Disco v ery of Non-thermal X-ra ys from the Shells of 30 Dor C with Chandra Bam ba, A. 1 , Ueno, M. 1 , Koy ama, K. 1 , and Itoh, M. 2 ; 1 Ky oto Univ ersit y , Japan, 2 Kob e Univ ersit y , Japan Email (BA): bam ba@cr.scph ys.ky oto-u.ac.jp Abstract W e disco v ered non-thermal X-ra y shells from 30 Dor C in the Large Magellanic Cloud (LMC) with Chandra . The radius of the shell is � 3 0 , � 40 p c at the LMC distance of 50 kp c. F rom the shell-lik e morphology , 30 Dor C is lik ely an SNR. The sp ectra of the north and w est shells sho w no line-lik e structure and w ell �tted with a p o w er-la w mo del of photon index = 2.3{2.5, suggesting a non-thermal origin. Therefore, this is the �rst detection of non-thermal X-ray shells, or an SN 1006-lik e SNR from an extragalactic system. The X-ra y shell is the largest among kno wn SN 1006-lik e SNRs with the luminosit y of � 7 � 10 35 ergs s � 1 . 1 In tro duction Since the disco v ery of cosmic ra ys (Hess 1912), the origin and acceleration mec hanism up to 10 15 : 5 eV ha v e b een long- standing problems. A breakthrough came from the X-ra y studies of SN 1006; Ko y ama et al.(1995) disco v ered syn- c hrotron X-rays from the shell of this SNR, suggesting the existence of extremely high energy particles up to the knee energy accelerated b y the �rst order F ermi pro cess. No w, sev- eral Galactic SNRs hav e b een suggested to b e acceleration sites of high energy cosmic ra ys. These disco v eries, ho w ev er, are limited only in our Galaxy , and it is unclear whether or not such SNRs are observ ed in extragalactic systems. Also, w e ha v e no systematic informa- tion on SN 1006-lik e SNRs in a galaxy; ho w man y suc h SNRs are there?, or what fractions of cosmic ra ys are accelerated in a galaxy? Due to the large absorption through the Galactic plane, suc h a systematic study is not suitable in our Galaxy , but is more suited in an extragalactic system. Therefore, the next breakthrough should b e made by the disco v ery of an SN 1006-lik e SNR from a galaxy outside of the Milky W a y . 30 Dor is the brigh test H I I region in the LMC and the activ e star formatting region. Mills et al.(1984) found a shell- lik e structure in the south w est of 30 Dor in the 843 MHz band and named as 30 Dor C. The sp ectral index of the source c hanges from p osition to p osition in the shell, whic h arises confusion whether it is a single or m ultiple SNRs. Dennerl et al.(2000) observ ed the structure with XMM-Newton and found that it app ears as a complete ring of � 3 arcmin radius. With the ASCA observ ations, Itoh et al.(2001) detected hard X-ra ys from 30 Dor C, ho w ev er due to the limited spatial resolution, they could not conclude that the emission is from the shells of 30 Dor C. 2 Observ ations and Data Reduction ObsID On axis p osition (J2000) Exp osure (hhmmss.s, ddmmss.s) [ks] 1044 (05:35:22.30, -69:16:33.6) 18 1967 (05:35:35.21, -69:16:13.7) 99 T able 1: The p ositions and exp osure times in the observ ations. W e used the Chandra arc hiv al data of the A CIS observ ations targeted on SN 1987A (Observ ation ID = 1044 and 1967). The observ ed date and p ositions are in T able 1. The data reduc- tion and analyses w ere made using the C handr a In teractiv e Analysis of Observ ations (CIA O) soft w are v ersion 2.2.1. The e�ectiv e exp osure of eac h observ ations is shown in T able 1. 3 Results 3.1 Images The soft (0.7{2.0 k eV) and hard band (2.0{7.0 k eV) images around 30 Dor C are shown in Figure 1. Clear shell-lik e struc- ture with the diameter of � 340 00 is seen in b oth the bands, although the detailed morphology is di�eren t; the whole shell is seen in the soft band, whereas only w est part emits hard X-ra ys. In the shell, some p oin t source (A & B) and a clump in soft X-ray is seen. The other SNRs, Honeycom b nebula (SNR 0536 � 69.3) and SN 1987 A (Williams et al. 1999) are also seen in the soft band image. 3.2 Sp ectral Analyses F or the sp ectral analyses, w e divided the shell in to 4 regions as seen in Figure 1 and made the separate sp ectra. The sp ectra of the regions 2-4 are similar with each other and w ere �tted w ell with b oth a CIE thermal plasma mo del (Mewe et al. 1985) and a p o w er-la w function. The absorption column w as calculated using the cross sections b y Morrison and McCammon (1983) with solar abundances (Anders and Grev esse 1989). The b est- �t parameters are sho wn in T able 2. The sp ectrum of region 1, on the other hand,is softer and rejected single comp onen t mo del (T able 2). W e hence tried the �tting of a t w o-comp onen t mo del, a CIE plasma plus p o w er- la w function. As a result, the reduced � 2 b ecame signi�can tly smaller as sho wn in T able 3. The p o w er-la w index is essen tially the same as those of sources 2-4, whic h suggests that the hard comp onen t is omnipresen t in all the shell. parameters Thermal comp onen t k T [k eV] : : : : : : : : : : : : : : : : 0 : 19 +0 : 04 � 0 : 02 abundance : : : : : : : : : : : : : : 1.0 ( > 0.8) Flux y [ergs cm � 2 s � 1 ] : : : : 6.9 � 10 � 14 Non-thermal comp onen t � : : : : : : : : : : : : : : : : : : : : : : : 2 : 5 +0 : 4 � 0 : 3 Flux y [ergs cm � 2 s � 1 ] : : : : : 9.8 � 10 � 14 N H [10 21 cm � 2 ] : : : : : : : : : : : : 6 : 1 +0 : 8 � 1 : 1 reduced � 2 [ chi 2 /d.o.f.] : : : : : 154.7/123 y : In the 0.5 { 10.0 k eV band. z : Errors refer to the 90% con�dence lev el. T able 3: Best-�t parameters for shell 1 z . W e also made the sp ectrum of the clump accum ulating X- ra y photons from a circle with the radius of 15 00 . The sp ectrum is relatively soft with strong He-lik e Mg line, and is �tted with an absorb ed CIE plasma mo del. The Mg abundance is free from the other elemen ts. The �tting is marginally rejected with the reduced � 2 = 20.9/14 ho w ev er the mo del w ell traces the emission. The b est-�t temp erature, abundance for Mg and the other elemen ts, N H , and ux in the 0.5{10.0 k eV band are 0 : 3 +0 : 1 � 0 : 1 keV, 0 : 5 +1 : 6 � 0 : 3 , < 0 : 03, < 1 : 9 � 10 21 cm � 2 , and 3 : 4 � 10 � 14 ergs cm � 2 s � 1 , resp ectiv ely . F or the p oin t sources A & B, the radius of the source region are tak en to b e 6 times of the PSF. The p o w er-la w �ts are acceptable with the b est-�t parameters of � = 4 : 4 +4 : 1 � 1 : 3 , N H = 3 : 3 +2 : 6 � 2 : 2 � 10 21 cm � 2 , and the ux of 3 : 1 � 10 � 15 ergs cm � 2 s � 1 for A, and � = 1 : 7 +1 : 0 � 0 : 6 , N H = 1 : 5 +5 : 2 � 1 : 5 � 10 21 cm � 2 , and the ux of 7 : 0 � 10 � 15 ergs cm � 2 s � 1 for B. 4 Discussion Since w e can not conclude whether the hard emission from the shells of 30 Dor C is thermal or non-thermal from the sp ectral �t alone, w e refer the data of the radio and H � emission line band (Mathewson et al. 1985), and discuss the origin. The 843 MHz emission, whic h indicates the sync hrotron emission from GeV electrons, has shell-lik e structure, very similar to the hard X-ra y morphology . On the other hand, H � emis- sion, which is an indicator of the sho c k ed gas, concen trates in the southeast region of the shell (around shell 1), whic h anti- correlates with the hard X-ra y emission. Similar correlations can b e seen in other sync hrotron X-ra y SNRs, SN 1006 (Win- kler and Long 1997) and R CW 86 (Smith 1997). Therefore, w e suggest that the hard X-ra ys are of non-thermal origin. This is the �rst disco v ery of SN 1006-lik e sources in an extragalactic system. The total non-thermal luminosity is 7 � 10 35 ergs s � 1 , ab out 10 times larger than that of SN 1006. 1

Figure 1: The images around 30 Dor C in the 0.7{2.0 k eV band (left) and in the 2.0{7.0 k eV band (righ t). The scale is logarithm in a unit of � 10 � 5 photons s � 1 arcsec � 2 as sho wn in the left bar. The source region for sp ectral analyses and the source names are sho wn. P arameters shell 1 shell 2 shell 3 shell 4 Thermal mo del k T [k eV] : : : : : : : : : : : : : : : : 0 : 7 +0 : 1 � 0 : 1 2 : 8 +1 : 1 � 0 : 7 3 : 0 +1 : 5 � 0 : 9 2 : 5 +0 : 6 � 0 : 5 Abundance : : : : : : : : : : : : : : 0 : 04 +0 : 01 � 0 : 01 0 : 33 +0 : 67 � 0 : 26 0.08 ( < 0.56) 0.20 +0 : 22 � 0 : 14 N H [10 21 cm � 2 ] : : : : : : : : : 1 : 0 +0 : 6 � 0 : 4 1 : 0 +0 : 7 � 0 : 7 4 : 0 +1 : 0 � 0 : 8 5 : 5 +0 : 9 � 0 : 8 Flux y [ergs cm � 2 s � 1 ] : : : : 1 : 2 � 10 � 13 5 : 2 � 10 � 13 5 : 1 � 10 � 13 2 : 0 � 10 � 13 reduced � 2 [ � 2 /d.o.f.] : : : : 209.7/125 79.4/73 68.8/80 161.7/143 Non-thermal mo del � : : : : : : : : : : : : : : : : : : : : : : : : 3 : 4 +0 : 5 � 0 : 4 2 : 4 +0 : 4 � 0 : 2 2 : 3 +0 : 4 � 0 : 3 2 : 5 +0 : 2 � 0 : 2 N H [10 21 cm � 2 ] : : : : : : : : : 2 : 2 +0 : 8 � 0 : 7 2 : 5 +1 : 1 � 0 : 8 5 : 5 +1 : 3 � 1 : 1 7 : 1 +1 : 1 � 0 : 9 Flux y [ergs cm � 2 s � 1 ] : : : : 1 : 5 � 10 � 13 5 : 5 � 10 � 13 5 : 7 � 10 � 13 2 : 1 � 10 � 13 reduced � 2 [ � 2 /d.o.f.] : : : : 222.1/126 79.1/74 68.8/80 162.7/144 y : In the 0.5 { 10.0 keV band. z : Errors refer to the 90% con�dence lev el. T able 2: Best-�t parameters for sp ectral �ttings z . W e calculated the total explosion energy ( E tot ) and the age ( t ) of 30 Dor C with the assumption of Sedo v solutions and using the b est-�t thermal parameters in shell 1. Assuming the sho c k width of 1/12 R , w e deriv ed E tot � 3 � 10 51 ergs and t � 6 � 10 4 y ears, whic h implying that 30 Dor C ma y b e a single SNR, although E tot is sligh tly larger than that of the ordinary SNR. This source is also the biggest and old- est SN 1006-lik e SNR. The clump is lo cated near at the OB star asso ciation NGC 2044 (Lortet & T estor 1986) hence is lik ely the X-ra y coun terpart. Ho w ev er the presence of strong Mg line and lo w temp erature plasma fa v or an ejecta from SN explosion of 30 Dor C. More detailed observ ations m ust b e needed to judge whether the clump is a part of the SNR or X-ra y coun terpart of NGC 2044. The X-ra y luminosities for the p oin t sources A and B are 3 : 6 � 10 33 ergs s � 1 and 2 : 3 � 10 33 ergs s � 1 at 50 kp c, resp ec- tiv ely . Source A has no coun terpart within 5 00 , and has the X-ra y luminosit y comparable to the ordinary neutron stars, this may b e a cen tral neutron star in the SNR 30 Dor C, as already suggested b y Dennerl et al.(2001). Source B coincides in p osition at a W olf-Ra y et star HD 269828E. The X-ra y lu- minosit y is also in the range of W olf-Ra y et star. Th us source B is v ery likely an X-ra y counterpart of HD 269828E. 5 Conclusion W e found hard X-ra ys from the shells of 30 Dor C. The sp ectra are well �tted with a p o w er-la w function of � = 2.3{2.5 or an NEI plasma mo del of k T = 2.5{3.0 k eV. The correlation with the radio emission and the an ti-correlation with the H � emission, together with the hard X-ra y sp ectra, suggest that the emission is non-thermal Then 30 Dor C is the �rst sample of SN 1006-lik e SNRs in an extragalactic system. The non-thermal luminosit y , the radius, the explosion energy , and the age are the largest among previous SNR samples. T o understand this unique source, more deep and broad band observ ations are needed. References Anders, E., Grev esse, N. 1989, Geo c him. Cosmo c him. Acta., 53, 197 Dennerl, K., Hab erl, F., Asc hen bac h, B., Briel, U. G., Bal- asini, M., Bruninger, H., Burk ert, W., Hartmann, R., et al. 2001, A&A, 365, L202 Hess, V. F. 1912, Phys. Zeits, 13, 1084 Itoh, M., T anak a, R., Komatsu, H. 2001, P ASP Conf. Seri., 251, 250 Ko y ama, K., K., P etre, R., Gotthelf, E. V., Hw ang, U., Mat- sura, M., Ozaki, M., Holt, S. S. 1995, Nature, 378, 255 Lortet, M.C., & T estor, G. 1986, A&A, 139, 330 Mathewson, D. S., F ord, V. L., T uoh y , I. R., Mills, B.Y., T urtle, A.J., Helfand, D.J. 1985, ApJS, 58, 197 Mew e R., Gronenschild E. H. B. M., v an den Oord G. H. J. 1985, A&AS, 62, 197 Mills, B. Y., T urtle, A. J., Little, A. G., Durdin, J. M. 1984, Aust. J. Ph ys., 37, 321 Morrison, R., McCammon, D. 1983, ApJ 270, 119 Smith, R. C. 1997, AJ, 114, 2664 Williams, R. M., Ch u, Y. -H., Dic k el, J. R., P etre, R., Smith, R. C., T a v arez, M. 1999, ApJS, 123, 467 Winkler, P . F., Long, K. S. 1997, ApJ, 491, 829 The 8th IA U Asian-Pacific Regional Meeting, July 2{5, 2002, T oky o, Japan 2