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Abstract We report theSuzaku results on the structures of the thermal plasmas and non-
thermal emissions from SN 1006, a type la supernova rem@éedr evidence for a type la
SNR is found in the metal abundances of the ejecta. String@mdtraint on the maximum
electron energy and the synchrotron loss time are given thenmon-thermal spectrum.

1 INTRODUCTION

From the historical records, SN 1006 is regarded to be onbeflalactic type la supernova remnants
(SNRs). Type la SNe produce a large amount of iron comparembtte-collapsed SNe (Type II) (e.g.

Nomoto et al. 1984; Iwamoto et al. 1999). As for SN1006, havew clear iron line has been so far
found. This is possibly due to extreme non-equilibratiortref shock-heated plasma (Vink et al. 2000,
2003). The extreme non-equilibration indicates that SN61i8Ghe ‘youngest’ even though the real age is
~3 times older than the other known historical SNRs (e.g. Cakebler and Tycho). Therefore detailed

study of thermal spectrum of SN1006 is highly desired fonthderstanding of the evolution of early stage
of young SNR.

On the other hand, a hint of the cosmic ray acceleration isrted from the shell of the SN 1006
(Koyama e al. 1995). A key observation is to determine aatflenergy, which gives the maximum energy
of accelerated electrons and the magnetic field.

In this paper, we report the first results of the wide-b&azhku (Mitsuda et al. 2007) observations of
SN 1006. We assume the distance of SN 1006 to be 2.17 kpc (&viekhl. 2003), and quoted errors are
the 90% confidence level, unless otherwise stated.

2 OBSERVATIONS AND DATA REDUCTION

Suzaku has one Hard X-ray Detector (HXD; Takahashi et al. 2007; Kakuet al. 2007), and four X-ray
Imaging Spectrometers (XIS; Koyama et al. 2007) placed erfalal planes of four X-Ray Telescopes
(XRT; Serlemitsos et al. 2007). For the studies on the theam@ non-thermal spectra, we utilized the best
Suzaku performances: the high energy resolution and large effecetiea in the 2—-12 keV band (the XIS
with Front llluminated: FI CCD) and the low energy band be@weV (Back llluminated: Bl CCD), and
the high energy sensitivity of the silicon PIN diode arraytie HXD system. The details of the operation
modes, data reductions, and background subtractionsdoflt® and PIN of the SN 1006 observations are
given by Yamaguchi et al. (2007) and Bamba et al. (2007).

3 THERMAL EMISSION

We found that the spectra from the southeast region of SN &RBibits clear K-shell (&) lines from Ar,
Ca, and Fe, for the first time. With a power-law plus Gaustimfit, we determined the line center energy
of the Fe-ku to be~6.43 keV. This energy constrains the Fe ionization statetiess than Ne-like. Since
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the Fe-ku line is a key for the study of the SN 1006 plasma, detailedyseal hereafter are made using the
Fe-brightest part in the southeast region.

The spectra, in particular the line profiles are complicateée therefore derived the plasma parameters
separately from the three-energy band data: the low eneagg bor the light elements (O and Ne), the
medium energy band for Mg, Si and S, and the high energy barttefvy elements (Ar, Ca and Fe).

As a result, three VNEI (Variable abundance Non Equilibrilemization) components are required,;
(1) high%T. (1 — 2 keV) with high=.t (~ 10'° cm™3 s) and (2) with lowr.t (~ 10° cm™3 s), and (3)
low-kT,. (~ 0.6 keV) with mediumn.t (~ 6 x 10° cm—3 s). Since the component (3) does not require
non-solar abundance, we fixed the abundance to be solahd&-ottier components, (1) and (2), we set the
abundances as free parameters.

With these parameters as initial values, we fit the full epeamnge spectra with 3-NEI components
model, but the model is rejected with the bestfitd.o.f. of 1201/821. We found a systematic data excess
at energies of>4 keV. This may be due to additional non-thermal componeherd&fore, we added a
power-law model for the hard X-rays. Then the fit was signiftaimproved withy?/d.o.f. = 1031/819.

The best-fit parameters are shown in Table 1, while the biestefilel in the full energy band is shown in
Figure 1.
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Fig.1 The XIS spectra in the 0.33-10 keV band from the iron K-sliedd Hominant part in the southeast
of the SNR. The best-fit model is also shown.
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Fig.2 Wide band spectra of XIS and PIN from the northeast and saghnon-thermal rims. The best-fit
models are also shown.
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4 NON-THERMAL EMISSION

We made combined XIS spectra from the NE and SW rim regionadtiition to strong emission lines
below 2 keV, a hard component is clearly detected up to 12 ké&¥refore, we fitted the spectra using
thermal plasma components plus a power-law continuum. Athéothermal component, we use the best-fit
model obtained in Section 3 except for the normalizatiobfibe-tuned to get the best-fit. The non-thermal
component cannot be represented by a simple power-law molelresiduals have a wavy structure in
the high energy band. We accordingly introduceddtoet model (Reynolds 1998), which gives a largely
improved reduceg?.

We next added the PIN spectrum. Figure 2 shows the wide-haecirs in the 0.4—40.0 keV band,
where the ratio of the normalization constant between XI& RIN has been fixed at 1.15 (Kokubun et
al. 2007). The solid and dotted lines represent the bestefitai(thermal +srcut model). The non-thermal
component is smoothly connected from the XIS band to the RiinIb

5 DISCUSSION

5.1 Origin of the Plasmas

We found that the thermal spectra are composed of threghibimal plasmas in non-equilibrium ionization
(VNEI 1, VNEI 2 and NEI, in Table 1). Since the model NEI hasasabundances, the origin is likely a
shock-heated interstellar medium (ISM). The low energya)st in particular & lines from OVII and
OVIIl, are mainly due to this component.

Table 1 Best-fit Parameters for Thermal Emission

Component Parameter Value
Absorption Ny (cm—2) 6.8x 1020 (fixed)
VNEI 1 (Ejecta 1) kTe (keV) 1.2(1.1-1.4)

net (cm—3 s) 1.4 (1.2-1.6)x 100
VNEI 2 (Ejecta 2) kTe (keV) 1.9 (1.5-2.6)

net (cm=3 s 7.7 (6.7-9.2)< 108
NEI (ISM) kTe (keV) 0.51(0.31-0.55)

net (cm—3 s) 5.8 (5.7-6.1)<10°
x2/d.o.f. 1031/819=1.26

The other plasmas, VNEI 1 and VNEI 2 are highly over-abundaheavy elements, hence would be
ejecta origin. Since VNEI 1 has a larger ionization paramette- 10'° cm~2 s than VNEI 2, we interpret
this plasma is heated by reverse shock in the early stage oéthnant evolution (here Ejecta 1). VNEI 2 has
an extremely low ionization parametersf10° cm=2 s, and hence would be heated much more recently
(here Ejecta 2). From this plasma, we have detected claaKinoline for the first time.

5.2 Reélative Abundancein the Ejecta

In Figure 3, we compare the relative abundances with tho#ieeoa model, W7 (Nomoto et al. 1984). In
the case of Ejecta 1, although the abundances of C, Ne, Mg)dSsaelative to O are almost consistent
with the W7 model, those of Ca and Fe are much lower than thdigiesl values (Fig. 3a). Ejecta 2, on
the other hand, has large amount of the heavy elements, igh@dnsistent with the W7 model (Fig. 3b).
These results can be interpreted that the heavier elementgeferentially located in the inner layers of
the remnant unlike the lighter elements, and hence hedeiremts are more recently heated by the reverse
shock.

5.3 Low ISM density and lonization Parameter

The best-fit ionization parametet ) in the ISM plasma i$.8 x 10° cm~2 s. From the emission measure
(EM), we estimated the electron density.) to be0.17 (0.16 — 0.24) cm~3. Since the age of SN 1006 is
~1000 yr, ionization parameter can be roughly estimated ta.be- 5.5 x 10° cm~3 s, which is consistent
with the best-fit value. These low ISM density and ionizafi@mameters put SN 1006 to be effectively the
‘youngest’ Galactic SNR in terms of the thermal plasma stmec
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Fig.3 Metal abundances of Ejecta 1 (a) and Ejecta 2 (b). The solasIshow the abundances relative to
oxygen in the W7 model for a type la supernova by Nomoto etl@i34).

5.4 Power-Law Emissions

An srcut model provides better fit than a power-law model. The rdieagrgy is5.69(5.67—5.71) x 1016 Hz
(~ 0.23 keV), which is the most precise measurement to date. Thefiodinergyv,.; is given by

B E. \’
ol = 1.6 x 10%° = 1
Vron = 1.6 x 10 (1OMG> <10TeV) ’ @)

where E, and B are the maximum energy of accelerated electrons and theatiadield, respectively.
Then the maximum energy of electrons is estimated to be Y/Aufeler the assumption of the downstream
magnetic field of 4QuG (Bamba et al. 2003).

The time scale of the synchrotron loss is estimated as

B \?’/ E
oss = 2.0 x 104 [ 2 ¢ . 2
n 010 <1OMG) (1OTeV> ig @

Then we find thatn.ss is ~1300 yr, roughly the same as the SNR age. This implies thatligetron
acceleration in SN 1006 is changing from age-limited to siyatron-loss limited.
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