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ABSTRACT

Supernova remnant (SNR) candidates in the giant spiral galaxy M101 have been previously identified from ground-
based Hα and [S ii] images. We have used archival Hubble Space Telescope (HST) Hα and broadband images
as well as stellar photometry of 55 SNR candidates to examine their physical structure, interstellar environment,
and underlying stellar population. We have also obtained high-dispersion echelle spectra to search for shocked
high-velocity gas in 18 SNR candidates, and identified X-ray counterparts to SNR candidates using data from
archival observations made by the Chandra X-Ray Observatory. Twenty-one of these 55 SNR candidates studied
have X-ray counterparts, although one of them is a known ultraluminous X-ray source. The multi-wavelength
information has been used to assess the nature of each SNR candidate. We find that within this limited sample,
∼16% are likely remnants of Type Ia SNe and ∼45% are remnants of core-collapse SNe. In addition, about ∼36%
are large candidates which we suggest are either superbubbles or OB/H ii complexes. Existing radio observations
are not sensitive enough to detect the non-thermal emission from these SNR candidates. Several radio sources
are coincident with X-ray sources, but they are associated with either giant H ii regions in M101 or background
galaxies. The archival HST Hα images do not cover the entire galaxy and thus prevents a complete study of
M101. Furthermore, the lack of HST [S ii] images precludes searches for small SNR candidates which could not
be identified by ground-based observations. Such high-resolution images are needed in order to obtain a complete
census of SNRs in M101 for a comprehensive investigation of the distribution, population, and rates of SNe in this
galaxy.
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1. INTRODUCTION

Mixing of supernova (SN) ejecta and the interstellar medium
(ISM) occurs at supernova remnant (SNR) sites, dispersing
elements formed by fusion in stellar interiors as well as heavier
elements created during SN explosions. SNRs not only raise the
metal content of the ISM, but also heat the ISM by releasing
a large amount of kinetic energy. Thus SNRs are crucial to the
evolution of the ISM as well galaxies as a whole.

SNe can be generally divided into two categories: those
formed by high-mass progenitors undergoing core collapse, and
those formed by white dwarfs (WDs) in binary systems (Weiler
& Sramek 1988). The latter, Type Ia SNe, occur when a WD
accretes material from its binary companion, causing the WD to
exceed the Chandrasekhar limit. Type Ib, Ic, or II SNe are caused
by massive stars undergoing core collapse. The two categories of
SNe inject different heavy elements into the ISM of a galaxy, and
therefore have a different impact on galactic chemical evolution.
SNRs resulting from core-collapse SNe are typically located in
a Galactic plane, while Type Ia SNRs can be found anywhere
in a galaxy, even far above its Galactic plane in the halo. The

7 Current address: Max Planck Institut für Radioastronomie, Auf dem Hügel
69, D-53121 Bonn, Germany.

differing spatial distributions and elemental contributions of the
different types of SNRs suggest that studying the rates and types
of SNRs in a galaxy is vital to understanding the structure and
evolution of its ISM.

It is difficult to obtain a global view of SNRs within the
Galaxy because their distances are not well known. The absence
of accurate distances to Galactic SNRs means we cannot
study properties such as size and luminosity, and prevents us
from creating a comprehensive census of the properties and
distribution of Galactic SNRs. In an external galaxy, all the
SNRs are located at approximately the same known distance
and we can view their relative positions, allowing an accurate
determination of the distribution of SNRs within the galaxy
(Matonick & Fesen 1997; Williams et al. 1999; Pannuti et al.
2007, 2011; Long et al. 2010). However, ground-based surveys
of extragalactic SNRs outside of the Local Group have poor
angular resolution, and cannot provide sufficiently detailed
images to allow for a comprehensive study of SNRs in a
galaxy. The Hubble Space Telescope (HST), with its high angular
resolution, provides images that are ideal for the study of SNRs
in nearby galaxies.

M101 is a nearly face-on spiral galaxy (∼18◦ inclination;
Bosma et al. 1981) at a distance of 7.4 Mpc (Kelson et al. 1996)

1

http://dx.doi.org/10.1088/0004-6256/143/4/85
mailto:franche1@illinois.edu
mailto:gruendl@astro.illinois.edu
mailto:yhchu@astro.illinois.edu
mailto:bdunne@astro.illinois.edu
mailto:t.pannuti@moreheadstate.edu
mailto:ckgrim01@moreheadstate.edu
mailto:kuntz@pha.jhu.edu
mailto:rchen@mpifr-bonn.mpg.de
mailto:z1611057@students.niu.edu


The Astronomical Journal, 143:85 (14pp), 2012 April Franchetti et al.

and has been observed with the HST in Hα and continuum
bands. These HST images, in conjunction with available com-
plementary observations, make it possible to assess the nature of
previously identified SNR candidates. Ninety-three SNR candi-
dates in M101 have been identified by Matonick & Fesen (1997)
using ground-based optical images and the selection criterion
of [S ii]/Hα � 0.45. They acknowledged the need for a more
detailed study of the SNR candidates they identified, especially
those with a diameter �100 pc. HST images resolved these
SNR candidates so that detailed morphologies can be examined
and accurate sizes can be measured. We have found archived
HST Hα images for 55 of the 93 SNR candidates identified by
Matonick & Fesen (1997), and have conducted an analysis of
their physical structure and nature. The HST images are used
to measure the sizes of the SNRs and to analyze the underlying
stellar population, which may provide clues to help identify the
nature of their SN progenitors.

Classical SNRs exhibit three identifying characteristics: high
[S ii]/Hα ratio, non-thermal radio spectral index, and bright
X-ray emission. These characteristics are produced by high-
velocity shocks; therefore, high-velocity gas is usually detected
in SNRs unless an SNR is in a low-density medium such as the
interior of a superbubble (Chu 1997). We have thus obtained
high-dispersion echelle spectra of some M101 SNR candidates
to search for high-velocity gas. We have also examined Chandra
X-ray observations of M101 as well as published lists of discrete
radio sources in M101 to search for counterparts to the optically
identified SNR candidates. This multi-wavelength study helps
better assess the true nature of the SNR candidates in M101. The
method outlined in this study can be used to analyze a complete
sample of SNRs in a galaxy to establish the relative frequencies
and distributions of Type Ia and core-collapse SNRs.

The results of our analysis of previously identified M101
SNR candidates are reported in this paper. Section 2 describes
the observations used in this study, Section 3 reports the physical
properties of the SNR candidates, Section 4 examines their
underlying stellar population, Section 5 discusses the X-ray and
radio observations of M101, and Section 6 assesses the physical
nature of the SNR candidates. A summary is given in Section 7.

2. OBSERVATIONS

The data sets used in our study include: (1) archived HST
optical images and photometric data, (2) high-dispersion echelle
spectra obtained with the Kitt Peak National Observatory
(KPNO) Mayall 4 m telescope, and (3) Chandra X-ray images.

2.1. Optical Imaging and Photometry

HST Advanced Camera for Surveys, Wide Field Channel
(ACS/WFC) and Wide Field and Planetary Camera 2 (WFPC2)
optical images were obtained from the Space Telescope Science
Institute Hubble Legacy Archive.8 A detailed list of the archived
images used in this study is given in Table 1. The WFPC2 images
were made through the F656N (Hα) and F606W (Wide V) filters.
The ACS/WFC images were made through the F658N (Hα),
F435W (∼B), F555W (∼V), and F814W (∼I) filters.

Fifty-five of the SNR candidates identified by Matonick &
Fesen (1997) had HST Hα images available (see Figure 1
for the coverage of these HST Hα images). These Hα im-
ages were used to analyze the sizes and morphologies of
the SNRs. Among the continuum images, we primarily used

8 Available at http://hla.stsci.edu/

Table 1
List of HST Archived Images

Proposal ID PI Name Instrument Bands

5210 Trauger WFPC2 F656N
6044 Garnett WFPC2 F656N
6713 Sparks WFPC2 F656N, F606W
6829 Chu WFPC2 F656N
8591 Richstone WFPC2 F656N
9490 Kuntz ACS/WFC F435W, F555W, F814W
9492 Bresolin ACS/WFC F435W, F555W, F658N, F814W
9720 Chandar ACS/WFC F658N
10918 Freedman ACS/WFC F555W, F814W

those in the F435W, F555W, and F814W bands, correspond-
ing to B, V, and I, that are commonly used for stellar pop-
ulation analysis. Furthermore, the majority of the 55 SNR
candidates which had archived Hα observations also had im-
ages in these continuum bands. Only three SNR candidates,
MF 25, MF 28, and MF 82, did not have F435W, F555W,
and F814W images available. For these three, we searched
the HST archive for observations made through other fil-
ters, and found a WFPC2 F606W image containing MF 25
and MF 28. No such image was available for MF 82. The re-
maining 38 SNR candidates identified by Matonick & Fesen
(1997) either did not have archived HST Hα images available or
the archived images had too low a signal-to-noise ratio to allow
for detailed study, thus they are not included in this study. The
Hα and F555W images of the SNRs are presented in Figure 2.
The accuracy of the astrometric solutions for these images is
typically better than 0.′′25.

We have made use of the photometric data from the Hubble
Legacy Archive. These photometric measurements were made
with DAOPHOT for point sources in the F435W, F555W, and
F814W images. These measurements typically have magnitude
zero point errors <0.1 mag, rms scatter <0.3 mag versus
published catalogs, and <20% artifacts. These photometric data
are used to construct color–magnitude diagrams (CMDs) for
regions encompassing the SNR candidates in order to analyze
the underlying stellar population.

2.2. Spectroscopy

High-dispersion echelle spectra were obtained with the
KPNO Mayall 4 m telescope for 18 SNR candidates in two
observing runs: 1999 July 2 and 2000 April 22–24 (UT). Most
of these targets were selected because of their large sizes, and
the presence or absence of high-velocity gas can help us discern
between bona fide SNRs and superbubbles. Seventeen of these
objects have available HST images. The 79 line mm−1 echelle
grating 79-63 and the 226 line mm−1 cross disperser 226-1 were
used in conjunction with the long-focus red camera to achieve a
reciprocal dispersion of 3.5 Å mm−1 at the Hα line. The spectra
were imaged with the 2048 × 2048 T2KB CCD detector. The
24 μm pixel size corresponds to 0.′′285 pixel−1 along the slit and
∼3.7 km s−1 pixel−1 along the dispersion axis at the Hα line.
Each echellogram covers at least 4300–7000 Å, which includes
the nebular emission lines. Throughout this work, we focus on
the Hα lines as the [N ii] and [S ii] lines are too faint for detailed
analysis.

The journal of observations for the M101 SNR candidates is
given in Table 2. Observations were made using an east–west
slit position, with varying slit widths. The instrumental FWHM,
determined by applying Gaussian fits to sky lines, ranges from
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Figure 1. Digitized Sky Survey red image of M101 overlaid with positions of archival HST Hα observations and SNR candidates from Matonick & Fesen (1997).

Table 2
Journal of KPNO 4 m Echelle Observations

MF Date of Slit Exposure Instrumental
Number Observation Width Time FWHM

19 2000 Apr 22 2.′′0 2 × 1200 s 16.2 km s−1

24 2000 Apr 24 2.′′0 2 × 1200 s 16.4 km s−1

25 2000 Apr 24 2.′′0 2 × 1200 s 15.6 km s−1

27 2000 Apr 24 2.′′0 3 × 1200 s 16.8 km s−1

28 2000 Apr 24 2.′′0 2 × 1200 s 16.2 km s−1

32 2000 Apr 24 2.′′0 3 × 1200 s 16.8 km s−1

45 2000 Apr 23 1.′′5 2 × 1200 s 13.4 km s−1

48 2000 Apr 22 2.′′0 3 × 1200 s 16.2 km s−1

51 2000 Apr 23 1.′′5 2 × 1200 s 11.8 km s−1

52 2000 Apr 24 2.′′0 2 × 1200 s 15.6 km s−1

53 1999 Jul 2 1.′′5 2 × 1800 s 14.6 km s−1

59 2000 Apr 24 2.′′0 2 × 1200 s 15.3 km s−1

75 2000 Apr 23 1.′′5 2 × 1200 s 11.6 km s−1

78 2000 Apr 23 1.′′5 2 × 1200 s 13.9 km s−1

85 2000 Apr 22 2.′′0 2 × 1200 s 16.0 km s−1

89 2000 Apr 23 1.′′5 2 × 1200 s 13.4 km s−1

90 2000 Apr 22 2.′′0 2 × 1200 s 15.5 km s−1

91 2000 Apr 23 1.′′5 2 × 1200 s 12.8 km s−1

12 to 16 km s−1. Reduction and analysis of the data was done
with Interactive Reduction and Analysis Facility software.

2.3. Chandra X-Ray Observations

A mega-second Chandra X-ray mosaic of M101 obtained
and detailed by Kuntz & Snowden (2010) was also included in

this study to search for X-ray counterparts to each of the SNR
candidates identified by Matonick & Fesen (1997). Since this
mosaic covered the entire field of M101, we were able to use it
to search for X-ray counterparts to all 93 of the SNR candidates.
Small SNRs in M101 will be unresolved by Chandra’s point-
spread function and appear as point sources. The point-source
detection limit of the mega-second Chandra observation of
M101 is ∼1036 erg s−1 in the 0.5–2.0 keV band (Kuntz &
Snowden 2010). As typical SNRs have luminosities of ∼1035

to a few times 1036 erg s−1 (Mathewson et al. 1983), the bright
SNRs in M101 should be detectable. For M101 SNR candidates
with X-ray counterparts, the emission is generally too weak for
a detailed spectral analysis. On the other hand, the hardness ratio
can often be used to distinguish between sources with thermal
and non-thermal X-ray spectral properties (based primarily on
the absence or presence of hard X-rays). In Table 3 (Column 10)
we report whether each SNR candidate is coincident with an
X-ray counterpart and note whether the hardness ratios point
to a thermal, non-thermal, or ambiguous origin for the X-ray
emission.

3. PHYSICAL PROPERTIES OF SNR CANDIDATES

The optically identified SNR candidates in this study are
listed in Table 3. The assigned numbers are the same as those
given by Matonick & Fesen (1997), with the SNRs numbered
by increasing R.A. We have measured accurate positions of the
SNRs, and these refined R.A. and decl. are listed in Columns 2
and 3 of Table 3.
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Figure 2. Images showing (from left to right) Hα emission, F555W emission, massive stellar population, and X-ray emission in the 0.5–2.0 keV band for the SNR
candidates in this study.

(An extended version of this figure is available in the online journal.)

3.1. Sizes of SNR Candidates

We measured the size of each SNR candidate from its HST
Hα image. In Table 3, we list both angular and linear diameters
in arcseconds and parsecs, respectively, adopting a distance of
7.4 Mpc (Kelson et al. 1996), where 1′′ corresponds to 36 pc.
Major and minor axes are given for non-spherical SNRs. Linear
sizes of the SNR candidates range from ∼20 to 330 pc in
diameter.

To compare our size measurements from HST images to
those measured by Matonick & Fesen (1997), we converted

their published linear sizes to angular sizes using their adopted
distance of 5.4 Mpc. The comparison of angular sizes is shown in
Figure 3. To correct for seeing, Matonick and Fesen deconvolved
their measured SNR diameters using the average FWHM of
field stars. This may have resulted in an overcorrection for
small objects (�2′′), such as MF 28, MF 75, and MF 90, for
which Matonick and Fesen reported sizes smaller than those
measured from HST images. The ground-based images cannot
resolve SNR candidates in complex environments and may have
resulted in overestimations of sizes in some cases, such as
MF 08, MF 12, MF 51, and MF 67. Four SNR candidates,
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Table 3
Properties of Candidate SNRs in M101

MF R.A. Decl. Diameter Diameter Hα Flux Stars Stars Cluster X-Rayc Region Proposed Confidenced

Number (J2000) (J2000) (arcsec) (pc) (erg cm−2 s−1) within in the Classification
SNRa Fieldb

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

01 14:02:20.28 +54:21:35.45 4.1 150 2.7E−14 10+ 15+ Yes No Arm Superbubble A
07 14:02:32.82 +54:25:54.82 2.7 100 1.1E−15 5 5 No No Interarm Superbubble B
08 14:02:36.42 +54:23:57.16 2.1 80 1.0E−15 1 2 No No Interarm Type Ia C
09 14:02:38.41 +54:22:25.20 0.7 30 1.0E−15 0 19 No No Arm Core-Collapse A
11 14:02:41.86 +54:22:36.78 1.0 40 1.1E−15 0+ 0+ Yes No Interarm Core-Collapse A
12 14:02:43.86 +54:20:05.70 1.0 40 1.6E−14 0+ 11+ Yes Th H ii Core-Collapse A
13 14:02:44.18 +54:20:34.66 0.9 30 1.4E−15 0 3 No Am Interarm Core-Collapse A
15 14:02:45.77 +54:25:19.92 1.1 40 6.3E−16 1 6 No No Interarm Core-Collapse B
16 14:02:46.07 +54:24:40.83 1.8 60 9.2E−16 2 5 No No Interarm Core-Collapse B
17 14:02:49.11 +54:20:56.22 1.6 60 2.1E−15 2+ 2+ Yes Th Arm Core-Collapse A
19 14:02:49.76 +54:22:46.39 7.1 250 6.1E−15 6+ 7+ Yes No Arm Superbubble A
23 14:02:51.56 +54:29:08.17 1.9 70 2.2E−15 0 0 No No Interarm Type Ia B
25 14:02:53.56 +54:14:24.33 1.6 60 3.7E−15 ... ... Yese No Arm Core-Collapse A
26 14:02:54.43 +54:23:24.75 0.7 30 5.9E−16 0 2 No No Arm Type Ia A
27 14:02:55.25 +54:24:17.25 1.0 40 3.4E−16 0 4 No PL Interarm Core-Collapse A
28 14:02:56.06 +54:14:57.30 2.5 90 3.1E−15 ... ... Yese No Arm Core-Collapse C
30 14:02:59.12 +54:19:50.10 1.2 40 1.5E−15 0 0 No Th Interarm Type Ia A
32 14:02:59.49 +54:22:45.20 1.0 40 2.2E−15 0 1 No Am Arm Core-Collapse C
33 14:03:00.49 +54:20:02.36 0.8 30 2.7E−15 0 0 No Th Arm Uncertain D
34 14:03:02.09 +54:23:24.54 2.0 × 1.3 70 × 50 2.8E−15 0 4 No Th Arm Core-Collapse A
40 14:03:09.36 +54:18:31.84 1.0 40 2.5E−15 1+ 1+ Yes Am Interarm Core-Collapse A
41 14:03:10.56 +54:23:27.11 0.8 30 1.3E−15 0+ 11+ Yes No Arm Core-Collapse A
42 14:03:11.05 +54:22:03.49 1.2 40 4.7E−16 0 0 No PL Interarm Type Ia A
43 14:03:12.22 +54:18:52.23 1.7 60 2.4E−15 0 0 No Am Interarm Type Ia A
44 14:03:12.45 +54:23:27.28 1.1 40 5.8E−15 0 8 No Th Arm Core-Collapse A
45 14:03:12.76 +54:17:35.32 4.5 × 2.7 160 × 100 1.2E−14 4 10 No No Arm OB/H ii A
46 14:03:12.72 +54:19:00.78 1.5 50 1.4E−15 0 0 No Th Interarm Type Ia A
47 14:03:13.02 +54:24:39.13 2.7 100 2.0E−15 2 3 No No Interarm Superbubble A
48 14:03:13.24 +54:17:06.77 3.5 × 2.9 130 × 100 5.5E−15 5+ 10+ Yes Am Interarm OB/H ii A
49 14:03:13.29 +54:21:56.74 0.5 20 1.4E−16 0 3 No Th Inner galaxy Core-Collapse A
50 14:03:14.62 +54:21:51.58 0.5 20 1.0E−15 0 2 No Th Inner galaxy Core-Collapse A
51 14:03:17.31 +54:17:10.58 3.1 110 8.5E−15 6+ 15+ Yes No Arm Superbubble A
52 14:03:18.02 +54:17:54.08 0.7 30 3.8E−16 0 5 No No Interarm Core-Collapse A
53 14:03:20.57 +54:16:51.68 5.8 × 8.6 210 × 310 8.6E−15 22+ 27+ Yes No Arm Superbubble A
54 14:03:20.80 +54:19:42.23 1.2 40 5.9E−15 2+ 5+ Yes Th Interarm Core-Collapse A
57 14:03:24.31 +54:19:39.62 0.8 30 8.2E−16 0 0 No Am Arm Type Ia A
58 14:03:24.56 +54:25:00.83 3.0 × 5.8 110 × 210 6.7E−15 1 5 No No Arm Superbubble A
59 14:03:24.84 +54:17:21.37 1.7 60 1.1E−15 0 2 No No Arm Core-Collapse A
60 14:03:25.42 +54:18:22.64 1.0 40 2.1E−15 0 2 No No Arm Core-Collapse B
62 14:03:26.38 +54:24:33.22 2.2 80 7.3E−15 1+ 6+ Yes No Arm Core-Collapse B
65 14:03:27.32 +54:18:31.36 0.8 30 4.2E−15 0+ 1+ Yes Am Arm Core-Collapse A
67 14:03:27.79 +54:24:30.42 5.1 × 2.5 180 × 90 1.0E−14 0+ 0+ Yes No Arm OB/H ii C
69 14:03:28.54 +54:24:11.21 3.4 120 1.1E−14 3+ 3+ Yes No Arm OB/H ii C
73 14:03:31.05 +54:24:42.25 4.9 × 1.8 180 × 60 9.0E−15 5+ 8+ Yes No Arm Superbubble A
75 14:03:32.40 +54:17:40.77 3.4 120 4.8E−15 8+ 11+ Yes No Arm Superbubble A
76 14:03:32.79 +54:17:40.61 1.8 60 2.0E−15 1 7 No No Arm Core-Collapse A
78 14:03:33.81 +54:17:43.22 7.8 280 6.9E−15 20 26 No No Arm OB/H ii C
81 14:03:35.63 +54:18:12.51 0.9 30 8.2E−16 0 1 No Am Interarm Type Ia A
82 14:03:35.98 +54:27:16.62 5.6 × 3.0 200 × 110 4.3E−15 . . . . . . . . . No Interarm Superbubble C
83 14:03:36.05 +54:19:23.26 9.3 330 2.3E−14 2+ 2+ Yes Am Interarm Superbubble A
85 14:03:40.21 +54:18:20.52 1.7 60 1.2E−15 1 2 No No Interarm Diffuse H ii C
88 14:03:51.78 +54:21:03.51 3.5 130 3.3E−15 8+ 13+ Yes No Arm Core-Collapse A
89 14:03:52.46 +54:21:30.51 2.3 × 1.3 80 × 50 4.4E−15 3+ 33+ Yes No Arm OB/H ii A
90f 14:03:52.88 +54:21:17.31 5.0 × 2.2 180 × 80 6.9E−15 6 6 No No Arm OB/H ii A
91 14:03:53.81 +54:21:24.21 2.1 80 3.1E−15 1 5 No No Arm OB/H ii C

Notes.
a Number of massive stars within the boundary of the SNR candidate.
b Number of massive stars within 100 pc of the center of smaller SNR candidates or 170 pc for large SNR candidates with diameters greater than 200 pc.
c X-ray sources are identified as either thermal (Th), power law (PL), or ambiguous (Am).
d Confidence of our classification of the object ranked using a letter grade system, with A being most confident and D being least confident.
e Identified in F606W images only.
f Unclear as to whether the SNR candidate is the entire nebula we identified or only the east edge.
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Figure 3. Comparison of the linear sizes we measured, HST size, to those measured by Matonick & Fesen (1997), MF size.

MF 19, MF 53, MF 78, and MF 83, are large and ill defined,
thus the size and shape are subjective, resulting in a large scatter.
Aside from these differences which can be related to resolution
and sensitivity, the agreement between our measurements is
reasonable.

Sixteen of the 55 SNR candidates we studied have diameters
greater than 100 pc. Such large sizes are very rare among known
SNRs (Williams et al. 1999). Some of the large SNR candidates
identified by Matonick & Fesen (1997) may be superbubbles,
because they are identified solely by [S ii]/Hα ratio, and it has
been shown that superbubbles can have [S ii]/Hα � 0.45 (Chen
et al. 2000; Lasker 1977). Indeed, several of these large SNR
candidates do not have a clearly defined shell structure and
encompass H ii regions and OB associations, as discussed in
Section 4.

Only two of the 55 SNR candidates we studied had a diameter
� 20 pc (0.′′55). The lack of a significant number of small
SNRs confirms the existence of the selection effect Matonick
& Fesen (1997) suggested in their study. This is to be expected
because ground-based observations do not allow for detection
of objects that are very small or very narrow (unresolved)
in a galaxy as distant as M101. Furthermore, young Type Ia
SNRs are dominated by Balmer line emission without forbidden
lines (Smith et al. 1991) and young core-collapse SNRs with
O-rich ejecta (such as the SNR in NGC 4449) are identified by
strong oxygen forbidden lines (Blair et al. 1983); these young
SNRs would have been missed by Matonick & Fesen (1997)
because of the [S ii]/Hα � 0.45 selection criterion. It is likely
that a complete Hα and [S ii] HST imaging survey of M101 in
conjunction with Chandra X-ray data would detect a significant
number of smaller SNR candidates. Only with a complete census
of SNRs in M101 can we carry out a comprehensive study of the

properties and spatial distribution of SNRs and their contribution
to the evolution of a giant spiral galaxy.

3.2. Expansion Velocities of SNR Candidates

We have obtained high-dispersion echelle spectra for 18 SNR
candidates and used the Hα line to determine their kinematic
properties. Measuring a distinct value for the expansion velocity
of an SNR is nearly impossible, because all sides of the remnant
will be expanding at different rates due to differences in the
density of the surrounding ISM, with the largest expansion
velocities occurring where the ISM is least dense. Furthermore,
because of the large distance to M101, the faint high-velocity
material in the SNR is more difficult to detect.

The observed Hα wavelengths are converted to heliocentric
radial velocities assuming a rest wavelength of 6562.80 Å. In
the long-slit echelle spectra, shown in Figure 4, the unshocked
ISM will appear narrow and have a nearly constant velocity
along the slit, while the SNR-shocked material will appear at
higher velocities. We adopt the velocity of the unshocked ISM as
the systemic velocity (Vsys) and measure the largest blueshifted
and redshifted velocity offsets, ΔVblue and ΔVred, caused by
the expansion of the approaching and receding sides of the
SNR candidate, respectively. In the cases where no narrow ISM
component is obvious, we adopt the centroid of the Hα line as the
systemic velocity. The results are listed in Table 4. Vsys ranges
from 181 to 264 km s−1 because of the galactic rotation. ΔVred
ranges from <34 to 194 km s−1, and ΔVblue ranges from −39 to
−161 km s−1. The uncertainty in these velocity measurements is
∼10–20 km s−1. Additional uncertainties in these measurements
are caused by the limited slit coverage of the objects and the
fact that only the line-of-sight component of expansion can be
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Figure 4. Hα echellograms of 18 SNR candidates in M101. The horizontal axis is the heliocentric velocity, and the vertical axis is the position along the slit. The
narrow lines at 0 and ∼270 km s−1 correspond to the telluric Hα line and OH 6-1 P2 (3.5) lines, respectively. The name of the objects is marked in the upper right
corner of each panel.

measured. These limitations may prevent the detection of the
highest velocity offset.

We may compare the expansion velocities of the M101 SNR
candidates with those in the Magellanic Clouds (MCs). Chu &
Kennicutt (1988a) and Chu (1997) found that all confirmed
SNRs in the MCs have ΔVred and/or −ΔVblue greater than
100 km s−1, while the superbubble N70 has a much lower
expansion velocity. The ΔVred and −ΔVblue for M101 SNR

candidates in Table 4 are mostly smaller than 100 km s−1. These
differences are attributed to three factors. (1) About half of the
M101 SNR candidates selected for the echelle observations were
based on their large sizes to test whether they are superbubbles
or OB/H ii complexes. (2) The SNRs were not visible in the
acquisition camera, and therefore the observations were made
by blind offset from nearby stars. It is possible that the slit was
not optimally positioned to measure the expansion velocity. For
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Figure 5. Comparison of the Hα fluxes we measured to those measured by Matonick and Fesen.

Table 4
Expansion Velocities of SNR Candidates in M101

MF Number Vsys
a ΔVblue ΔVred

(km s−1) (km s−1) (km s−1)

19 227 −70 <44
24 181 −161 189
25 186 −140 194
27 263 −59 88
28 193 −73 46
32 263 −119 101
45 206 −90 99
48 197 −119 80
51 201 −79 <64
52 204 −62 46
53 200 −45 46
59 209 −71 43
75 229 −48 62
78 229 −71 <48
85 253 −48 <34
89 262 −46 63
90 263 −39 69
91 264 −50 80

Note. a All values are in the heliocentric frame.

example, the small SNR MF 52 may have been missed by the
slit. (3) As mentioned above, the sensitivity of the observations
limits our ability to detect the faint material with the highest
velocities.

3.3. Hα Fluxes of SNR Candidates

The HST images are flux-calibrated, and thus we can use
them to measure the Hα fluxes. We measured the background-
subtracted Hα fluxes of the 55 SNR candidates and report
them in Table 3. The flux measurements range from ∼10−16

to ∼10−14 erg s−1 cm−2. Figure 5 shows a comparison between

Figure 6. Plot of size (diameter) of the SNR candidates vs. Hα fluxes.

these fluxes and those measured by Matonick & Fesen (1997).
In general, Matonick and Fesen’s Hα flux measurements tended
to be higher than ours. The discrepancies are probably caused
by uncertainties in the exact boundaries of SNRs and back-
ground subtraction in the measurements based on ground-based
observations.

Figure 6 plots the Hα fluxes versus the sizes of the SNR
candidates in M101. There appears to be a weak trend of
increasing Hα flux with increasing size, but the scatter is
large. The scatter may be caused by (1) ambient interstellar
density—an SN interacting with a dense medium will be bright
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Figure 7. CMD of the stars in the area around MF 53, shown as an example.
Tracks from Lejeune & Schaerer (2001) are shown with dashed black lines (5,
15, 25, and 60 M�) and solid red lines (9, 20, and 40 M�). The selection criteria
for massive stars are shown as a heavy dashed line.

(A color version of this figure is available in the online journal.)

in Hα and (2) the presence of massive blue stars in superbubbles
will photoionize the ISM and produce Hα emission.

4. UNDERLYING STELLAR POPULATIONS

The progenitors of core-collapse SNe are massive stars, which
are preferentially, but not exclusively, associated with star-
forming regions and other massive stars. The progenitors of
Type Ia SNe are WDs that belong to Population II. Therefore,
SNRs’ underlying stellar population has been used to diagnose
the types of their SNe (Chu & Kennicutt 1988b; Badenes et al.
2009). For instance, a lack of nearby massive stars suggests
a remnant more likely originated from a WD binary while
the presence of massive stars suggests a remnant more likely
results from a core-collapse SN. Superbubbles encompass large
numbers of massive stars, such as OB associations or clusters,
and can thus be distinguished from large bona fide SNRs.

The HST continuum band images show the distribution of
stars surrounding the SNRs, and the photometric measurements
of the stars can be used to assess the stellar masses and
evolutionary stages. To evaluate the massive star population, and
to minimize the foreground Galactic contamination, we used the
[F435W]−[F555W] color to select massive stars. We first plot
evolutionary tracks for stars with a range of masses (Lejeune
& Schaerer 2001) in the [F555W] versus [F435W]−[F555W]
CMD for the distance of M101 (see Figure 7). We used
[F435W]−[F555W] � 0 to select stars with masses > 9 M�.
For 9 M� stars, we use the [F555W] and [F435W]−[F555W]
boundary curve that follows the evolutionary track of a 9 M�

star, but allow for photometric errors. These selection criteria
are plotted as a dashed curve in Figure 7.

For each SNR, the massive stars identified in the field are
plotted in its third panel in Figure 2. To quantify the underlying
massive star population, we have counted the massive stars
within the boundary of each SNR candidate (Column 7 of
Table 3) and those within 100 pc from the center of each
SNR candidate, or 170 pc for remnants with radii greater than
50 pc (Column 8 of Table 3). The number of blue massive stars
may be underestimated when a dense cluster is present and
the photometry is incomplete. We have visually examined the
broadband images to identify the presence of clusters and noted
them in Column 9; we have also added a “+” to the number of
stars in Columns 7 and 8 of Table 3.

As massive runaway stars have been detected at distances of
∼100 pc from clusters (Gvaramadze et al. 2010), we consider
that SNRs within 100 pc of clusters result from core-collapse
SNe. Several of the SNR candidates have no OB stars within a
100 pc radius, suggesting that they may be the result of Type Ia
SNe, which typically occur in isolated areas of a galaxy where
the ISM is less dense. All of the candidates we classify as Type
Ia SNRs have a diameter less than 70 pc. In contrast, many
large SNR candidates have a high density of massive stars and
OB associations, suggesting that these large candidates may be
superbubbles rather than SNRs.

5. X-RAY AND RADIO OBSERVATIONS
OF SNR CANDIDATES

Conventionally, SNRs are confirmed by the simultaneous
presence of a high [S ii]/Hα ratio, X-ray emission, and non-
thermal radio emission (e.g., Chu 1997). Thus X-ray observa-
tions of each SNR candidate can help determine their nature.
Known SNRs typically have X-ray luminosities ranging from
1035 to a few × 1036 erg s−1 (Mathewson et al. 1983). The
X-rays are dominated by thermal plasma emission, except in
some young core-collapse SNRs, where pulsars and pulsar wind
nebulae may contribute a significant power-law component. The
two brightest known SNRs are MF 16 in NGC 6946 and an
O-rich SNR in NGC 4449, with X-ray luminosities of 8 ×
1039 and 2.4 × 1038 erg s−1, respectively (Holt et al. 2003;
Patnaude & Fesen 2003). While the X-ray spectrum of the SNR
in NGC 4449 is dominated by thermal plasma emission, that of
MF 16 in NGC 6946 is deficient in line emission and is best
described by a power-law originating from a high-mass X-ray
binary with a black hole primary (Holt et al. 2003). Superbubbles
with interior SNRs interacting with their shell walls may also
exhibit diffuse X-ray emission with luminosity ranges similar
to those of conventional SNRs (Chu & Mac Low 1990).

A deep Chandra X-ray mosaic of M101 has been made by
Kuntz & Snowden (2010). We have used this X-ray mosaic
image to search for X-ray emission from the SNR candidates
and found that 21 of the 55 SNR candidates in this study have
X-ray counterparts. We have further examined their spectra and
where possible classified them as thermal or power law. These
results are noted in Column 10 of Table 3. The X-ray fluxes of
the brightest SNR candidates were previously reported by Pence
et al. (2001) and Pannuti et al. (2007) based on a 98.2 ks Chandra
observation, and by Jenkins et al. (2005) based on a 42.8 ks
XMM-Newton observation. Using the distance of 7.4 Mpc, we
have computed the X-ray luminosities of MF 33, MF 34, MF
46, MF 49, MF 50, MF 54, MF 65, and MF 83. Most of these
X-ray counterparts have luminosities of a few × 1036 erg s−1,
consistent with those of known SNRs in the Galaxy and the
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MCs, with the exceptions of MF 65 and MF 83. MF 65 has
an X-ray counterpart with a luminosity of ∼3 × 1037 erg s−1

(not corrected for absorption) and an ambiguous spectral shape
that could be a combination of thermal plasma and power-law
components. The X-ray counterpart to MF 83 has a luminosity
of ∼2 × 1038 erg s−1 (not corrected for absorption), and has
been identified to be an ultraluminous X-ray source, instead of
plasma emission (Mukai et al. 2003).

Using a lower resolution ROSAT X-ray observation of M101,
Wang (1999) suggested MF 37, MF 54, MF 57, MF 83, and
NGC 5471B as candidate hypernova remnants because of their
high X-ray luminosities. We have used the deep Chandra
observation (Kuntz & Snowden 2010) to examine these objects,
except for NGC 5471B, which was severely off-axis in this
observation. The X-ray counterpart of MF 37 has a power-law
spectrum. As we do not have a good HST Hα image showing
the SNR, we cannot assess the nature of MF 37. As pointed
out by Snowden et al. (2001), MF 54 is coincident with a faint
X-ray source 6′′–7′′ from a very bright X-ray source which was
misidentified as the X-ray counterpart to MF 54 by Wang (1999).
Likewise, MF 57 also had its X-ray counterpart misidentified in
the lower resolution ROSAT observation (Snowden et al. 2001).
Using the better coordinates of MF 57 determined from the high-
resolution HST Hα image, we were able to identify a fainter
X-ray counterpart of MF 57, but with too few counts for a
spectral fit. MF 83 is a superbubble powered by an ultraluminous
X-ray source, as discussed above. None of these four SNR
candidates qualify as hypernova remnants.

None of the SNR candidates optically identified by Maton-
ick & Fesen (1997) had radio counterparts in the Very Large
Array 20 cm observations by Eck et al. (2002). This is not
surprising because the detection limit of this radio observation
corresponds to a young SNR such as Cas A. To search for
small, young SNRs that have been missed in the optical sur-
vey, we have compared radio and X-ray observations and found
12 radio sources coincident with X-ray counterparts. Seven of
these sources have HST Hα and broadband images for more de-
tailed examination: M101-E-α, M101-E-γ , M101-E-ε, M101-
E-θ , M101-E-φ, M101-S-α, and M101-S-γ (designations from
Eck et al. 2002). We find that the radio sources M101-E-α and
M101-E-γ correspond to bright nebular knots in the giant H ii
region NGC 5462. M101-E-ε and M101-E-θ are on the out-
skirts of the giant H ii region NGC 5462; the former has no
distinct Hα emission that can be identified as an SNR shell,
while the latter has a resolved optical counterpart that is dom-
inated by continuum emission, and thus is likely a background
galaxy. M101-E-φ corresponds to a bright nebular knot in the
giant H ii region NGC 5461, similar to M101-E-α and M101-
E-γ . M101-S-α corresponds to SN1970G, the known radio SN
in the giant H ii region NGC 5455; the X-ray emission from
SN1970G is unambiguously detected (Immler & Kuntz 2005).
M101-S-γ has a small offset between the X-ray and radio
sources, and the HST continuum images show that the X-ray
source is coincident with a background spiral galaxy and the
radio source is coincident with a background elliptical galaxy.
None of these seven objects can be identified as Cas A type
SNRs.

We also examined the X-ray data for the 38 SNR candidates
identified by Matonick & Fesen (1997) that do not have archived
optical HST images available. It should be noted that since HST
images were unavailable, we were unable to measure accurate
coordinates and sizes for these SNR candidates, so we resorted
to using the coordinates and sizes published by Matonick &

Fesen (1997) for each SNR candidate. Since their observations
were ground based and thus had poorer resolution than the HST
images, many of the positions and sizes of the SNR candidates
may not be very accurate. Thus there is an additional degree
of uncertainty in the coincidence between X-ray sources and
the SNR candidates. We find probable coincident X-ray sources
for 11 objects: MF 20, MF 21, MF 22, MF 24, MF 29 MF 37,
MF 61, MF 64, MF 71, MF 77, and MF 93. The other 27
objects do not appear to have X-ray counterparts. Without high-
resolution HST Hα images of these 38 candidates, we cannot
further assess the nature of these SNR candidates.

6. NATURE OF SNR CANDIDATES

Based on the morphology revealed in optical images, kine-
matic information derived from high-dispersion echelle spectra,
stellar population information extracted from the photometric
data, and the shocked hot gas shown in X-ray data, we attempt
to distinguish among Type Ia SNe, core-collapse SNe, and super-
bubbles produced by OB associations or large numbers of mas-
sive stars. Our proposed classifications are given in Column 12
of Table 3, while a more detailed explanation of the justifica-
tions for each classification is given in the Appendix. As our
classification is based on statistical analysis, we cannot confirm
our assessment of the nature of each SNR candidate, so we have
assigned a confidence value A, B, or C, roughly correspond-
ing to “most likely,” “probable,” and “possible,” respectively
(Column 13 of Table 3).

6.1. Superbubbles

A significant fraction of the SNR candidates in M101 have
sizes � 100 pc, much larger than typical SNRs in the Galaxy and
the MCs. This is surprising because a single SNR with a diameter
� 100 pc would likely be located in a low-density medium,
resulting in a low surface brightness that would be difficult
to detect in ground-based optical images. It is possible that
some of these large SNR candidates are superbubbles blown by
OB associations or clusters. Superbubbles can be distinguished
from SNRs by the presence of a visible blue cluster or a large
number of OB stars within the boundary of the SNR candidate,
and a slow Hα expansion velocity (�100 km s−1). Therefore,
we first searched for OB associations or clusters within the
SNR boundaries and identified the associated large shells as
superbubbles. To assess whether a superbubble contains an
SNR in its interior, we examined the Hα expansion velocity
and X-ray observations. If a superbubble shows high-velocity-
shocked material or diffuse X-ray emission, it is likely that the
superbubble contains the remnant of a recent SN explosion.
Only one of the large SNR candidates, MF 83, has both an
internal cluster and exhibits bright X-ray emission and was
suggested to be a hypernova remnant (Wang 1999), but the
X-ray emission originates from an unresolved ultraluminous
X-ray source (Mukai et al. 2003), which might be responsible for
the moderately high expansion velocity of the shell, ∼50 km s−1

(Lai et al. 2001). For large SNR candidates without visible
clusters, if we find the expansion velocity to be lower than
100 km s−1, we also classify the object as a superbubble.

Young superbubbles may be smaller than 100 pc; therefore,
we have examined the underlying stellar populations of all of
the SNR candidates, and indeed found some objects smaller
than 100 pc that also have clusters or OB associations present.
It is possible that the optical shell structure represents a super-
bubble blown by the OB association. If there has been a recent
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SN explosion near the superbubble shell wall, the interaction
between the SNR shock and the shell wall will produce bright
X-ray emission (Chu & Mac Low 1990). Thus, we also ex-
amined the X-ray observations of these objects to confirm the
presence of an SNR, and used the echelle data, when available,
to search for high-velocity-shocked gas. Some SNR candidates
are small superbubbles with interior SN explosions and it is a
matter of semantics to call these objects SNRs or superbubbles.
For these SNR candidates we have classified them as SNRs
in Table 3 but their superbubbles are noted in the individual
descriptions in the Appendix.

6.2. SNRs of Core-collapse SNe versus Type Ia SNe

For the SNR candidates not identified as superbubbles, we
attempted to distinguish between SNRs resulting from Type Ia
SNe and core-collapse SNe. The criteria we used for identifying
SNRs resulting from core-collapse SNe were: (1) the presence
of many OB stars or even a cluster in or around the SNR
candidate and (2) a non-uniform shell, often brighter on one side
and often having visible Hα emission outside of the boundary
of the SNR candidate (from gas photoionized by nearby OB
stars). These two criteria reflect an environment rich in massive
stars and photoionized gas, and SNe in these environments are
more likely to have massive star progenitors. We can further
estimate the uncertainty of this classification from the statistics
of Galactic O stars. Among the 227 Galactic O stars with V < 8,
∼83% are in clusters, ∼10% are runaways, and only 5%–10%
are truly isolated (de Wit et al. 2004, 2005; Zinnecker & Yorke
2007). Therefore, about 10% ± 5% of core-collapse SNRs are
not associated with other massive stars or star-forming regions,
and will not be identified as such by our criteria.

Identifying characteristics of SNRs originating from Type Ia
SNe include: (1) the absence of nearby clusters or OB stars,
(2) a round, uniform shell morphology, and (3) a relatively low
Hα flux, as compared to SNRs originating from core-collapse
SNe. These criteria are based on our knowledge of the Type
Ia SNRs in the Large Magellanic Cloud (LMC). Most of the
Type Ia SNRs in the LMC are more or less round, without
large brightness variations along the rim (Borkowski et al. 2006;
Mathewson et al. 1983). As Type Ia SNe typically occur in a
low-density medium, the surface brightness is usually lower.
However, there are exceptions, for example, N103B in the LMC
is located near an H ii region in a crowded stellar environment,
yet the abundances determined from the X-ray spectra reveal that
it is the result of a Type Ia SN (Hughes et al. 1995). As there are
seven confirmed and six possible Type Ia SNRs in the LMC (Chu
& Kennicutt 1988b; Hughes et al. 1995; Borkowski et al. 2006),
and N103B is the only one that is interacting with H ii regions,
we suggest that our criteria have a misidentification rate of ∼7%.
This is consistent with the 5%–8% of Type Ia SNe whose spectra
show nebular Hα emission, indicating the existence of an H ii
region (J. Silverman 2011, private communication).

We do not compare the Type Ia SNRs in M101 with those in
the Galaxy because of the uncertain distances and the large, non-
uniform foreground extinction in the Galactic plane. The Type Ia
SNRs DEM L238 and DEM L249 in the LMC, on the other hand,
have sizes of 39 × 33 pc and 45 × 30 pc, respectively, and have a
small foreground extinction; thus these SNRs can be compared
with those we classify as having resulted from Type Ia SNe in
M101. The Hα luminosities of DEM L238 and DEM L249 are
1.8 × 1036 and 2.4 × 1036 erg s−1, respectively (Kennicutt
& Hodge 1986). Using the digital data from Kennicutt &
Hodge (1986), we find the peak emission measures of these

two SNRs to be ∼900 cm−6 pc. For comparison, the M101
Type Ia SNR candidate MF 23 has an Hα luminosity of 1.4 ×
1037 erg s−1, a diameter of 70 pc, and a peak emission measure
of ∼700 cm−6 pc. The detectability of a nebula depends on its
surface brightness or the peak emission measure. DEM L238
and DEM L249, having higher surface brightnesses than MF
23, can easily be detected in the HST Hα images used in our
study.

In M101, the SNR MF 33 may be similar in nature to the Type
Ia SNR N103B. Both are located near a very densely populated
stellar neighborhood, exhibit very bright X-ray emission, and
have a shell that is brighter on one side. However, MF 33
also resembles the ultraluminous core-collapse SNR MF 16 in
NGC 6946 (Dunne et al. 2000). It is difficult to determine the real
nature of MF 33 unless an X-ray or optical spectrum adequate
for spectral analysis to determine abundances can be obtained.
We have listed the classification of this object as uncertain,
since we were not able to determine whether it resulted from a
core-collapse SN or Type Ia SN.

6.3. OB/H ii Complexes

Several of the SNR candidates did not have a clearly defined
shell structure in the HST Hα images. The absence of a defined
shell suggests that these are neither SNRs nor superbubbles,
but rather OB/H ii complexes with a localized enhancement in
[S ii] emission, which allowed them to be detected in Matonick
and Fesen’s optical survey, since their criteria for identifying
nebulae as SNR candidates was an [S ii]/Hα � 0.45. These
SNR candidates may be a combination of multiple objects, but
since HST [S ii] images are not available, we cannot identify
exactly what part of the region was detected to have a high
[S ii]/Hα ratio in the Matonick & Fesen (1997) survey, and the
ground-based images they published do not have high enough
resolution to make this distinction. It is possible that there is
an SNR located somewhere within the OB/H ii complexes, but
since we do not see a shell structure in the Hα images, we cannot
confirm its presence. Four of the nine OB/H ii complexes we
identified are located on the outskirts of the giant H ii region
NGC 5462 on the east edge of M101. The [S ii] enhancements
in these regions are similar to those commonly seen outside
of active star-forming regions in irregular galaxies (Hunter &
Gallagher 1990).

Based on studies by Hunter (1994) and Walterbos & Braun
(1994), Matonick & Fesen (1997) suggested that objects having
an [S ii]/Hα � 0.60 and a diameter � 100 pc may not be SNRs.
They classified 10 objects in M101 fitting those criteria, 5 of
which we included in our study, MF 01, MF 12, MF 51, MF 67,
and MF 78. We have identified MF 01, MF 51, and MF 78 as
superbubbles, and MF 67 as an OB/H ii complex, supporting the
hypothesis made by Matonick and Fesen. However, we believe
that MF 12 is the result of a core-collapse SN. MF 12 is located
near a substantial H ii region, which likely made identifying the
correct size of the remnant in ground-based images difficult. In
our HST images, we are able to differentiate between the H ii
region and the SNR candidate, and have measured MF 12 to
have a size of ∼60 pc, placing it below the 100 pc threshold.

6.4. Distribution of SNR Types

We suggest that ∼60% (34 of 55) of the SNR candidates
we studied are true, conventional SNRs. This indicates that
although the [S ii]/Hα ratio diagnostic of SNRs remains the
most sensitive way to identify extragalactic SNRs, an examina-
tion of the physical properties and stellar environments of SNR
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candidates is necessary to eliminate contamination from non-
SNR objects that may have a high [S ii]/Hα ratio. Superbubbles
are the most prevalent of the non-SNR objects we identified
from the Matonick and Fesen list, making up ∼20% (11 of 55)
of the SNR candidates we studied. The remaining 10 objects
were somewhat ambiguous. We identified most of them as OB/
H ii complexes with no clearly defined shell. MF 85 was clas-
sified as diffuse H ii emission, as there does not appear to be a
visible shell structure or OB association.

We estimate that ∼25% (9 of 34) of the SNRs we identified
are the result of Type Ia SNe. This can be compared with the
Type Ia SNRs in the LMC. Using a similar stellar population
identification criterion, 12 of the 45 (∼27%) known SNRs in
the LMC have been suggested to result from Type Ia SNe
(Chu & Kennicutt 1988b; Desai et al. 2010). There are large
differences in the galactic types (with or without spiral arms)
and observational biases. For example, most of the known
Type Ia SNRs in the LMC have a diameter less than 30 pc,
whereas those in M101 are larger because the smallest SNRs
(<20 pc) in M101 have not yet been identified. Despite all
these differences, the percentages of Type Ia SNRs show close
agreement between the LMC and M101. Note that the fractions
of Type Ia SNRs of the LMC and M101 are much higher than
the fraction of Type Ia SNe observed in late-type galaxies (Scd
spirals and irregulars) because a significant fraction of core-
collapse SNe occur is superbubbles and do not necessarily
develop recognizable SNRs.

6.5. Spatial Distribution of SNRs in M101

To study the distribution of SNR candidates in M101, we
visually inspected the images to assess whether each candidate
was in or between spiral arms (see Figure 1 and Column 11 of
Table 3). Thirty-one of the SNR candidates are located in the
spiral arms of M101, while 21 are located in interarm regions,
giving a ratio of ∼1.5:1. The presence of dense interstellar gas
and a high stellar density in the spiral arms of M101 would seem
to favor the occurrences of SNRs in arm regions. However, the
presence of clusters and H ii regions in the spiral arms may
obscure many SNRs, making detection difficult. None of the
objects we classify as bona fide SNRs are located inside of
H ii regions, and only one, MF 12, lies on the outskirts of an
H ii region. The SNR candidates located in interarm regions
are much easier to detect and thus make up a larger portion of
the SNR sample in M101 than expected. Matonick and Fesen
hypothesized that the number of SNRs in M101 may be up to
four times larger than the 93 they detected.

We have also analyzed the types of SNRs found in both the
arm and interarm regions. Of the 11 SNRs we suggest to be the
result of Type Ia SNe, only two are found in the spiral arms
of M101. Conversely, 55% (14 of 25) of the SNRs we suggest
to be the result of core-collapse SNe are located in the spiral
arms, suggesting the presence of more high-mass stars in the
spiral arms of M101. Superbubbles also tend to be located in
the spiral arms; only 4 of the 11 we identified are located in
interarm regions.

7. SUMMARY

We have examined HST Hα and broadband images and
photometry, high-dispersion echelle spectra, and Chandra
X-ray data to study the nature and distribution of SNRs in M101.
Of the 93 SNR candidates identified by Matonick & Fesen
(1997), 55 had both HST and Chandra observations available.

For these objects, we measured positions and sizes using the HST
Hα image and used HST broadband images and photometry to
examine their underlying interstellar environment and stellar
population. The Chandra data were then used to search for
X-ray counterparts to the SNR candidates. Finally, high-
dispersion echelle spectra were used to measure the expansion
velocities for 18 of the SNR candidates.

We then used this information to assess the nature of each
SNR candidate. Large objects with a large number of nearby
massive stars or clusters within the boundary of the SNR candi-
date also typically had low expansion velocities (�100 km s−1).
These were classified as superbubbles. Smaller objects with
higher expansion velocities (�100 km s−1) and thermal X-ray
emission were typically classified as either core-collapse or Type
Ia SNRs. In such cases, the stellar and interstellar environment
played a critical role in our final diagnosis. Objects with a large
concentration of nearby massive stars were typically classified
as remnants of core-collapse SNe, while objects in isolated areas
of M101 with no or few nearby massive stars were classified as
remnants of Type Ia SNe. Finally, objects encompassing mas-
sive stars and ionized gas, but without a clear shell structure
were classified as OB/H ii complexes, which may harbor an
SNR, but without further observations, their nature cannot be
assessed.

Of the 55 SNR candidates we analyzed, 9 are likely remnants
of Type Ia SNe, 25 remnants of core-collapse SNe, 11 super-
bubbles, 8 OB/H ii complexes, and 1 diffuse H ii region. We
were uncertain as to the nature of MF 33, which may be argued
to result from either a core-collapse or Type Ia SN. The remain-
ing 38 objects in the Matonick & Fesen (1997) catalog did not
have the HST Hα images necessary to assess their properties
and nature.

We have compared these 55 SNR candidates to a list of
published radio sources in M101, but the radio observations
are not deep enough to detect these SNR candidates. To search
for possible SNR candidates missed by the initial optical survey,
we have also compared the radio sources to X-ray point sources
in M101. Seven radio sources are coincident with X-ray point
sources, however none of them correspond to potential SNRs.
Currently, the X-ray and radio observations available lack the
sensitivity to be used to confirm most SNRs identified with [S ii]
and Hα images.

Our work has demonstrated that HST Hα and continuum
images are essential in revealing the physical structure and
underlying stellar population of SNR candidates in M101 to
enable further investigation of their nature. The archival HST
Hα images do not cover the entire galaxy, therefore a global
study of M101 is currently impossible. Furthermore, HST [S ii]
images are needed for comparison with Hα images to search
for new small SNR candidates which could not be identified
by ground-based observations. Only after a complete census of
SNRs is obtained can we attempt a comprehensive investigation
of the distribution, population, and rates of SNe in this galaxy.
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APPENDIX

SUMMARY OF M101 SNR CLASSIFICATION

For each SNR candidate, the object name, classification,
confidence level, and remarks are given below.

MF 01: Superbubble–A—MF 01 is very large, with a diam-
eter � 100 pc, and a visible cluster located inside remnant. It
also has a high Hα flux.

MF 07: Superbubble–B—MF 07 encompasses a sparse group
of massive stars. The shell is likely a superbubble blown jointly
by SNe and stellar winds from this group of massive stars.

MF 08: Type Ia–C—MF 08 has one massive star projected
within its boundary, consistent with the background population.
Its uniform circular morphology is similar to Type Ia SNRs in
the Galaxy or the MCs, however it has a large diameter.

MF 09: Core-Collapse–A—MF 09 is in an environment with
a high concentration of massive stars. The shell is non-uniform,
indicating interaction with an inhomogeneous ambient ISM.

MF 11: Core-Collapse–A—MF 11 is associated with an H ii
region and small cluster of stars that are not well resolved in the
HST images for photometry, suggesting a core-collapse SN.

MF 12: Core-Collapse–A—MF 12 has very bright Hα emis-
sion, is located near an H ii region, encompasses a small cluster
of stars, and has bright X-ray emission.

MF 13: Core-Collapse–A—MF 13 has a non-uniform shell.
It encompasses a small concentration of stars, and has visible
X-ray emission.

MF 15: Core-Collapse–B—MF 15 has an irregular morphol-
ogy, making its identification as an SNR uncertain. It is near
several massive stars, therefore if it is indeed an SNR, its pro-
genitor is likely a core-collapse SN.

MF 16: Core-Collapse–B—MF 16 has massive stars located
within the boundary of the remnant, and its morphology is non-
uniform, indicating it is likely the result of a core-collapse SN.

MF 17: Core-Collapse–A—MF 17 has a cluster of massive
stars inside the remnant’s boundary. Its shell is non-uniform.
We cannot exclude the possibility that it is a superbubble with
an interior SN explosion. Either way, a core-collapse SN has
occurred in MF 17.

MF 19: Superbubble–A—MF 19 is a very large shell with a
visible cluster of massive stars within its boundary, suggesting
it is a superbubble.

MF 23: Type Ia–B—MF 23 is not associated with any massive
stars or H ii regions.

MF 25: Core-Collapse–A—MF 25 has a non-uniform shell, is
associated with H ii regions, and has a high expansion velocity.
A cluster within MF 25 can be clearly seen in the F606W image,
though other broadband images are not available to study the
population of massive stars.

MF 26: Type Ia–A—MF 26 has a very small, uniform shell.
It is located in a region with a very low concentration of massive
stars, making it a good candidate for a Type Ia SN.

MF 27: Core-Collapse–A—MF 27’s shell is non-uniform,
and it encompasses a few stars. Faint X-ray emission is also
present. These factors suggest a high-mass progenitor.

MF 28: Core-Collapse–C—MF 28 has an irregular morphol-
ogy. A small concentration of stars within the boundary is
present in the F606W image, however we do not have other

broadband images to study the underlying stellar population in
greater detail. If it is indeed an SNR, it is most likely the remnant
of a core-collapse SN.

MF 30: Type Ia–A—MF 30 has a small, round shell. It
encompasses a few stars, though there are no nearby massive
stars, and it is not associated with an H ii region.

MF 32: Core-Collapse–C—This remnant has a clover leaf
shaped morphology and bright X-ray emission. It is associated
with diffuse H ii regions superposed on a dust lane along the
inner edge of a spiral arm. While we classify it as a remnant of a
core-collapse SN, it is possible that MF 32 is an M101 analog of
the Type Ia SNR N103B in the LMC (Chu & Kennicutt 1988b).
N103B is near an H ii region, and superposed on a molecular
cloud, but its X-ray spectrum shows abundances consistent with
a Type Ia SN explosion (Hughes et al. 1995).

MF 33: Uncertain–D—MF 33 is small with a non-uniform
shell, and exhibits bright Hα and X-ray emission. It is located
near H ii regions, but does not encompass any massive stars.
MF 33 resembles both the Type Ia SNR N103B in the LMC
(Hughes et al. 1995) and the core-collapse SNR MF 16 in
NGC 6946 (Dunne et al. 2000), so we cannot classify it as
either Type Ia or core collapse.

MF 34: Core-Collapse–A—MF 34 has a triangular morphol-
ogy, and it is located near several massive stars and H ii regions.
It has visible X-ray emission.

MF 40: Core-Collapse–A—MF 40 has a non-uniform shell
and diffuse Hα emission surrounding the SNR. It encloses a
small concentration of stars, including a massive star. It is
associated with H ii regions and has visible X-ray emission.

MF 41: Core-Collapse–A—MF 41 is located in an environ-
ment rich in massive stars. It has a triangular morphology, and
is in a diffuse Hα emission field on the outskirts of a large H ii
complex.

MF 42: Type Ia–A—MF 42 is in an environment devoid of
massive stars. It is not associated with any diffuse Hα emission.

MF 43: Type Ia–A—MF 43 has a double-lobed morphology,
reminiscent of the SNR DEM L316 in the LMC (Williams &
Chu 2005). It is located in an environment devoid of massive
stars and ionized gas. This remnant’s progenitor is most likely
a Type Ia SN, similar to that of DEM L316a.

MF 44: Core-Collapse–A—MF 44 has a bipolar structure and
surrounding diffuse Hα emission. It encompasses several stars,
is located in a field rich in massive stars, and has visible X-ray
emission.

MF 45: OB/H ii Complex–A—MF 45 has no clearly defined
shell structure. It is diffuse with a few bright knots. It is located
in an environment rich in massive stars and ionized gas. This
object is most likely an OB/H ii complex that contains a core-
collapse SN explosion.

MF 46: Type Ia–A—MF 46 has a round, moderately uniform
shell and is located in a field with no massive stars.

MF 47: Superbubble–A—This large shell has a high concen-
tration of stars, some of which are massive, within its boundary,
and is located near another concentration of stars and ionized
gas.

MF 48: OB/H ii Complex–A—MF 48 does not have a defined
shell structure. It has bright knots superimposed on diffuse
emission. The environment is rich in ionized gas and massive
stars, indicating that this object is an OB/H ii complex that may
contain a core-collapse SN.

MF 49: Core-Collapse–A—MF 49 has a very high surface
brightness, and bright X-ray emission. A Type Ia SNR with
the size of MF 49, 19 pc, would still be young enough to be
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Balmer line dominant with little forbidden line emission, such
as DEM L71 in the LMC (Mathewson et al. 1983). As MF
49 was identified from its high [S ii]/Hα ratio, it must be a
core-collapse SNR.

MF 50: Core-Collapse–A—MF 50 is similar to MF 49 in
every respect and thus is also classified as a core-collapse SNR.

MF 51: Superbubble–A—MF 51 has a diameter � 100 pc,
and encompasses several massive stars. These are characteristics
of a superbubble.

MF 52: Core-Collapse–A—MF 52 has an irregular morphol-
ogy, and lacks bright X-ray emission. There are some massive
stars located in the vicinity of the remnant.

MF 53: Superbubble–A—MF 53 has a large number of
massive stars enclosed within its shell. This, along with the
very large size, suggest that MF 53 is a superbubble.

MF 54: Core-Collapse–A—MF 54 has a small cluster of
massive stars within its boundary, and is surrounded by diffuse
ionized gas. Its shell is not uniformly shaped.

MF 57: Type Ia–A—MF 54 has a small, fairly uniform shell,
and is located in an environment with very few stars. It also
exhibits faint X-ray emission. This is consistent with remnants
resulting from Type Ia SNe in the MCs.

MF 58: Superbubble–A—MF 58 is very large and of some-
what irregular shape. It is located among a collection of H ii
regions. This large size suggests MF 58 is an old superbubble
whose most massive main-sequence stars are late B stars.

MF 59: Core-Collapse–A—MF 59 is located near H ii re-
gions, and its shell brightness is not uniform. There are some
nearby massive stars, and a lack of bright X-ray emission.

MF 60: Core-Collapse–B—MF 60’s shell is small with non-
uniform brightness. It is located near some massive stars and
diffuse Hα emission, but lacks bright X-ray emission.

MF 62: Core-Collapse–B—MF 62 is located in a dense stellar
environment, with massive stars in the surroundings. This object
is likely a remnant of a core-collapse SN, or a superbubble with
an interior core-collapse SN explosion.

MF 65: Core-Collapse–A—MF 65 encompasses a small
cluster, and is surrounded by diffuse ionized gas. It is coincident
with a bright X-ray source, but it is ambiguous whether the
source is thermal or non-thermal. The X-ray source is coincident
with arcs at 1′′ from the Hα peak.

MF 67: OB/H ii Complex–C—Within the boundary of MF
67, there are multiple shell structures and regions of diffuse
emission. It is not clear whether there is an SNR and which
structure corresponds to the SNR. If there is an SNR within the
boundary of MF 67, it most likely resulted from a core-collapse
SN.

MF 69: OB/H ii Complex–C—MF 69 is a large diffuse emis-
sion region with no defined shell structure. This morphology and
the distribution of massive stars in the vicinity suggest that this
is an OB/H ii complex.

MF 73: Superbubble–A—The large shell size and distribution
of massive stars suggest that this object is a superbubble.

MF 75: Superbubble–A—The large number of massive stars
within this large shell suggest that MF 75 is a superbubble.

MF 76: Core-Collapse–A—MF 76 is located near the super-
bubble MF 75, and has neighboring massive stars.

MF 78: OB/H ii Complex–C—This object is diffuse without
a defined shell structure. It encompasses a large number of
massive stars. It is not clear whether there is an SNR at all.

MF 81: Type Ia–A—MF 81 has a small, uniform shell, and is
located in an environment with very few stars. It exhibits X-ray
emission.

MF 82: Superbubble–C—It is not clear whether MF 82 is a
superbubble or an OB/H ii complex since there are no contin-
uum images available. The interstellar environment suggests the
existence of OB stars in its vicinity.

MF 83: Superbubble–A—MF 83 is a superbubble around an
ultraluminous X-ray source (Lai et al. 2001; Mukai et al. 2003).

MF 85: Diffuse H ii–C—This object shows only diffuse
emission without any shell structure. There are massive stars
within and in the vicinity of MF 85. It is not clear whether there
is an SNR present.

MF 88: Core-Collapse–A—MF 88 is located near a large
number of massive stars and has a well-defined shell structure.

MF 89: OB/H ii Complex–A—This object is at the southern
tip of the giant H ii region NGC 5462. It has a very high number
of associated OB stars, and lacks a clearly defined shell.

MF 90: OB/H ii Complex–A—This object is also at the
southern tip of the giant H ii region NGC 5462. It has several
nearby OB stars, and no defined shell.

MF 91: OB/H ii Complex–C—This object is on the southeast
outskirts of NGC 5462. This object neighbors several massive
stars. It may contain an SNR, but there is no identifiable shell
structure.
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