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Abstract

This paper reviews the results of the two key projects of the Suzaku satellite. The first is ”Systematic
study of the Galactic diffuse X-ray emission (GDXE)”. The GDXE exhibits strong K-shell emission lines
of neutral and highly ionized Si, S, Ar, Ca, Fe and Ni. Using these emission line profiles along the Galactic
plane, we successfully separate the GDXE into the Galactic center (GCXE), bulge (GBXE) and ridge X-ray
emission (GRXE). From the line ratios of highly ionized atoms, the GDXE is found to consist of at least
two plasmas of ∼1 keV (low temperature plasma: LP) and ∼7 keV (high temperature plasma :HP). These
temperatures are different between GCXE and GRXE. The global structure of the GCXE is compared
to the stellar mass distribution function, and concluded that the majority of the GCXE is diffuse origin,
either due to star burst activity or activities of Sgr A∗ of about 100 − 700 years ago. The GDXE also
exhibits K-shell line from neutral Si, S, Ca, Fe and Ni atoms. Neutral iron line near the Galactic center is
most likely the fluorescence of X-rays from putative past flare of Sgr A∗ of 100∼1000 years ago. This key
project provides many serendipitous discoveries, one is a recombining plasma (RP) at the Galactic south,
which would be made by a Sgr A∗ activity of about105 years ago. The other is a hint of emission line
at ∼10 keV, a remote possibility is decay of sterile neutrino. The second key project is ”New Scenario
for the Thermal Plasma in Mixed-Morphology (MM) SNRs”. We have discovered RPs from 7 Galactic
SNRs. Six are either GeV or TeV Gamma sources. Most likely origin of RP is rarefaction, although other
possibilities are not excluded. In any scenario, RP in SNRs provides a challenge to the standard scenario
of SNR evolution. We found some SNRs have over abundance ratio of Ni/Fe, which is not predicted with
any model of symmetric explosion. Since these elements are made in the inner-most region of SNe, this
discovery may give new information of the inner-most region coupled to asymmetric SN explosion.
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1. Systematic Study of the Galactic Diffuse X-ray Emis-
sion (GDXE)

In this section, I report the detailed spectroscopy of the
GDXE with the Suzaku Key project AO4. A debatable
issue is the origin of the GDXE plasmas; whether it is a
diffuse plasma or integrated emission of many unresolved
point sources such as cataclysmic variables (CVs) and ac-
tive binaries (ABs). The GDXE also exhibits the K-shell
lines from neutral atoms. The K-shell lines are due to flu-
orescence by the irradiation of X-rays or low energy cos-
mic rays (electron or protons). Thus all these lines may
provide key information on the dynamics and structure
of the Galaxy. In this paper, we designate the transition
lines from the first excited to the ground states (the prin-
ciple quantum number n = 2 → 1) in neutral, He- and
H-like atoms to be Kα, Heα and Lyα, respectively, and
the transition lines from the second excited to the ground

states (the principle quantum number n = 3 → 1) is ex-
pressed by the suffix of β.

1.1. Spatial Structure of the GDXE

We have made the profiles of the Fe Heα, Fe Lyα, S Heα
and S Lyα lines along the Galactic plane. The results are
given in Figure 1. From the profiles, we can separate the
GDXE into the Galactic center (GCXE) and the Galactic
ridge X-ray emission (GRXE). The GCXE is compact
region in the |l| ≤ 1◦.0 from the Galactic center (Sgr
A∗) in the Galactic longitude, while the GRXE is largely
extended to |l| ∼50◦. The coexistence of strong K-shell
lines of Fe and S indicates that GDXE is composed of
at least two plasmas, high temperature plasma (HP) of
about 7 keV and low temperature plasma (LP) of about
1 keV.

Fe Heα and Fe Lyα lines come mainly from HP, while
S Heα and S Lyα lines are due to LP. The profiles of
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Fig. 1. Upper-left: Flux of the Fe HEα lines along the Galactic plane
as a function of the Galactic longitude (|l|) (distance from Sgr A∗.
Upper-right: Same as upper-left but for the flux Fe Lyα. Low-
er-left: Same as upper-left but for the S HEα lines. Lower-right:
Same as upper-left, but for the S Lyα (courtesy of Uchiyama).

Heα and Lyα are different, but the differences are not
the same between Fe and S. To see more clearly, the flux
ratios of Fe Heα to Fe Lyα lines are plotted in Figure 2.
We see that the temperature of HP (6.9 keV/6.7 keV flux
ratio) in the GCXE is higher than that in the GRXE. On
the other hand, by the flux ratio of S Lyα to S Heα lines,
we see that the temperature of LP in the GCXE is lower
than that in the GRXE. Thus we can conclude that the
spectrum of the GCXE is different from the GRXE.

Fig. 2. Flux ratio of the HEα lines along the Galactic plane as a
function of the Galactic longitude (|l|) (courtesy of Uchiyama).

The origin of the HP in the GRXE would be superpo-
sition of many X-ray point sources, possibly combination
of CVs and ABs (Revnivtsev et al. 2009). Thus we com-
pare the Fe Heα line profile to that of the stellar mass
distribution made from the IR data of COBE, IRAS and
IRT (Boggess et al. 1992, Clegg 1980, Koch et al. 1982).
The results are given in Figure 3. Adopting the point
source origin of the GRXE, we normalized the intensity
of the stellar mass function to the Fe Heα line in the

GRXE, then clear excess of Fe Heα line is found in the
GCXE region (Figure 3 left). Thus unlike the GRXE,
major fraction of the GCXE is not due to point sources.
In Figure 3 right, we also see data excess in the GCXE
region of |b| ≤ 0◦.5 compared to the larger |b| region.
We call this region as the Galactic bulge X-ray emission
(GBXE).
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Fig. 3. Left: The flux distribution of the Fe Heα along the Galactic
latitude on the plane (|b| = −0◦.05). Right: The flux distribution
of the Fe Heα perpendicular to the Galactic plane at |l| ∼ −0◦)
The solid line is stellar mass distribution normalized to the GDXE
data at |l| ≥ 2◦ (adopted from Uchiyama 2011).

The point source scenario of the GRXE and GBXE,
however contains potential problem in the equivalent
width (EW) of iron. The EWs of Fe Kα and Fe Heα
(EW6.4 and EW6.7, respectively) in the GRXE and
GBXE are obtained to be 250 eV and 400 eV, re-
spectively (Uchiyama et al. 2013). Hellier and Mukai
(2004) listed 5 CVs and derived the averaged EW6.4 and
EW6.7 to be 120 eV and 160 eV, respectively. Bernar-
dini et al. (2012) reported averaged EW6.4 of 9 IPs is
∼ 130 − 220 eV. Yuasa et al. (2012) argued that the
spectrum of the GRXE is similar to the assembly of CVs.
However the best-fit iron abundance in the GRXE is ∼ 1
solar, which is about 3 times larger than the average of
known CVs.

By summing 7 ABs in the Suzaku data, we obtain
EW6.4 =19 eV and EW6.7 =380 eV. In any combination
of CVs and ABs, EW6.4 and EW6.7 in the GDXE are
about 2–3 times larger than those of the known bright
CVs and ABs. Thus still unresolved faint point sources,
should have larger iron abundance, or the emission mech-
anism is different from the resolved point sources so as
to enhance the K-shell lines of Fe.

The EW excess in the GCXE from the integrated point
sources is much larger than the GRXE and GBXE. To-
gether with the different spectra of GCXE from those
of GRXE+GBXE, and excess of the GCXE above the
stellar distribution, we propose that the major origin of
GCXE is diffuse hot plasma. Then the plasma temper-
ature is too high to be confined by the gravity of the
Galaxy, and hence the plasma gas should escape from
the Galactic center regions. In order to sustain such hot
plasma in the Galactic center, huge amounts of energy
should be supplied continuously. A source of this energy
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supply would be high energy activities in the Galaxy,
flares or jets of a super massive black hole (SMBH) Sgr
A∗, reconnections of the Galactic magnetic field or a
large amount of supernova remnants. In the next sec-
tions, we discuss this issue using the Fe Kα (6.4 keV)
line.

1.2. Relic of the GC activity: XRN (X-ray echo)

The other K-shell lines notable in the GDXE are those
from neutral atoms, in particular the 6.4 keV line from
neutral iron. The GCXE has many spot of strong Fe Kα
line with deep K-shell absorption edge, at the positions
of giant molecular clouds (MCs) in the central molecular
zone (CMZ). These spectral features support the X-ray
Reflection Nebula (XRN) scenario (e.g. Koyama et al.
1996), in which X-rays are due to a fluorescence and
Compton scattering by the cold gas of the MCs. To
explain the observed fluxes of the XRNe, we need higher
X-ray luminosity for an irradiating source than any of
the brightest Galactic X-ray binaries.
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Fig. 4. X-ray light curve of Sgr A∗ in the past 500 years. Data
points of Sgr C and Sgr B are shown by filled and open circles.
The arrows show short-term variability obtained by adjacent two
observations (adopted from Ryu et al. 2013).

Some of the XRNe exhibit time variability on a
timescale of few years (e.g. Koyama et al. 2009, Inui et
al. 2009, Terrier et al. 2010, Ponti et al. 2010, Nobukawa
et al. 2011), the irradiating source should be an X-ray
bright single object, a potential candidate of the irradi-
ating X-ray source should be the SMBH, a past flare of
Sgr A∗.

Observed spectra of the GCXE are mixture of the GC
plasmas and XRNe. Since X-rays of the GC plasma lo-
cated behind the XRNe are largely absorbed, while those
in front the XRNe are not, the combined spectra has po-
sitional information of XRNe in the GC plasma. Ryu
et al. (2009) and (2013) analyzed the GCXE spectra
as the sum of the GC plasmas in front and behind the
XRNe, and additional component of XRN itself. The
results give 3-dimensional positions of the XRNe in the

GC plasma. Using the flux of XRNe, one can obtain past
flare fluxes of Sgr A∗ at different epochs depending on
the 3-dimensional positions. This light curve is given in
Figure 4. The X-ray luminosity of Sgr A∗ about 100∼700
years ago was ∼ 106 times higher than it is now. Since
the fluxes show short time (years) of variations, the flare
would be composed of multiple short-time flares of peak
flux of ∼ 1039 −−3× 1039 erg s−1.

1.3. Another Relic: Recombining plasma

In the key project data, we find a thermal emission of
∼ 0.5 keV at around (l, b)= (0◦, −1◦.5) (see figure 3 in
Nakashima et al. 2013). The spectrum is fitted by a re-
combining plasma (RP), in which recombining time scale
net is 5.3× 1011 s cm−3, where ne and t are the electron
density and elapsed time in recombination, respectively.
From the spectra, the density ne is 0.1 cm−3, and hence
t is 2 × 105 year. This plasma has a jet-like structure
ejected from Sgr A∗ and the plasma is in a process of
recombination (figure 4 in Nakashima et al. 2013).

One scenario is that the almost fully ionized (at least,
for Si and S) plasma was made by a jet-like activity
(flare) of Sgr A∗ ∼ 2 × 105 years ago, and is still in
a recombining phase. In addition to the recent flares
(100∼700 years ago), Sgr A∗ experienced more energetic
flares in the far past of ∼ 2×105 years ago. The elapsed
time t is given as a function of distance from Sgr A∗

(Figure 5). This figure shows light travelling time of the
ejected plasma with the velocity of ∼ 1000 km s−1, and
also gives past activity history of Sgr A∗. We propose
that energetic flares of Sgr A∗ may not be rare events
in the past. One intriguing idea is that high tempera-
ture plasma of kT ∼ 7 keV seen in the GCXE and the
low-energy plasma of kT ∼ 0.5 keV in the GBXE may
be produced by multiple flares of Sgr A∗ lasting until a
recent epoch of ∼ 2× 105 to ∼ 100 years ago.

Fig. 5. Elapsed time plot as a function of distance from Sgr A∗.
From this plot, the velocity of the plasma (jet) is estimated to be
1000 km s−1 (courtesy of Nakashima).
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1.4. Serendipitous Discovery: Sterile Neutrino ?

Sterile neutrinos are candidates of dark matter, with
their preferred mass lying in the range of 1∼30 keV.
They decay two photons with the energy of half the mass.
The Galactic center region may have high dark matter
density and hence provides an attractive site to search
for radiative decay signals. In the Suzaku GCXE spec-
trum, possible sterile neutrino signal is found at 8.7 keV
(Prokhorov & Silk 2011; Chan & Chu 2011). However
this line is in the strong X-ray background (the GCXE),
and hence signal of possible sterile neutrino may be
buried under in this high background. The scale height
of the GCXE is 0◦.3 ∼ 0◦.25 (Uchiyama et al. 2013),
which is far smaller than that of possible sterile neutrino
distribution. More suitable site for the sterile neutrino
search would be in the GBXE, which has a fainter back-
ground than the GCXE.

We find faint line-like features at 9.4 keV and 10.1 keV
in the Suzaku spectrum made by all the GB observations
(Figure 6 left). These line features are not found in the
GCXE due to the high background. Neither atomic line
nor instrumental structure exists at these energies (the
closest line is Au-L at 9.71 keV). Although the signifi-
cance level of this line is only 2.5 sigma at this moment,
these residuals should not be ignored because it may be
a hint of a new important science, if not a decay line of
sterile neutrino. In fact, many outstanding discoveries
in the GDXE, particularly the 6.4 keV echoes and RP at
the GBXE (evidence for past Sgr A∗ flares) are estab-
lished by an initial faint signature (Koyama et al. 1996,
Nakashima et al. 2013). We note that a suggestion of a
weak line at ∼ 3.5 keV in X-ray spectra with deep expo-
sures of Galaxy clusters using the XMM-Newton satellite
(Bulbul et al. 2014) is not found in our GBXE spectrum.
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Fig. 6. Left: Combined spectrum from all the data of the Galac-
tic bulge observations. Line like structures are found at 9.4 and
10.3 keV (courtesy of Nakashima). Right: Mass-mixing angle
relation for sterile neutrino. The big star is our sterile neutrino
candidate (plotted on the figure of Bulbul et al. 2014).

2. New Scenario of the SNR Evolution

In this section, I will report on new observational results
by the AO7 Key project, which are the discovery of re-

combining plasma (RP) and Ni/Fe overabundances from
some mixed-morphology (MM) SNRs.

2.1. Discovery of RP

In SNRs, blast wave with the velocity (v) is converted
to high electron temperature (Te) plasma, then the elec-
trons gradually ionize atoms to increase ionization tem-
perature (Tz). During this phase, the plasma is always
Te ≥ Tz, which we call as ionizing plasma (IP). Therefore
RP challenges the standard scenario of the SNR evolu-
tion.

Fig. 7. Schematic picture of the standard evolution of SNR (solid
line) and that of rarefaction scenario (dashed lines). In the latter
case SN (star symbol) occurred in the dense CSM (dark gray area)
and break-out to the thin ICM (thin gray area).

Typical example of RP is found in the X-ray spectrum
of IC 443. It exhibits many K-shell lines from highly
ionized atoms including Fe Heα line at 6.658∼6.637 keV.
Unlike usual IP, this energy is dominated by a forbidden
line. The electron temperature determined by the steep
continuum shape is kTe ∼0.6 keV, too low to make highly
ionized iron. Therefore Tz should be higher than 0.6 keV,
and the Fe Heα line is not due to collisional excitation,
but is mainly due to the cascade recombination of free
electrons. This is direct evidence for RP.

We have already discovered many RP SNRs as are
listed in table 1. The origin of RP is debatable. Most
plausible scenario is rarefaction in an early phase of core-
collapsed SNe (Itoh, H., & Masai, K. 1989; Shimizu et
al. 2012). As is illustrated in figure 7, SNe in high den-
sity circumstellar medium (CSM) may produce Te = Tz

plasma, then it break out to a low density interstel-
lar medium (ISM). With an adiabatic expansion, Te is
cooled down to Te ≤ Tz (RP). Then the SNR plasma
become in the recombining phase. We are observing in
a phase of recombination. The other scenarios are cool-
ing of electrons by thermal conduction to cool clouds,
photo ionization by an early X-ray bright flush of SNe,
like gamma-ray afterglows of hyper nova remnants, and
selective ionization by supra thermal electrons. We still
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Table 1. List of Recombining plasma SNR

Name kTe1(keV) kTz (keV) net(10
11s cm

3

) GeV/TeV Reference
W28 0.47 0.5−1.0 - GeV/TeV Sawada et al. 2012
W44 0.47 - 6.2 GeV Uchida et al. 2012
W49B (hard) 1.5 2.7 - GeV/TeV Ozawa et al. 2009
IC443 (soft) 0.58 - 6.7 GeV/TeV Yamaguchi et al. 2009
IC443 (hard) 0.65 - 9.8 GeV/TeV Ohnishi et al. 2013
G359.1-0.5 0.29 0.77 - GeV/TeV Ohnishi et al. 2011
G346.6-0.2 0.30 - 4.8 No Yamauchi et al. 2013
G348.5+0.1 0.47 - 12 GeV/TeV Yamauchi et al. 2014
3C391 0.48 - 14 GeV Sato et al. 2014

have not enough data to judge these possibilities.

2.2. Ni/Fe Over Abundances

Fig. 8. Observed Ni Heα/Fe Heα ratios. Fe Heβ and Ni Heα are
separately observed in Tycho and Kepler, but not for the other
SNRs. We hence subtract Fe Heβ flux following Yamaguchi et al.
(2014) and estimate the Ni Heα flux.

From the G350.1-0.3 and G349.7+0.2 SNRs, we found
strong Fe Heα and Fe Heβ+Ni Heα lines. This means Fe-
peaked elements are highly overabundant even though
G350.1-0.3 and G349.7+0.2 are CC SNRs. More strik-
ing fact is that the abundance of Ni is far higher than
that of Fe (ZNi/ZFe ∼ 8). We plot the Ni/Fe flux ra-
tio in comparison to those of normal SNRs (Figure 8).
Such a high ratio in these SNR has not been found from
any other SNRs, and is not predicted by the standard
theoretical model (Woosley & Weaver 1995).

Ni is made in the innermost core region of SN progen-
itors. In this region, neutron excess nucleus Ni58 would
be made, while 4α nucleus of Ni56 decays to Fe56. If SN
explosion is highly asymmetric, the neutron rich interior
(core region) would be preferentially ejected, and hence
the ratio Ni/Fe becomes larger than that in symmetric
explosion.

Maeda et al. (2008) reported that a large amount
of Ni is ejected from the core as a result of an asym-

metric explosion. These SNRs have morphologies away
from symmetry. It has been commonly understood that
asymmetric explosion is further affected by the surround-
ing molecular gas and caused the peculiar morphologies.
Our discovery of high Ni/Fe provides new insight to the
core region of massive progenitor stars via asymmetric
explosion.

2.3. 3C397: Peculiar SNR

Fig. 9. Right: Doppler-shifted model and Left: 2net-model for the
3-10 keV band spectrum of 3C397 (courtesy of Sugawara)

3C397 is an X-ray bright MM-SNR. Its progenitor
is unclear: whether Type Ia or core-collapsed SN. In
the key project, we find extraordinal abundance pattern
from 3C397. Heα lines of Ne, Mg, Si, S, Ar and Ca
show no line broadening, while those of the Fe-peak ele-
ments (Cr, Mn, Fe and Ni) show significant broadening
(see Figure 9). Unlike the Tycho SNR (Tamagawa et al.
2009), this may not be due to the Doppler broadening.
In order to clarify, we fit the 3-10 keV band spectrum
with a blue-red shifted spectral pair. This model is re-
jected with the reduced-χ2 of 1.7. As is shown in the left
panel of Figure 9, the residuals are large at Ar and Ca
lines. We then fit with a 2 − net plasma and reduced-
χ2 is largely improved to 1.0 (right panel of Figure 9).
Thus the line broadening of Fe-peaked elements is due
to 2 − net plasma; one is net ∼ 2 × 1010 s cm−3and the
other is net ∼ 4× 1011 s cm−3.
The abundances of the sum of the two plasmas are

given in Figure 10. Neither Ia nor core-collapsed (CC)
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Fig. 10. The abundance pattern of 3C397. For comparison, those of
Ia and CC (15M◦) SNRs are shown (courtesy of Sugawara).

SNR can fit the abundance pattern both in Ne and Mg
and Fe-peaked elements (Cr, Mn, Fe and Ni). If the mass
of CC SN become larger than ∼ 30M◦ then the fit for Ne
and Mg becomes better, but that for larger z elements
become much worse.

Remarkable structure is that Fe-peaked elements show
extremely large overabundant. As discussed in the pre-
vious section, the core-region materials (Fe-peaked ele-
ments) are preferentially ejected possibly by an asym-
metric explosion. Particular interest on this SNR is that
Mn and Ni are much more overabundant. For the Ni Heα
relative to Fe Heα, it is already demonstrated by the flux
ratio in Figure 8.

The flux ratio of Mn Heα to Fe Heα for the Kepler,
Tycho and W49B SNRs are 1.4, 1.6 and 1.5% (Park et al.
2013, Tamagawa et al 2009. Yang et al. 2009), respec-
tively, while that for 3C397 is 5.1%. Although samples
are still limited, the high abundance of Mn is outstand-
ing compared to the other SNRs. This would be due to
the enrichment by neutron rich interior, The overabun-
dance of Mn relative to Fe gives further supports of an
asymmetric explosions. In fact, we see larger enhance-
ment of Fe-peaked elements in the south region of this
SNR. Interestingly, from the south region, we see a hint
of Ti Heα line at ∼ 4.7 keV (Sugawara 2014, private
communication). Taking into account of all these ex-
treme peculiarity, 3C397 will becomes the next hero in
the SNR science.

The author thanks to all his colleagues for the re-
searches using the key projects data. In particular, owing
to Nobukawa, M., Ryu, S., Uchiyama, H., Nakashima, S.,
Yamaguchi, H., Ozawa, M., Uchida, H., Ohnishi, T., Ya-
mauchi, S. Kamitsukasa, F., Yasumi, M., Sugawara, R.,
Sato, T., Minami, S. and the other young colleagues, the
two key projects become the most fruitful projects of the
Suzaku satellite.
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