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Tycho

Fe-centered structure is maintained, and 
Fe are shock-heated later by reverse shock.

slower expansion 
 velocity of FeA. Hayato

H. Yamaguchi modified

Fe-K traces the distribution of the nuclear-burning product. 

Only 14 samples have been identified as Type Ia SNRs with 
the Fe-K emission.

lower ionization Fe-K emission

SN1006
S148 H. Yamaguchi et al. [Vol. 60,

Fig. 8. XIS spectra in the 0.33–10 keV band which were extracted from the red elliptical region shown in figure 3. The black and red data points
represent the FI and BI spectra, respectively. The solid lines, colored green, blue, light blue, orange, and magenta show the components of the ISM,
Ejecta 1, Ejecta 2, Power-law, and additional Gaussians of the best-fit model for the BI spectrum. Note that the Gaussian like structures (magenta) at
! 1.2 keV and ! 1.9 keV are escape peaks of the added Gaussians at 3.02 keV and 3.69 keV due to the XIS response.

Fig. 9. Metal abundances as a function of atomic number derived from the spectral fitting. The data points of (a) and (b) represent those of Ejecta 1 and
Ejecta 2, respectively. The solid lines show the abundance relative to oxygen calculated in the W7 model for a Type Ia supernova by Nomoto et al. (1984).

consistent with the W7 model, Ca and Fe fall far below their
predicted values, as shown in figure 9a. In the case of Ejecta 2,
on the other hand, the heavy elements, albeit with large errors,
are broadly consistent with the abundance pattern from the W7
model, as shown in figure 9b. These results, along with the
difference in the ionization timescale between the components
just mentioned, are consistent with a layed composition of the
ejecta with the higher-Z elements more concentrated toward
the center of SN 1006.

For this simple interpretation, one expects the Fe line
emission from the low-ionization timescale component to be
spatially located interior to the Mg and Si emission from the
high-ionization component, i.e., near the center of SN 1006.
As shown in figure 3, though, the Fe flux appears to peak
close to the southeastern rim. In summary, our two-component
spectral model for the ejecta is a highly simplified view of
what is surely a complex multi-net and multi-kTe structure
that varies throughout the interior of the SNR. A longer

Yamaguchi+08
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Blue Shifting!

Si S Ar Ca Fe



SNR G306.3−0.9  3

• Discovered with the Swift Galactic plane survey (Miller+11) 

• a 5 ks follow-up observation with Chandra (Reynolds +13) 
→ 110” radius => age ~ 2500 yr (assuming 8 kpc)

ATCA 5 GHz 
 Spitzer  24 μm 

 Chandra

Combi et al.: Detailed X-ray study of SNR G306.3–0.9
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Fig. 4. XMM-Newton PN and MOS1/2 spectra of NE, NW, and C re-
gions. Solid lines indicate the best-fit two-component model (see Ta-
ble 2). Dashed lines indicate individual contributions of each VAPEC
and VNEI thermal plasma models for each camera. Lower panels
present the χ2 fit residuals.

NW, C, SW, and S), which are indicated in green in Fig. 3. Spec-
tra were obtained using the evselect SAS task with the appropri-
ate parameters for EPIC MOS 1/2 and PN cameras. Background
spectra were extracted from circular regions with radii of 1.75"
adjacent to the SNR, but where it does not emit X-rays. For all
regions, bright point-like sources were excluded, as indicated in
Fig.3. Consistent results were obtained through analyzing Chan-
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Fig. 5. XMM-Newton PN andMOS1/2 spectra of the SW and S regions.
Solid lines indicate the best-fit two-component model (see Table 2).
Dashed lines indicate individual contributions of each VAPEC and
VNEI thermal plasma models for each camera. Lower panels present
the χ2 fit residuals.

dra data, but only the XMM-Newton spectra are shown for sim-
plicity.

Figures 4 and 5 show the XMM-Newton background-
subtracted X-ray spectra obtained for the different regions of
the SNR. In these figures, the spectra are grouped with a min-
imum of 16 counts per bin. Error values are 1σ (68.27%) con-
fidence levels for each free parameter and χ2 statistics are used.
The spectral analysis was performed using the XSPEC package
(Version 12.9.0) (Arnaud 1996) and the emission line informa-
tion from AtomDB database (Version 3.0.2).

The spectra of regions were fit using different mod-
els: APEC, NEI, VNEI, PSHOCK, and VPSHOCK, each
modified by an absorption interstellar model (PHABS;
Balucinska-Church & McCammon 1992). After several tests,
we found that the best fit for the individual regions is consis-
tent with a VAPEC with sub-solar abundances of Ne and Mg,
and a VNEI model (Borkowski et al. 2001), dominated by ele-
vated abundances of Si, S, Ar, Ca and Fe. It is interesting to note
that the central region C and the SW region show a strong Fe
line at ∼ 6.4 keV, typical of ejecta material, which is also present
in the NE region. This two-component plasma model has two
electron temperatures, one associated with ejecta material with
a hot temperature kTVNEI and another related to swept-up ISM
medium with a lower temperature kTVAPEC. The X-ray parame-
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XMM-Newton (Combi+16)

Ne Mg
Si

S
Ar

Ca

Strong low-ionized Fe-K

⇒ Type Ia origin  
XMM-Newton (Combi+16), Suzaku (Sezer+17) 
!
CIE plasma for intersteller medium 

+ 
Single-NEI plasma for ejecta

explore the nature of Fe ejecta 

determine the age

Age is still unknown



Suzaku Spectrum  4
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 5Estimate the Systematic Error of Fe-K Centroid Energy

 6Check the calibration accuracy
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すざく Fe-K 輝線中心値の系統誤差評価
• G306 の1週間後にペルセウス
座銀河団の較正観測 

• ペルセウス座銀河団の輝線Eは
「ひとみ」SXS で精密測定済 

• 同一領域のXISスペクトルを，
同一放射モデルで解析 
• ⇨ 必要なシフト dE を測定

14

• dE = ‒1.8 (‒6.7 ̶ +3.3) eV  
• Eスケール系統誤差@6 keV < 7 eV 

• << XMM との差 = 45 eV 
• やはり Fe の電離年齢はほかに比べ
有意に 0.5‒1 桁 低い

ひとみ SXS

すざく XIS

Hitomi collaboration (2016)

6.50 6.55 6.60
SXS “outer region”

Hitomi

Suzaku
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the Perseus cluster  was observed     
with XIS one week after the G306.3−0.9 

Measured with Hitomi SXS (energy 
resolution of 5 eV). 

  → CIE plasma  kTe=4.1±0.1 keV, z=0.01756 

compare XIS to SXS  

  ⇒ measure a gain shift ΔE.

⇒ΔE = −2�±�5 eV

6.50 6.55 6.60

Hitomi collaboration (2016)

XIS energy scale at Fe-K is  
highly reliable at a level of <7 eV_

Mesure a gain shift  
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Fe has one order of magnitude lower net than IME
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Figure 3. Expected centroid energies of the (a) Fe Kα and (b) Fe Kβ emission,
and (c) the Kβ/Kα flux ratio as a function of the charge number z of Fe ions,
with the corresponding ionization ages (net) indicated at the top. The best-fit
values for Tycho’s SNR are shown with the solid green lines. The dashed green
lines in panel (c) indicate the 1σ lower and upper limits of the observed value.
The black squares and red circles are the values calculated using the atomic data
of Palmeri et al. (2003) and Mendoza et al. (2004), respectively. We also use the
FAC to calculate the rate coefficients of collisional ionization and excitation.
The blue triangles are obtained by full calculations using the FAC (K. A. Eriksen
et al., in preparation).
(A color version of this figure is available in the online journal.)

Table 1
Best-fit Spectral Parameters for the NW Rim

Emission Centroid FWHM Flux
(eV) (eV) (10−6 photons cm−2 s−1)

Cr Kα 5482+10
−12 141+35

−45 5.05+0.72
−0.69

Mn Kα 6012+25
−26 141 1.73+0.47

−0.46

Fe Kα 6435 ± 1 138 ± 2 107 ± 1

Fe Kβ 7104 ± 10 160 ± 42 5.62+0.61
−0.56

Ni Kα 7478 ± 32 138 1.82+0.42
−0.43

Notes. The uncertainties are the statistical component in the 1σ confidence
range. The Gaussian widths (FWHM) of the Mn Kα and Ni Kα lines are linked
to those of Cr Kα and Fe Kα, respectively.

(non-X-ray background). No significant change is found in the
measurement of the line centroids and intensities.

The observed Fe-line parameters, EKα , EKβ , and R, are
compared in Figure 3 with the theoretically expected values
for different charge numbers z (where z = 1 indicates singly
ionized Fe), which are also tabulated in Table 2. For z = 0–7
and z = 8–16, we use level energies, Einstein A-values, and
fluorescence yields provided in the archival database of Palmeri
et al. (2003) and Mendoza et al. (2004), respectively. Since the
transition probabilities of forbidden processes (e.g., 2s → 1s)
are negligible in multiple-electron ions (Palmeri et al. 2003;
Mendoza et al. 2004), we take into account only 2p → 1s
and 3p → 1s transitions as radiation channels for the Kα
and Kβ emission. We calculate rate coefficients for collisional
ionization and excitation for each charge number using the
“Flexible Atomic Code” (FAC; Gu 2008). For z ! 16, we
perform full computational calculations with the FAC to obtain

Table 2
Theoretical Values of the Fe Kα and Kβ Centroid Energies and their Intensity

Ratios for the Different Charge Numbers z

z EKα EKβ R z EKα EKβ R
(eV) (eV) (eV) (eV)

0 6402 7059 0.120 12 6414 7141 0.069
1 6402 7060 0.121 13 6419 7153 0.052
2 6402 7060 0.122 14 6425 7159 0.022
3 6401 7059 0.127 15 6428 7176 0.010
4 6400 7063 0.132 16 6427 7192 0.012
5 6399 7070 0.136 17 6455 7270 0.009
6 6399 7075 0.141 18 6484 7351 0.013
7 6399 7081 0.149 19 6517 7434 0.025
8 6398 7090 0.168 20 6544 7517 0.029
9 6401 7102 0.146 21 6575 7610 0.036
10 6405 7115 0.122 22 6589 7705 0.044
11 6410 7128 0.096 23 6641 7777 0.075

the theoretical values (K. A. Eriksen et al., in preparation).
During the calculations, we assume an electron temperature of
5 keV. The temperature dependence is found to be significant
only for z ! 20, where the inner K-shell excitation rate
becomes dominant over the K-shell ionization rate. Since the
population of such highly charged Fe is not substantial in Tycho’s
SNR, as discussed below, the diagnostics we perform here are
essentially independent of the electron temperature of the Fe
ejecta.

As found in Figure 3(a), the observed EKα value corresponds
to the charge states Fe15+∼Fe17+ and an ionization age (net)
of ∼1 × 1010 cm−3 s, where ne and t are the electron density
and the time elapsed since shock heating, respectively. This
result is consistent with several previous measurements (e.g.,
Hwang et al. 1998; Hayato et al. 2010). It has, therefore,
frequently been assumed that all the shocked ejecta responsible
for the Fe K-shell emission have this ionization age. We
find in Figure 3(b), however, that the observed EKβ value
corresponds to significantly lower charge states Fe8+∼Fe10+,
with an ionization age of ∼1 × 109 cm−3 s, about 10 times
lower than that indicated by the Fe Kα centroid. The Kβ-to-Kα
flux ratio (R) is also sensitive to the charge number, especially
in the range z = 8–14 (Figure 3(c)). In this regime, the flux ratio
experiences a drastic decrease because the Fe ions lose their 3p-
shell electrons (which are responsible for the Kβ fluorescence)
as z increases. The observed value is closest to the expected
ratio for z = 13, intermediate between the results from the Kα
and Kβ centroids.

The inconsistency among the three diagnostics indicates the
presence of a range of plasma conditions, with the Kα emission
being dominated by more highly ionized Fe and the Kβ emis-
sion by less ionized Fe. We re-fit the NW spectrum applying
a ‘two-component’ model for the Fe emission. The red Gaus-
sians in Figure 4 correspond to the higher ionization component,
where EKβ and R are fixed to 7200 eV and 1% (the values theo-
retically expected for z ∼ 16). Only the Kα centroid is allowed
to vary, yielding EKα = 6447+2

−3 eV, which is in between the
values for Fe16+ and Fe17+. The contribution of the lower ioniza-
tion component is indicated by the green Gaussians in Figure 4,
where we fix EKα and R to 6400 eV and 15% (as expected for
z ∼ 8). The best-fit EKβ value of 7090±11 eV is consistent with
that for Fe8+. To summarize, we are able to explain all the Fe
K-shell emission self-consistently with this simple two-
component model using different ionization states and the
expected Kβ/Kα emissivity ratios.
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Figure 3. Expected centroid energies of the (a) Fe Kα and (b) Fe Kβ emission,
and (c) the Kβ/Kα flux ratio as a function of the charge number z of Fe ions,
with the corresponding ionization ages (net) indicated at the top. The best-fit
values for Tycho’s SNR are shown with the solid green lines. The dashed green
lines in panel (c) indicate the 1σ lower and upper limits of the observed value.
The black squares and red circles are the values calculated using the atomic data
of Palmeri et al. (2003) and Mendoza et al. (2004), respectively. We also use the
FAC to calculate the rate coefficients of collisional ionization and excitation.
The blue triangles are obtained by full calculations using the FAC (K. A. Eriksen
et al., in preparation).
(A color version of this figure is available in the online journal.)

Table 1
Best-fit Spectral Parameters for the NW Rim

Emission Centroid FWHM Flux
(eV) (eV) (10−6 photons cm−2 s−1)

Cr Kα 5482+10
−12 141+35

−45 5.05+0.72
−0.69

Mn Kα 6012+25
−26 141 1.73+0.47

−0.46

Fe Kα 6435 ± 1 138 ± 2 107 ± 1

Fe Kβ 7104 ± 10 160 ± 42 5.62+0.61
−0.56

Ni Kα 7478 ± 32 138 1.82+0.42
−0.43

Notes. The uncertainties are the statistical component in the 1σ confidence
range. The Gaussian widths (FWHM) of the Mn Kα and Ni Kα lines are linked
to those of Cr Kα and Fe Kα, respectively.

(non-X-ray background). No significant change is found in the
measurement of the line centroids and intensities.

The observed Fe-line parameters, EKα , EKβ , and R, are
compared in Figure 3 with the theoretically expected values
for different charge numbers z (where z = 1 indicates singly
ionized Fe), which are also tabulated in Table 2. For z = 0–7
and z = 8–16, we use level energies, Einstein A-values, and
fluorescence yields provided in the archival database of Palmeri
et al. (2003) and Mendoza et al. (2004), respectively. Since the
transition probabilities of forbidden processes (e.g., 2s → 1s)
are negligible in multiple-electron ions (Palmeri et al. 2003;
Mendoza et al. 2004), we take into account only 2p → 1s
and 3p → 1s transitions as radiation channels for the Kα
and Kβ emission. We calculate rate coefficients for collisional
ionization and excitation for each charge number using the
“Flexible Atomic Code” (FAC; Gu 2008). For z ! 16, we
perform full computational calculations with the FAC to obtain

Table 2
Theoretical Values of the Fe Kα and Kβ Centroid Energies and their Intensity

Ratios for the Different Charge Numbers z

z EKα EKβ R z EKα EKβ R
(eV) (eV) (eV) (eV)

0 6402 7059 0.120 12 6414 7141 0.069
1 6402 7060 0.121 13 6419 7153 0.052
2 6402 7060 0.122 14 6425 7159 0.022
3 6401 7059 0.127 15 6428 7176 0.010
4 6400 7063 0.132 16 6427 7192 0.012
5 6399 7070 0.136 17 6455 7270 0.009
6 6399 7075 0.141 18 6484 7351 0.013
7 6399 7081 0.149 19 6517 7434 0.025
8 6398 7090 0.168 20 6544 7517 0.029
9 6401 7102 0.146 21 6575 7610 0.036
10 6405 7115 0.122 22 6589 7705 0.044
11 6410 7128 0.096 23 6641 7777 0.075

the theoretical values (K. A. Eriksen et al., in preparation).
During the calculations, we assume an electron temperature of
5 keV. The temperature dependence is found to be significant
only for z ! 20, where the inner K-shell excitation rate
becomes dominant over the K-shell ionization rate. Since the
population of such highly charged Fe is not substantial in Tycho’s
SNR, as discussed below, the diagnostics we perform here are
essentially independent of the electron temperature of the Fe
ejecta.

As found in Figure 3(a), the observed EKα value corresponds
to the charge states Fe15+∼Fe17+ and an ionization age (net)
of ∼1 × 1010 cm−3 s, where ne and t are the electron density
and the time elapsed since shock heating, respectively. This
result is consistent with several previous measurements (e.g.,
Hwang et al. 1998; Hayato et al. 2010). It has, therefore,
frequently been assumed that all the shocked ejecta responsible
for the Fe K-shell emission have this ionization age. We
find in Figure 3(b), however, that the observed EKβ value
corresponds to significantly lower charge states Fe8+∼Fe10+,
with an ionization age of ∼1 × 109 cm−3 s, about 10 times
lower than that indicated by the Fe Kα centroid. The Kβ-to-Kα
flux ratio (R) is also sensitive to the charge number, especially
in the range z = 8–14 (Figure 3(c)). In this regime, the flux ratio
experiences a drastic decrease because the Fe ions lose their 3p-
shell electrons (which are responsible for the Kβ fluorescence)
as z increases. The observed value is closest to the expected
ratio for z = 13, intermediate between the results from the Kα
and Kβ centroids.

The inconsistency among the three diagnostics indicates the
presence of a range of plasma conditions, with the Kα emission
being dominated by more highly ionized Fe and the Kβ emis-
sion by less ionized Fe. We re-fit the NW spectrum applying
a ‘two-component’ model for the Fe emission. The red Gaus-
sians in Figure 4 correspond to the higher ionization component,
where EKβ and R are fixed to 7200 eV and 1% (the values theo-
retically expected for z ∼ 16). Only the Kα centroid is allowed
to vary, yielding EKα = 6447+2

−3 eV, which is in between the
values for Fe16+ and Fe17+. The contribution of the lower ioniza-
tion component is indicated by the green Gaussians in Figure 4,
where we fix EKα and R to 6400 eV and 15% (as expected for
z ∼ 8). The best-fit EKβ value of 7090±11 eV is consistent with
that for Fe8+. To summarize, we are able to explain all the Fe
K-shell emission self-consistently with this simple two-
component model using different ionization states and the
expected Kβ/Kα emissivity ratios.
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Figure 3. Expected centroid energies of the (a) Fe Kα and (b) Fe Kβ emission,
and (c) the Kβ/Kα flux ratio as a function of the charge number z of Fe ions,
with the corresponding ionization ages (net) indicated at the top. The best-fit
values for Tycho’s SNR are shown with the solid green lines. The dashed green
lines in panel (c) indicate the 1σ lower and upper limits of the observed value.
The black squares and red circles are the values calculated using the atomic data
of Palmeri et al. (2003) and Mendoza et al. (2004), respectively. We also use the
FAC to calculate the rate coefficients of collisional ionization and excitation.
The blue triangles are obtained by full calculations using the FAC (K. A. Eriksen
et al., in preparation).
(A color version of this figure is available in the online journal.)

Table 1
Best-fit Spectral Parameters for the NW Rim

Emission Centroid FWHM Flux
(eV) (eV) (10−6 photons cm−2 s−1)

Cr Kα 5482+10
−12 141+35

−45 5.05+0.72
−0.69

Mn Kα 6012+25
−26 141 1.73+0.47

−0.46

Fe Kα 6435 ± 1 138 ± 2 107 ± 1

Fe Kβ 7104 ± 10 160 ± 42 5.62+0.61
−0.56

Ni Kα 7478 ± 32 138 1.82+0.42
−0.43

Notes. The uncertainties are the statistical component in the 1σ confidence
range. The Gaussian widths (FWHM) of the Mn Kα and Ni Kα lines are linked
to those of Cr Kα and Fe Kα, respectively.

(non-X-ray background). No significant change is found in the
measurement of the line centroids and intensities.

The observed Fe-line parameters, EKα , EKβ , and R, are
compared in Figure 3 with the theoretically expected values
for different charge numbers z (where z = 1 indicates singly
ionized Fe), which are also tabulated in Table 2. For z = 0–7
and z = 8–16, we use level energies, Einstein A-values, and
fluorescence yields provided in the archival database of Palmeri
et al. (2003) and Mendoza et al. (2004), respectively. Since the
transition probabilities of forbidden processes (e.g., 2s → 1s)
are negligible in multiple-electron ions (Palmeri et al. 2003;
Mendoza et al. 2004), we take into account only 2p → 1s
and 3p → 1s transitions as radiation channels for the Kα
and Kβ emission. We calculate rate coefficients for collisional
ionization and excitation for each charge number using the
“Flexible Atomic Code” (FAC; Gu 2008). For z ! 16, we
perform full computational calculations with the FAC to obtain

Table 2
Theoretical Values of the Fe Kα and Kβ Centroid Energies and their Intensity

Ratios for the Different Charge Numbers z

z EKα EKβ R z EKα EKβ R
(eV) (eV) (eV) (eV)

0 6402 7059 0.120 12 6414 7141 0.069
1 6402 7060 0.121 13 6419 7153 0.052
2 6402 7060 0.122 14 6425 7159 0.022
3 6401 7059 0.127 15 6428 7176 0.010
4 6400 7063 0.132 16 6427 7192 0.012
5 6399 7070 0.136 17 6455 7270 0.009
6 6399 7075 0.141 18 6484 7351 0.013
7 6399 7081 0.149 19 6517 7434 0.025
8 6398 7090 0.168 20 6544 7517 0.029
9 6401 7102 0.146 21 6575 7610 0.036
10 6405 7115 0.122 22 6589 7705 0.044
11 6410 7128 0.096 23 6641 7777 0.075

the theoretical values (K. A. Eriksen et al., in preparation).
During the calculations, we assume an electron temperature of
5 keV. The temperature dependence is found to be significant
only for z ! 20, where the inner K-shell excitation rate
becomes dominant over the K-shell ionization rate. Since the
population of such highly charged Fe is not substantial in Tycho’s
SNR, as discussed below, the diagnostics we perform here are
essentially independent of the electron temperature of the Fe
ejecta.

As found in Figure 3(a), the observed EKα value corresponds
to the charge states Fe15+∼Fe17+ and an ionization age (net)
of ∼1 × 1010 cm−3 s, where ne and t are the electron density
and the time elapsed since shock heating, respectively. This
result is consistent with several previous measurements (e.g.,
Hwang et al. 1998; Hayato et al. 2010). It has, therefore,
frequently been assumed that all the shocked ejecta responsible
for the Fe K-shell emission have this ionization age. We
find in Figure 3(b), however, that the observed EKβ value
corresponds to significantly lower charge states Fe8+∼Fe10+,
with an ionization age of ∼1 × 109 cm−3 s, about 10 times
lower than that indicated by the Fe Kα centroid. The Kβ-to-Kα
flux ratio (R) is also sensitive to the charge number, especially
in the range z = 8–14 (Figure 3(c)). In this regime, the flux ratio
experiences a drastic decrease because the Fe ions lose their 3p-
shell electrons (which are responsible for the Kβ fluorescence)
as z increases. The observed value is closest to the expected
ratio for z = 13, intermediate between the results from the Kα
and Kβ centroids.

The inconsistency among the three diagnostics indicates the
presence of a range of plasma conditions, with the Kα emission
being dominated by more highly ionized Fe and the Kβ emis-
sion by less ionized Fe. We re-fit the NW spectrum applying
a ‘two-component’ model for the Fe emission. The red Gaus-
sians in Figure 4 correspond to the higher ionization component,
where EKβ and R are fixed to 7200 eV and 1% (the values theo-
retically expected for z ∼ 16). Only the Kα centroid is allowed
to vary, yielding EKα = 6447+2

−3 eV, which is in between the
values for Fe16+ and Fe17+. The contribution of the lower ioniza-
tion component is indicated by the green Gaussians in Figure 4,
where we fix EKα and R to 6400 eV and 15% (as expected for
z ∼ 8). The best-fit EKβ value of 7090±11 eV is consistent with
that for Fe8+. To summarize, we are able to explain all the Fe
K-shell emission self-consistently with this simple two-
component model using different ionization states and the
expected Kβ/Kα emissivity ratios.
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Combi et al.: Detailed X-ray study of SNR G306.3–0.9
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Fig. 2. Left panel: Chandra image of G306.3−0.9 in three X-ray energy bands: soft (0.5−1.0 keV) in red, medium (1.0−2.0 keV) in green, and
hard (2.0−4.5 keV) in blue. Soft X-ray point-like sources at the geometrical center of the SNR (α= 13h21m50s.2, δ=−63◦33′53′′.9, J2000.0) and
in the northeast part of the source are indicated as "PS C" and "PS N", respectively. A hard point-like source is indicated in the southern region
as "PS S". Right panel: Combined XMM-Newton PN, MOS1, and MOS2 image in the same energy ranges. Point-like sources are also indicated
with individual yellow circles.

0 2E-05 4E-05

15.0 10.0 05.013:22:00.0 55.0 50.0 45.0 40.0 35.0 21:30.0 25.0

31:00.0

32:00.0

33:00.0

-63:34:00.0

35:00.0

36:00.0

SNR

PS_S

NE

NW

C

S

SW

PS_W

PS_N

Fig. 3. XMM-Newton image, covering a 6×6 arcmin2 field of view, of
SNR G306.3−0.9 in the three X-ray energy bands: soft (0.5–1.0 keV)
in red, medium (1.0–2.0 keV) in green, and hard (2.0–4.5 keV) in blue.
The boundary of the SNR is indicated in cyan. The selected X-ray spec-
tra extraction regions are indicated in dark green for individual regions.
Horizontal and vertical axes are labeled using J2000.0 right ascension
and declination.

Two observations from the Advanced CCD Image Spectrom-
eter (ACIS) camera are available in the Chandra archive. ACIS
operates in the 0.1−10 keV range with high spatial resolution
(0.5 arcsec). These observations were calibrated using the CIAO
(version 4.7) and CALDB (version 4.6.7) packages by the chan-
dra_repro task. Detailed information of the X-ray observations
and the instrumental characteristics are given in Table 1.

3. Results

3.1. X-ray images

To perform the morphological analysis and select the regions for
the spatially resolved spectroscopy, we combined X-ray images
of EPIC MOS and PN to increase the signal-to-noise ratio (S/N)
by means of the emosaic SAS task to merge the images. The cor-
responding set of exposure maps for each camera was prepared
to account for spatial quantum efficiency and mirror vignetting
by running the SAS task eexmap. Exposure vignetting correc-
tions were performed by dividing the merged count image by
the corresponding merged exposure maps.

Because of the high spatial resolution and sensitivity of the
data set, we were able to examine the X-ray morphology of the
supernova remnant in detail. In Fig. 1 we show narrow-band im-
ages generated in the energy ranges 0.5−1.0 keV, 1.0−2.0 keV,
and 2.0−4.5 keV using the EPIC MOS 1/2 cameras, with super-
imposed 843 MHz radio contours (Whiteoak & Green 1996). In
the image, North is up and East is to the left. The SNR shows
a semi-circular and asymmetric X-ray morphology, with diffuse
X-ray emission predominantly located in the southern part of the
remnant, and very weak extended X-ray emission in the north-
ern region. In the southern region the images also reveal a typical
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is the Fe L-to-K ratio: it has a maximum near τ ≈ 1010 s cm−3,
and thus lowering τ leads higher Fe L-to-K ratio that signif-
icantly degrades the fit in 0.9–1.3 keV. Another residual is at
found at ≈7 keV, which was identified to be a possible indica-
tion of Fe-K (n =1–3: Figure 4a). The observed centroid was
not well constrained but likely lower than that predicted by log τ

of ≈10.15 (≈7.4 keV placeholder; TBR). These two clues in-
dicate the existence of another Fe-dominated component with a
much lower ionization timescale, i.e. log τ ≈9. The observed
width of Fe-K (n=1–2) about 60 eV is significantly higher than
that realized by a single τ plasma (≈30 eV placeholder; TBR),
which supports the three-component ejecta scenario. Thus we
added the third component that has the same parameters as the
second component (the original Fe-dominant component) ex-
cept for τ and EM . Figure 3c shows that this model gives
a quite good fit by improving residuals at the two Fe-K lines
(χ2/dof = 1.35, the column c in Table 1). Therefore we adopt
this model and the parameters as the final fit. The figure and pa-
rameters for the triple-τ model will be replaced with those with
the decoupled EM case; no significant change anyway.

4 Discussion Not completed; items, orders
not fixed

4.1 Distance Basically ok but need some
modification; the present description assumes
X-ray NH of 1.2e22; the conclusion should be
“more distant than Carina (far)”, not “than
Centaurus”

There has been no robust constraint on the distance to the SNR
because the Hydrogen absorption column density measured
in the previous X-ray study was clearly overestimated (NH

≈ 2× 1022 H cm−2) compared to the total Galactic Hydrogen
column density: NH I = 1.16× 1022 H cm−2 (Reynolds et al.
2013; Kalberla et al. 2005) plus NH2 = 1.44× 1021 H cm−2

(Schlegel et al. 1998; Willingale et al. 2013).
We first check Hα emission by retrieving images with

SuperCOSMOS Hα survey (Parker et al. 2005), but find no neb-
ular structure associated with G306.3−0.9. This implies a rela-
tively distant location of the SNR. Georgelin et al. (1988) sum-
marized H II regions between l = 305◦and 312◦and compared
distances and emission/absorption features. They found that Hα

emission is detected only if a source is located at ∼ 4 kpc or
nearer. Thus no detection of Hα emission puts a lower limit of
the distance to be ∼ 4 kpc.

We next investigate the Galactic Hydrogen distribution.
Figure 5 shows the H I velocity profile toward G306.3−0.9 with
the Parkes Galactic All Sky Survey (GASS: Kalberla & Haud
2015). There are four major groups with VLSR centroids of
about −30, −2, +40, and +80 km s−1. These respectively
arise from the Centaurus arm, the near and far sides of the

Fig. 5. H I velocity profile with the GASS (thick grey curve) in comparison to
a empirical fit model (light grey area). Individual contributions from the four

regions are shown with hatches.

Carina arm, and the outermost region of the Perseus arm (e.g.,
Urquhart et al. 2014 and references therein). We fitted the
profile with 12 gaussians to estimate total intensity for each
group, and derived NH I by multiplying a conversion factor of
1.82× 1018 H cm−2 (km s−1)−1 (Spitzer 1978). By assuming
a constant nH2/nH I ratio along the line of sight and the Galactic
NH2 of 1.44× 1021 H cm−2 (Schlegel et al. 1998; Willingale
et al. 2013), we also estimated the total Hydrogen column den-
sity (NH I+H2). These quantities, together with the approximate
distance and the cumulative sum of Hydrogen column density
(ΣNH I+H2), are given in Table 2.

We finally compare the cumulative sum of Hydrogen column
density (ΣNH I+H2) with the absorption column derived from
the spectral analysis of the X-ray data. With any models, the X-
ray NH is in a range of (1.3–1.4)×1022 H cm−2. We can safely
rule out the possibility that the remnant is at the Centaurus arm
or nearer. The Centaurus arm spans ∼ 6 ± 2 kpc as the line
of sight is almost at its tangential direction. Thus we yield a
severer lower limit of 8 kpc. The sum of the Hydrogen column
up to this region is roughly consistent with the X-ray NH value.
The remnant is probably in or beyond the far side of the Carina
arm TBR. Therefore we adopt the distance of 12 kpc.

Question: Why K+15 gives smaller HI total column than
K+05? K+15 is currently chosen as it uses better velocity res-
olution but if the discrepancy is due to a better sensitivity in
K+05 (old), then we should switch to K+05, as it gives better
matching result with X-ray NH.

4.2 Nature of Fe ejecta new

• Establish multi-τ ejecta view based on the results of spectral
analysis

• Comments on triple-τ model; physical interpretation and
possibility of being artifacts due to systematic uncertainty

the Parks Galactic All Sky Survey (GASS)  
HI velocity profile toward G306.3−0.9

Kalberla & Haud 2015
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tSedov ≈ 8.5 kyr. The series of evidence consistently sup-
ports that the SNR has already been entered into the Sedov
phase. The thermal timescale of ejecta after shock heating
can be evaluated from the ionization timescale, which is
tioni ≈ 4.8 (ne/1 cm−3)−1 kyr for the IME-dominated ejecta.
This is consistent with the age of the remnant, whose upper
limit is set by the Sedov timescale derived above.

The Ia origin has been argued by the previous studies, sup-
ported by both the abundance pattern and the low energy cen-
troid of the Fe-K n =1–2 line. These clues of evidence are also
supported by the results of our spectral analysis incorporating
the ejecta stratification. The progenitor typing method proposed
by Yamaguchi et al. (2014b) is more accurate in discriminating
Ia and core-collapse origins and is even possible to constrain
subtypes of Ia SNRs by combining line centroid and intensity of
the Fe-K n =1–2 line. The unabsorbed flux of the Fe-K n =1–2
line was measured at (9.91+0.76

−0.77) × 10−6 photons cm−2 s−1.
This corresponds to the intensity of 4.7 × 1041 photons s−1

with the 20 kpc distance. Combined with the line centroid at
≈ 6.48 keV, this places G 306.3−0.9 at the middle of the al-
lowed region for Ia SNRs (Figure 1 of Yamaguchi et al. 2014b).
Thus, the SNR likely originates from a normal or a bright Ia
supernova rather than from a pulsating delayed detonation or a
dim Ia explosion, although it is not possible to rule out the latter
subtypes depending on the ambient density.

4.3 Nature of Fe ejecta and its stratification

As established in the spectral analysis, the Fe-dominated ejecta
(Ejecta2 or Ejecta2+Ejecta3 in Table 1) has one-order-of-
magnitude higher thermal timescale tioni = τ/ne than the IME-
dominated ejecta (Ejecta1), assuming comparable electron den-
sities. The lag in the timescales between the two ejecta com-
ponents is the evidence for the delayed shock heating of the
Fe-dominated ejecta, suggesting that the ejecta stratification is
still maintained. The shock-heated Fe masses are comparable
between Ejecta1 and Ejecta2 (Table 3), indicating that non-
negligible fraction of Fe ejecta exist in relatively outer region
of the remnant. The outer Fe ejecta may be formed either by
an asymmetric explosion as suggested for some Ia SNRs (e.g.
SN 1006 Uchida et al. 2013) or by a partial mixing of the strati-
fied structure which may be expected for a dynamically mature
remnant like G 306.3−0.9. Note that, however, the Fe mass es-
timation of Ejecta1 is highly uncertain as it is derived from the
emission measure of Fe-L lines, and thus the Fe mass ratio may
also be inaccurate.

The spectral analysis also showed that an additional Fe-
ejecta component with a lower ionization timescale is needed
(the models “c” or “d” in §3.2.3), and the model (d) with
two discrete values of τ is preferred. One possible cause is
non-uniformity of the Fe ejecta; a denser clump of ejecta gets

larger τ , and vise versa. Another possibility is anisotropy of
reverse-shock arrival times due to a gradient in ambient density.
Toward a denser direction, swept-up ISM mass can dominate
more quickly over ejecta mass and forms a reverse shock earlier,
which results in a higher value of an ionization timescale. In ei-
ther case, the morphology of ejecta is expected to be distorted,
which is reminiscent of the X-ray images obtained by Chandra
and XMM-Newton. However, an X-ray image in the Fe-K band
with a sufficient spatial resolution has not been available so far,
and thus we can not investigate the above possibilities further.

Fig. 7. The ionization timescales measured with Suzaku, τ for Fe-dominant
ejecta versus τ for IME-dominant ejecta (Kepler’s SNR, Tycho’s SNR,
SNR 0509−67.5: Katsuda et al. 2015; SN 1006: Uchida et al. 2013;

G 344.7−0.1: Yamaguchi et al. 2012; G 272.2−3.2: Kamitsukasa et al.
2016; G 306.3−0.9: this work; N 103B: Someya et al. 2014; G 337.2−0.7:
Takata et al. 2016). The black data for G 306.3−0.9 is based on the model

(b). The two gray data with stars are also for G 306.3−0.9 but with the
model (d).

Figure 7 shows comparisons of ionization timescales be-
tween IME-dominated ejecta and Fe-dominated one for a
compilation of Ia (or candidate) SNRs studied with Suzaku.
G 306.3−0.9 is among the most thermally evolved group of the
Galactic SNRs (in top-right segment of the figure; log10 τ ≥ 11

for IME-dominated ejecta and ≥ 10 for Fe-dominated). Note
that the relative values of log10 τ may be systematically as un-
certain as ∼ 0.1 because of the differences in emission mod-
els or atomic codes between the literatures and our work.
For instance, the recent updates of AtomDB from v.3.0.3 to
v.3.0.7 include a bug fix in calculation of charge-state distribu-
tions, which affects a result of τ measurement significantly (see
Appendix TBD). The figure illustrates that ejecta stratification
is maintained in the sampled Galactic Ia SNRs over two orders
of magnitude of τ for IME. This fact strongly suggests that the
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We analyzed the Suzaku data of the SNR G306.3−0.9 

Spectrum analysis showed the Fe-Kα centroid is 6.47±0.01 keV. 

Fe-dominated ejecta has 

one-order-of-magnitude lower net = 2.1 x 1010 cm-3 s 

higher kTe > 3 keV 

  than IME-dominated ejecta, indicating Fe has recently shock- 

  heated by reverse shock. 

To explain Fe-Kβ, additional “lower-ionized Fe ejecta” component 
is needed. 

 The Hydrogen absorption column density 1.2-1.3 x 1022 cm-2  
leads to the conclusion that the SNR age is ~ 8.5 kyr.  

   Mixing of ejecta is not so effective in a relatively later stage of 
   the Sedov phase.

Summary


