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Suzaku was the Japanese 5th X-ray astronomy satellite operated from 2005 July 10 to 2015 Au-
gust 26. Its key features are high-sensitivity wide-band X-ray spectroscopy available with both
the X-ray imaging CCD cameras and the non-imaging collimated hard X-ray detector. A number
of interesting scientific discoveries have been achieved in various fields. Among them, I will focus
on results on supernova remnants. The topics in this paper include (1) revealing distributions of
supernova ejecta, (2) establishing over-ionized plasmas by discoveries of radiative-recombination
continua, (3) constraining progenitors of Type Ia SNRs from Mn/Cr and Ni/Fe line ratios, and (4)
searching for X-ray counterparts from unidentified HESS sources. These results are of high sci-
entific importance in physics of supernova explosions, non-equilibrium plasmas, and cosmic-ray
acceleration.
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1. Supernova Remnants & The Suzaku Satellite

Supernova remnants (SNRs) are the aftermaths of energetic supernova explosions that an-
nounces deaths of stars. There are roughly 400 SNRs in our own galaxy and nearby galaxies.
Thanks to their proximity, they are of high scientific interest, providing us with insights into SN
explosion mechanisms as well as SN nucleosynthesis. They are also astrophysical laboratories to
study non-equilibrium plasmas. Moreover, there is growing evidence that their shock waves (both
blastwaves and reverse shocks) accelerate most of cosmic rays in the galaxy. SNRs can be seen in
many wavelengths ranging from radio to TeV gamma-rays. The SNR plasmas are usually so hot
(1097 K) that they emit X-rays most efficiently.

Suzaku was the Japanese 5th X-ray astronomy satellite launched in 2005 July 10 [23], and
terminated the operation officially on 2015 August 26. It is characterized by the high-sensitivity
wide-band X-ray spectroscopy performed by X-ray imaging CCD cameras (XIS) [19] and non-
imaging collimated hard X-ray detector (HXD) [33]. Suzaku was also equipped with the X-Ray
Spectrometer which is a non-dispersive, high-resolution X-ray spectrometer. Despite its initial
success such as achievements of an energy resolution of 7 eV onboard [17], on 2005 August 8,
a thermal short between the helium and neon tanks resulted in the liquid helium coolant venting
to space, leaving that system inoperable. Nonetheless, Suzaku successfully delivered a number
of important results, thanks to the XIS and HXD. We will review results on supernova remnants
(SNRs) that are mainly derived from the XIS.

2. Revealing Ejecta Distributions

Since SNRs are observed as extended objects, we can directly reveal distributions of SN ejecta,
which is a strong observational merit that cannot be attained with extragalactic SNe. Combined
with the high spectral resolution of Suzaku’s XIS, which enables us to separate line emission from
different elements, we can reveal ejecta distributions for individual elements. This capability is
important to constrain recent SN explosion models that predict a variety of distributions of SN
ejecta, including Ni-rich jets plus O-rich torus structures [20, 37], large-scale finger structures
due to standing accretion-shock instabilities [35], and ejecta-neutron star recoils [48]. In addition,
SNRs offer unique sites to study mixing of SN ejecta not only during SN explosions but also into
the interstellar medium (ISM) at a very late phase. Therefore, X-ray observations of SNRs are
important in understanding metal-enrichment processes in the Universe, too.

Suzaku revealed detailed ejecta structures for a number of SNRs. Among them, we here focus
on the results of the Cygnus Loop — one of the nearest and brightest SNRs in the X-ray sky. Since
the Loop is quite large (a radius of ~1.4°), we conducted a large, ~2 Msec, Suzaku and XMM-
Newton observations to cover the entire remnant with sufficient depths that allow for spatially-
resolved spectroscopy. The fields of view are shown in Fig. 1 left. The mosaiced Suzaku and XMM-
Newton image is shown in Fig. 1 center, for which red, green, and blue correspond to the energy
ranges of 0.2-0.6 keV, 0.6—-1.2 keV, and 1.2-2.0 keV, respectively. This figure shows that the central
region is harder than the outermost regions, which is consistent with previous GINGA, ROSAT, and
ASCA observations [9, 3, 27]. This implies that relatively hot SN ejecta, being surrounded by a
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Figure 1: Left: X-ray image of the entire Cygnus Loop taken by ROSAT HRI. Overlaid boxes and circles
are Suzaku’s XIS and XMM-Newton’s EPIC fields of view, respectively. Center: Combined XIS and EPIC
image of the Cygnus Loop. Red, green, and blue correspond to the energy ranges of 0.2-0.6keV, 0.6—
1.2keV, and 1.2-2.0keV, respectively. The blue and red boxes, marked as (1) and (2), indicate regions
where we extract spectra in the right panels. Right: XIS (BI) spectra from the regions (1) and (2) shown in
the central panel. Blue and red represent swept-up and ejecta components, respectively. Lower panels show
residuals.

relatively cool swept-up shell, occupy a large volume inside the remnant — a view constructed by
spectroscopic studies with ASCA [25, 26].

To reveal detailed spatial structures of SN ejecta, we have performed spatially-resolved spec-
troscopy by dividing each field of view into small (a few arcminutes) rectangular regions. Two
example XIS spectra taken from 3’ x 3’ regions indicated in Fig. 1 center are presented in Fig. 1
right. The spectra can be fitted with either a single-component or two-components non-equilibrium
ionization model, in which the low- and high-temperature components are supposed to be respon-
sible for the swept-up medium and the SN ejecta, respectively. These models give reasonably good
fits for all of the spectra, often requiring two-component model for the interior of the remnant
[40, 12, 18, 41, 42]. As described in these papers, the distribution of ejecta is never uniform, but
highly asymmetric in the sense that the ejecta are preferentially distributed in the southern part of
the remnant.

All of the published results used incomplete data sets that were available at the analysis phases.
We here use all the data sets in Fig. 1, and generate band ratio maps of O VII (0.5-0.6keV),
Mg XTI (1.26-1.4keV), Si XIII (1.7-2.0keV) to a continuum (1.4-1.7keV), as shown in Fig. 2.
We can find clearly distinct distribution patterns; O is rim-brightened, whereas Si is concentrated
into the central part, and Mg is comparatively uniform. This confirms that O is predominantly
arising from the swept-up medium, while Si is dominated by SN ejecta, and Mg is intermediate.
It should be also noted that we confirm clear asymmetric distributions of Si, which are biased to
the south and are extending to the southern blow-out region. We suggest that this asymmetry is
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Figure 2: Linearly-scaled band-ratio maps of O VII K (0.5-0.6keV), Mg XI K (1.26—-1.4keV), and Si XIII
K (1.7-2.0keV) to a continuum (1.4—1.7 keV) based on merged XIS and EPIC data. White contours overlaid
represent X-ray intensities based on ROSAT all-sky survey data.

caused by intrinsic SN explosions rather than environmental effects; if the environmental effects
were important, we would see oppositely biased ejecta distribution (to the north), since the reverse
shock should proceed more in the north than in the south, given the presence of a dense wall in the
north but a blow-out in the south. Subsequently, this kind of ejecta asymmetry has been revealed in
many SNRs (both CC SNRs and Ia SNRs) including Puppis A [11, 14], G156.2+5.7 [13, 43], and
SN 1006 [45], indicating the commonality of asymmetric, uni-polar SN explosions.

3. Establishing Over-Ionized Plasmas

The SNR plasmas are usually in non-equilibrium ionization states, unlike clusters of galaxies
where we usually see relaxed plasmas. This is simply because the time after the shock heating in
SNRs is much shorter than the equilibration timescale. In a SNR (collisionless) shock for which
each elemental species is expected to attain the mass-proportional temperature, we expect the elec-
tron temperature to be much lower than the ion temperature right behind the shock. Then, the
electron temperature gradually increases through interactions with ions. The hot electrons start to
ionize the nuclei. Therefore, the ionization (rather than recombination) proceeds in SNRs, so that
we should observe electron temperatures higher than what are expected from the ionization states.
In fact, such under-ionized non-equilibrium conditions have been recognized in many SNRs since
1980’s [47, 39, 24].

On the other hand, an opposite non-equilibration states, the so-called "over-ionized" state, in
which a plasma has a higher ionization state than what is expected from an electron temperature,
was claimed in IC 443 and W49B, based on anomalously high K-shell lines in H-like ions compared
with those in He-like ions [15, 16]. However, later XMM-Newton studies were able to explain the
X-ray spectrum with an equilibrum emission model, questioning the "over-ionized" states [38].

Suzaku provided new insights into this problem, based on the discovery of strong radiative-
recombination continua (RRC) from IC 443 [49]. The line ratios as well as the RRC features
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are self-consistently explained by a recombining (or over-ionized) plasma. After this discovery,
roughly ten SNRs were found to show recombining plasmas evidenced by the RRC features [29,
28,32, 44, 51]. It should be noted that the over-ionized plasmas have been found only from mixed-
morphology SNRs, i.e., SNRs assoiciated with radio shells plus centrally-peaked thermal X-rays
[31]. This point might be the key to understand when and how these over-ionized plasmas were
formed.

4. Probing Type Ia Progenitors by Line Emission from Cr, Mn, Fe, and Ni

Suzaku opened a new window to detect faint line emission from minor iron-group elements
such as Cr, Mn, and Ni, whose intensity ratios are sensitive to the properties of SNe Ia progenitors.
Badenes et al.(2008) [4] noticed that the Mn/Cr ratio strongly depends on the metallicity of an
exploding white dwarf. Briefly, neutron excess of Mn (with respect to Cr) is an important clue to
understanding the physics. Since the composition of a white dwarf is C, O, and a little bit neutron-
rich 22Ne, more 22Ne would produce more Mn. Meanwhile, 22Ne originates from N, which is the
product of CNO-cycle during H-burning in a main sequence star. Since CNO-cycle converts C and
O into N (practically), the amount of C and O controls the amount of N as well as neutron-excess
elements like 2>Ne, Mn, and Ni. If we assume that the amount of C and O represents the metallicity,
then we should expect a positive correlation between the progenitor meteallicity and Mn/Cr and
Ni/Fe ratios in the SN ejecta. Based on this method, the progenitor metallicities of Tycho’s SNR
and Kepler’s SNR were estimated to be ~1 and ~3 times the solar values, respectively [36, 30].

Recently, an extremely high Ni/Fe and Mn/Fe line ratios (or mass ratios of 0.11-0.24 and
0.018-0.033, respectively) were found in 3C 397 [50]. The high ratios are hard to be reconciled
solely by controlling the metallicity of the progenitor star. Therefore, Yamaguchi et al. (2015)
postulated that electron-caputure processes inside the exploding white dwarf make the extreme
neutron excess. For the electron-caputure process to occur, the core density of the white dwarf
needs to be higher than 2x 10% gcm ™3 which can be attained only if white dwarfs are heavier than
1.2Mg,. Thus, in this scenario, the classical single-genenrate channel, in which a Chandrasekhar-
mass white dwarf is involved, is preferred as a progenitor star.

5. Identifying Unidentified TeV Gamma-Ray Sources

The H.E.S.S. collaboration has performed a survey of the Galactic plane, discovering tens
of new sources in TeV gamma-rays [1]. Interestingly, about 50 sources were found not to be
associated with known sources in other wavelengths [10]. They stay unidentified, and are called
"TeV unlD sources" or "dark particle accelerators". If they really do not have counterparts in X-
rays (synchrotron radiation), they are most likely to be proton accelerators, i.e., origins of cosmic
rays. Therefore, deep follow-up observations are eargely awaited.

To date, X-ray follow-ups have been performed for roughly half of these unID sources. As a
result, many of them were identified as pulsar wind nebulae (PWNe). These include HESS J1614-
518 [22], HESS J1825-137 [46], HESS J1837-069 [2], and several other sources identified with
XMM-Newton and Chandra. Since PWNe do not likely accelerate protons, they can not be origins
of cosmic rays.
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On the other hand, Suzaku gave strict upper limits for some other sources, including HESS J1616-

508 [21], HESS J1745-303 [6], and HESS J1804-216 [5]. Interestingly, Fermi detected strong GeV
gamma-ray emission from HESS J1616-508 and HESS J1804-216, which can be interpreted as the
pion-decay bump due to interactions between accelerated nucleons with the ambient matter [7].
These sources are therefore promising candidates of proton accelerators. However, their photon
indices would be too steep to produce observed cosmic-ray spectrum, if we consider a possible
spectral softening during cosmic-ray propagation to the earth. Therefore, further observations are
desired to understand their nature(s). In particular, it is essential to fill the current observation gap
between 10keV and 1 GeV, part of which will be covered with NuSTAR [8] and ASTRO-H [34].
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