The

actual code adopted a python package naima? (Zabalza, 2016) to yield an X-ray differential flux or

2https://naima.readthedocs.io/en/latest/index.html
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spectral energy distribution at a given position by taking spatial and spectral distributions of elec-
trons given by the D&G model. We assume that the solar photons, which are subject to scattering
by the electrons in this process, form a black body distribution with a temperature of 5780K and
a distance from the photon source to be 5.2 AU. They corresponded to the temperature of the Sun
and the orbital radius of Jupiter, respectively. We used 170° as a scattering angle between the solar
photons and the scattered X-ray photons, referring to the Sun-Jupiter-Observer angle of 10° in the
Suzaku observations.

Figure 5.7 shows calculated results in a certain meridian surface by our code. The top two panels
indicate that the L-value becomes larger at more distant from Jupiter and higher latitude, while the
magnetic field B becomes isotropically smaller at more distant from Jupiter. The middle two panels
indicate that the omnidirectional density of the 0.3 MeV electrons is much larger than that of the
50 MeV electrons. The 1-5 keV X-ray features calculated from such electron distributions are shown
in the bottom two panels. Here, the photon indexes were estimated by fitting with a power-law
function to a calculated photon spectrum at each location. In terms of the spatial distribution, the

density of the higher electrons seems to be reflected in the X-ray power.

Comparison between the Divine&Garrett model to the Suzaku observations

We conducted a three-dimensional calculation over the magnetosphere assumed by the D&G model.
The resultant images integrated along a direction of a line of sight are shown in Figure 5.8. These
images indicate that the integrated density distribution of the high energy electrons is surely reflected
in the integrated X-ray power distribution.

The total inverse Compton luminosity calculated from our code based on the D&G model is
~5.7 x 103 erg s~!. which is ~100 times lower than the observed value by Suzaku (see Table 4.9).
We also estimate the count rate of the inverse Compton X-rays using the XIS FI effective area 330 cm?
at 1.5keV for each position and generate its projection profile along the horizontal axis. This can
be compared with the observed profile. The results are shown in Figure 5.9. Results of fitting
with an elliptical shape for the observed projection profiles are shown in Figure 4.8, Figure 4.18,
and Figure 4.25, and are reproduced here as the observed count rates. The difference between the
D&G model estimation and the observed profile is relatively small with a factor of <10 in the inner
region (<10Rj), but becomes significantly larger to factors of 10-100 in the outer region (>10Ry).
The deficiency of the model emission in the outer region is the main cause of the discrepancy with
the observed results, with the proviso that it is maybe migrated, because of the CXB component
which became comparable for the diffuse emission in such a region (see the background levels in
Figure 4.8, Figure 4.18, and Figure 4.25) and because of unconstraint of the electron pitch angle
which efficiently acts on the inverse Compton scattering.

Bagenal et al. (2004) and Bolton, Levin, et al. (2001) suggested that the D&G model probably
underestimated the actual particle density in the Jovian magnetosphere by a factor of 5-10, based
on a comparison of the D&G model with radio observations. The radio observations measured the
Jovian synchrotron radio emission, so the data were limited in the inner region within several R;
where Jupiter’s magnetic field is strong. In this regard, our result which extends further out from the
inner region is consistent with their suggestion. On the other hand, our result for the outer region
has no comparable observations which provide a meaningful constraint on the particle distribution.
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Therefore, we have given the first observational result indicating that the D&G model underestimates
the electron density by a factor of 10-100 in the distant region, where no data of such energetic
particles have been obtained by in-situ spacecrafts.

We, additionally, estimate a photon index of the inverse Compton scattering based on the D&G
model by fitting a power-law function to the spectrum in each radial position and found it to be 1.6—
2.0 (lower left in Figure 5.8). The photon index expected from the D&G-model is slightly steeper
as compared with the observed value. Thus, we also interpret that the D&G model underestimates
preferentially the higher energy particles.

To summarize the discussion in this chapter, the most likely origin of the diffuse hard X-ray emission
around Jupiter is the inverse Compton emission from the magnetosphere. In this case, electrons with
energy of about 50 MeV are accelerated in a wide region in Jupiter’s magnetosphere. Quantitative
comparison with the D&G model showed that the electron density predicted by the model was unable
to explain the observed hard X-ray luminosity by a factor of <100. This raises a possibility that the
particle acceleration is more efficient, e.g., via the whistler-mode chorus wave-particle interactions,
than the previous picture at a distant region as far as 15-20 R; from Jupiter. The chorus waves
in the Jovian magnetosphere had been observed at a region between 6 to 15R; by the Galileo in-
situ measurements with constrained by its trajectories (Figure 2.10). It is possibly thought that
the chorus waves are more widely distributed or other unrecognized processes exist in such distant
regions. These results re-emphasize the necessity that the D&G model should be improved especially

at such distant positions.
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FIGURE 5.5: The electron density distribution in the Jovian magnetosphere given by
the D&G model (Divine and Garrett, 1983), plotted against different parameters. (a)
Omnidirectional integral flux at three energies as a function of L-shell parameter. (b)
Integral intensity at a pitch angle 90°, at the equator, for three L-shell values as a
function of energy. (c) Integral (E = 3 MeV) intensity at 90° pitch angle for different
L-shells as a function magnetic latitude. These dependencies are all reproduced by
our code and can be directly compared with Figure 2 in Divine and Garrett, 1983.
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FIGURE 5.6: Schematic description of the calculation process of the inverse Compton
scattering by the ultra-relativistic electrons in the Jovian magnetosphere.
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FIGURE 5.7: The D&G-model calculated color maps in a certain meridian surface of
magnetic shell parameter L (top left), magnetic field B (top right), omnidirectional
densities of the 0.3 MeV and 50 MeV electrons (middle left and right, respectively),
photon indexes of inverse-Comptonized 1-5 keV X-ray spectra (bottom left), and pow-
ers of inverse-Comptonized 1-5 keV X-rays (bottom right). The photon indexes are
obtained by fitting to the photon spectrum with a power-law function at each location.
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FIGURE 5.8: The three-dimensional D&G-model calculated color maps integrated in
a direction of a line of sight. Omnidirectional densities of the 0.3 MeV and 50 MeV
electrons (upper left and right, respectively), photon indexes of inverse-Comptonized
1-5 keV X-ray spectra (lower left), and powers of inverse-Comptonized 1-5 keV X-rays
(lower right). The photon indexes are obtained by fitting to the photon spectrum with
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FIGURE 5.9: (Top) Intensity profiles of the extended emission modeled by the ellipti-
cal shape for the 3 Suzaku observations, along with the D&G model prediction. The
fittings with the elliptical shape are shown in Figure 4.8, Figure 4.18, and Figure 4.25.
Normalizations of these profiles are corrected so that every distance to Jupiter is
4.04 AU. (Bottom) Intensity ratio to the D&G model. Errors are not shown in the
plots.
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Conclusion

In this thesis, we have investigated the X-ray emission in the vicinity of Jupiter using the Suzaku
observations, combined with a coordinated XMM-Newton observation. We analyzed data from a
total of 3 Suzaku XIS observations in 2006, 2012, and 2014, together with XMM-Newton EPIC data
taken in 2014.

From the 2006 observation, Ezoe, Ishikawa, Ohashi, Miyoshi, et al. (2010) discovered hard X-
ray emission extending over Jupiter’s magnetosphere. They discuss that the diffuse emission is likely
to be produced via inverse Compton scattering of solar visible photons by Jovian magnetospheric
electrons with extremely high energies (tens of MeV). If the diffuse emission originates from such
ultra-relativistic electrons, its variation amplitude should be similar to that of Jovian synchrotron
radio emission (JSR) at a level of several tens of %. JSR is considered to be produced by electrons
with energies of several MeV within several R; from Jupiter, where the magnetic field is significantly
strong (Bagenal et al., 2004; Bolton, Janssen, et al., 2002; Santos-Costa et al., 2008). JSR shows
both short and long-term variations as shown in Fig. 2.8, but does not indicate a simple correlation
with the solar activity. Variability of the Jovian diffuse X-ray emission will give a new constraint on
the acceleration mechanism of high-energy electrons, independently of what can be obtained from
the radio observations.

In order to verify the emission mechanism and variation of the hard X-ray emission, we looked
into the Suzaku data from observations of Jupiter in 2012 and 2014. Here, to keep the consistency
of the analysis, we addressed the 2006 data again in the same way for the other observations. Con-

sequently, we have obtained the following results and their subsequent interpretation.

e We removed point sources from raw images in the equatorial coordinate and superposed the
successively shifted images in Jupiter’s reference frame coordinate in two energy bands (0.2-1
and 1-5 keV), and confirmed the hard-band X-ray emission to be extended around Jupiter for
all the Suzaku observations in 2014, 2012, and 2006.

e We examined the spatial extent of the diffuse emission by looking into projection profiles of
count rates along the R.A. directions, after accumulation of data in a square (15’ X 6’ ) re-
gion around Jupiter. Assuming point-like emission from Jupiter’s body and elliptical emission
around it, the projection profile in the hard band was well-fitted by the combined model,
whereas the soft X-ray emission was fitted by only the point-like emission. The size of the el-
liptical emission is estimated as 20.0 Ry X 8.2Ry, 15.9R; X 6.9 Ry, and 12.6 R; X 3.5 Ry, and the
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intensity ratio of the elliptical emission to the point-like emission (D/B ratio) was calculated
ash 1.91 +£0.36,1.73 + 0.24, and 6.16 = 1.78 in 2014, 2012, and 2006, respectively.

We extracted background-subtracted spectra from a circular source region with a radius of
6’ and an annular background region with inner and outer radii of 6’ and 8’, respectively.
The spectra were fitted with a model composed of APEC, thermal bremsstrahlung, Gaussian
functions, and a power-law function, which corresponded to the solar X-rays, charge exchange
emission below 0.4 keV and around 0.5-0.7 keV, and the diffuse hard component. An indepen-
dent fit to the coordinated XMM-Newton’s EPIC spectrum showed no diffuse hard emission, and
we added, only in the 2014 spectrum, another power-law function describing the non-thermal
bremsstrahlung in Jupiter’s aurorae with fixed intensity and slope. This spectral analysis for
the 2014 data provides a key result that the flux ratio of these two power-law functions in
1-5 keV was estimated as 1.41 + 0.22 and consistent with the D/B ratio obtained from the

projection profile.

We could also separate the X-ray luminosity in the hard band into two components, namely
from Jupiter’s body and the diffuse emission based on the D/B ratios in 2012 and 2006. The
luminosity of the diffuse emission remained stationary with no clear correlation with the vari-
ability of the solar activity. In contrast, Jupiter’s body showed variability corresponding to the
solar activity and indicated a relatively large enhancement in 2012 by a factor of 2-5 from the
level in 2006.

The background emission such as Cosmic X-ray Background uniformly extends over the sky,
and cannot explain the anisotropic feature of this diffuse hard emission. The shape is rather
consistent with a spatial extension of the Jovian magnetosphere. With the low particle den-
sity in such a distant region from Jupiter, the solar X-rays could not be simply scattered. By
considering the magnetic field strength at this region (~0.01 G), the required electron energy
is too high (several TeV) to explain with the synchrotron mechanism. The obtained spectrum
can exclude a non-thermal bremsstrahlung mechanism involving keV electrons, which should
accompany strong fluorescent line emission from sulfur ions (2.3 keV) ejected from Io in the
Jovian magnetosphere. Therefore, only the inverse Compton scattering remained plausible as
a mechanism to produce the diffuse hard X-ray emission, which required tens of MeV electrons

as observed by past in-situ measurements.

Then, we calculated the luminosity of the inverse Compton scattering from the empirical model
of charged particles in the Jovian magnetosphere (Divine and Garrett, 1983), and found it
insufficient by a factor of ~100. Moreover, projection profiles of count rates indicated that
the empirical model under-estimated the electron density by factors of <10 and 10-100 in the
inner (<10R;) and the outer (>10R;) regions, respectively. The result of the inner region is
consistent with the result from past JSR observations (e.g., Bolton, Levin, et al., 2001), whereas
the constraint on the outer region has been given by this thesis for the first time. The photon
index of the model-based X-ray spectrum is slightly steeper than the observed one, and also
implies that the empirical model underestimates the particle densities in the high energy side
of the electron distribution.



Chapter 6. Conclusion 119

These results raise an issue that more data are required in future, and indicate that observa-
tions of the Jovian diffuse hard X-ray emission can globally monitor the origin and behavior of
ultra-relativistic electrons in the Jovian magnetosphere. Monitoring of the energetic electrons in
the Jupiter system will give important clues in clarifying the mechanism of particle acceleration in
the Jovian magnetosphere, whose knowledge would be further connected to our understanding of
the particle acceleration phenomena occurring in stars, supernova remnants, black hole systems, and
clusters of galaxies in the universe. We expect that useful data will be obtained not only from X-ray
observatories which are planned for launch in the near future such as XRISM' (Tashiro et al., 2018)
and Athena®® (Barret et al., 2013), but also from Jupiter probe missions carrying small X-ray in-
struments (e.g., JUXTA; Ezoe, Kimura, et al., 2013). Such a probe mission can obtain data with high
spatial resolution and high statistics since observations can be made very close to Jupiter compared
with those from the Earth neighborhood.

Thttp://xrism.isas.jaxa.jp/
2https://www.the-athena-x-ray-observatory.eu/
Shttps://www.cosmos.esa.int/web/athena
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Originally developed tools

A.1 attitune: Correction tool of reference frames of solar system ob-

jects for Suzaku

Unlike general X-ray celestial bodies, solar system objects (SSO) move on the sky coordinates and
make a large practical part of analysis quite difficult. Although sso_freeze for Chandra and
attmove for XMM-Newton are included as official tools in the packages, CIAO and SAS, respec-
tively, no tools for Suzaku have been developed or released at this time. Therefore, I developed
an original tool to express SSO’s events in its own reference frame by editing the attitude in the
observation from the orbit information of Suzaku and ephemerides of the objects and subsequently
re-processing for the event and named it attitune. In this paper, it is used for Jupiter’s analysis,
and this makes it possible for the first time to create not only an image but also a spectrum with
its reference frame. This section summarizes a concept of the tool and the debugging for use in
analyses.

A.1.1 Concept

Suzaku orbits the Earth while observing a certain celestial body and stabilizes its line of sight (LoS)
during the observation period. In many cases that such a celestial body is located so far away from
the Earth (i.e., Suzaku), the motion of Suzaku around the Earth and the Earth itself is negligible due
to its quite small parallax against the target body. However, in some cases observing nearer targets
such as the SSOs, the parallax becomes larger and more effective. Additionally, to make matters
worse, such near targets themselves often move in the sky in the observation period.

A near target at a certain time is positioned at a certain site in field of view (FoV) of observatories.
Here, if attitude information of the observatory can be overwritten in consideration of a distance to
the target from the original LoS in the sky coordinates, it will the target possible to be centered on
the (replaced) FoV. Hence, based on this concept, it is possible to keep the target at the center of
the FoV over the entire observation period by comprehending both the time-dependent positions of
the target and Suzaku.

NASA’s Jet Propulsion Laboratory (JPL) HORIZONS ! provides us SSO’s ephemerides by a Web-
interface or an e-mail-interface. JPL HORIZONS provides solar system data and ephemeris compu-
tation for solar system objects (921 900 asteroids, 3601 comets, 209 planetary satellites, 8 planets,

"https://ssd.jpl.nasa.gov/horizons.cgi
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the Sun, L1, L2, select spacecraft, and system barycenters ). The key input parameters for the HORI-
ZONS calculation are three: (i) target body, (ii) observer location, and (iii) time span. It outputs a
lot of information about the target as a function of time, in which we mainly utilized data of J2000.0
equatorial positions (a¢ and ) and distances (see their web site more detail), with taking the light
time to the target into account. Here, we note that Astropy? (version 3.1.2) and Astroquery®
(version 0.3.10.dev0) make it seamless for scripting code to obtain and handle the ephemerides
during the observation in attitune.

Suzaku’s position on its orbit and LoS are provided as an orbit and altitude file (named as
ae‘“‘OBSID’’.orb and ae‘‘OBSID’xi‘‘XISID”’. att) in its observation data sets we can handle. We
derived three data from the orbit file: altitude, latitude, and longitude as a function of time, and also
derived the LoS from the attitude file. By combining the Suzaku’s orbit information and the target’s
information mentioned above, we obtained distances to the target from the LoS in the equatorial
coordinate with the entire range of the observation. As a result, we generated a renewal attitude
file after correcting the original attitude file by the distance. Finally, Suzaku’s event file should be
reprocessed by xiscoord with the renewal attitude file. Here, xiscoord can overwrite SKY-X and

-Y columns from DET-X and -Y columns in the event file based on an input attitude file.

A.1.2 Debug by Suzaku observation data of the Moon

We conducted a debug of attitune by processing it to actual data observed by Suzaku. Suzaku had
observed the Moon which is the nearest SSO from the Earth and moving with the fastest apparent
velocity in the FoV in the sky coordinate. In brief, we considered that the Moon is the most suitable
for debugging the tool. In the following text, we reported example results by processing to XIS 0
data.

Figure A.1 shows a XIS 0 image of the Moon in the equatorial coordinate (J2000.0). The data
were taken in May 6-7 2014 with 9 maneuvers following the Moon’s motion. The green circles
indicate the Moon’s positions at a start, center, and end time in each maneuver. Thus, the circle at
the end time marginally corresponds that at the start time in the next maneuver. It is clearly shown
that the Moon rapidly passed the Suzaku’s FoV during the single maneuver.

We firstly tried to conduct a correction with only considering the Moon’s motion in the sky coor-
dinate (i.e., without considering the Suzaku’s orbital motion.) to all the 9 event files by attitune
(optional usage). The resultant image is shown in Figure A.2. The green circle centered on the FoV
indicates the Moon position and size with a radius of 14.8’. We could not recognize any signature
of the Lunar X-rays which likely brights on the half “dayside” disk as shown in Figure 2.3 (left).

Then, we secondary tried to conduct a full correction both with considering the Moon’s motion
and the Suzaku’s orbital motion. The resultant image is shown in Figure A.3. The green circle
indicates the same as Figure A.2. We could surely recognize a typical signature of the Lunar X-rays
which likely brights on the half “dayside” disk as shown in Figure 2.3 (left).

Finally, we created a spectrum in the Moon’s reference frame coordinate as shown in Figure A.3.
We adopted half “dayside” and “nightside” disks with a radius of 15’ as source and background re-

gions, respectively. The background-subtracted XIS 0 spectrum is shown in Figure A.4. The spectrum

2https://www.astropy.org
Shttps://astroquery.readthedocs.io/en/latest/#
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FIGURE A.1: An XIS 0 image of Lunar X-rays in the J2000.0 equatorial coordinate sys-
tem. Circles show positions of start (light blue), center (green), and end (green) time
of an observation in each 9 maneuver and sizes of the Moon with a radius of 14.8".
The end times approximately correspond to the start time of the next maneuvers.

shows a typical Lunar X-ray spectral feature (Wargelin et al., 2004) which consists of significant Ka
fluorescent line emission of oxygen (~0.53 keV), magnesium (~1.25keV), aluminum (~1.49 keV),
and silicon (~1.74keV). It also seems to show Ka fluorescent line emission of calcium (~3.69 keV)
and iron (~6.41 keV) and L« fluorescent line emission of iron (~0.71 keV). As a result, we found the
signature of the Lunar X-rays and demonstrated our original tool attitune successfully working for
Suzaku’s data.
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19 3.8 5.7 76 9.5 1 13 15 17

FIGURE A.2: The same as Figure A.1, but in a coordinate system corrected only
ephemerides of the Moon without Suzaku’s orbit. A circle shows the center of the
coordinate system and the size of the Moon with a radius of 14.8".
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4.3 8.6 13 17 22 26 30 34 39

FIGURE A.3: The same as Figure A.1, but in a coordinate system corrected both
ephemerides of the Moon and Suzaku’s orbit, i.e., in the Moon’s reference frame.
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FIGURE A.4: A background-subtracted XIS 0 spectrum of Lunar X-rays. Source and
background photons were extracted with the half “dayside” and “nightside” disks of
the Moon, respectively.
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