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SUMMARY: We present Data Release 2 of the Point Source Catalogue created
from a series of previously constructed radio-continuum images of M 31 at A=20 cm
(v=1.4 GHz) from archived VLA observations. In total, we identify a collection of
916 unique discrete radio sources across the field of M 31. Comparing these detected
sources to those listed by Gelfand et al. (2004) at A=92 cm, the spectral index of
98 sources has been derived. The majority (73%) of these sources exhibit a spectral
index of @ <-0.6, indicating that their emission is predominantly non-thermal in
nature, which is typical for background objects and Supernova Remnants (SNRs).
Additionally, we investigate the presence of radio counterparts for some 156 SNRs
and SNR candidates, finding a total of only 13 of these objects in our images within a
5" search area. Auxiliary optical, radio and X-ray catalogues were cross referenced
highlighting a small population of SNRs and SNR candidates common to multi

frequency domains.
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1. INTRODUCTION

As a member of the Andromeda constellation,
M 31 is the closest spiral galaxy to our own at a dis-
tance of ~ 778 Kpc (Karachentsev et al. 2004). For
this reason, it plays a significant role in galactic and
extragalactic studies. A number of previous radio-
continuum studies at A=20 cm (Braun 1990a) fo-
cused on general properties of M 31, such as its struc-
ture and magnetic fields. Also, Braun (1990b) pre-
sented a list of 5340 sources in the north-east parts
of M 31 at 20 cm. A number of other studies, such as
Dickel et al. (1982), estimated flux densities of M 31

catalogs — ISM: supernova remnants — radio continuum: galaxies —

supernova remnants (SNRs) and HiI regions. Lee et
al. (2014) identified 76 new SNRs based on Ha and
[Su] images of M 31, and further confirmed a total
of 80 SNR candidates from previous literature based
on their selection criteria.

In this paper we release our first revision of
the data catalogue first published in Galvin et al.
(2012). The original catalogue was produced from
Very Large Array (VLA) archive data that was ac-
cessed and imaged from the National Radio Astron-
omy Observatory (NRAO) online data retrieval sys-
tem at A=20 cm. Here, we also investigate the SNR

ﬁ/([)gllponent of our sample of radio sources in the

15



T. J. GALVIN and M. D. FILIPOVIC

2. DATA AND IMAGE CREATION

A collection of existing, archived radio-
continuum observations at A=20 cm with pointings

centred on M 31 were obtained from the National
Radio Astronomy Observatory (NRAO)?! online data

retrieval system. In total, 15 VLA projects with a va-
riety of array configurations were selected for use in
this study, as summarised in Table 1 of Galvin et al.
(2012). These projects were observed between the
1% of October 1983 and 27" of September 1997 and
are comprised of 28 individual observational runs.

The MIRIAD (Sault et al. 1995) and KARMA
(Gooch 1996) software packages were used for data
reduction and analysis. Initially, observations were
loaded into AIPS and had their source coordinates
converted from the B1950 to the J2000 reference
frame. They were then exported to FITS files so that
they could be loaded into the MIRIAD software pack-
age, which was then used to perform actual data
reduction. Typical calibration, flagging and imag-
ing procedures were then carried out (Sault et al.
1995). For more information on data analysis and
image creation, as well as the complete set of final
images used for source identification, see Galvin et
al. (2012), Galvin et al. (2014), O’Brien et al. (2013)
and Payne et al. (2004a).

3. RESULTS

Using the images produced in Galvin et al.
(2012), we re-evaluate the unique source catalogue
produced through that work. Table 1 lists all the
sources and the images in which they were found.
Using a 2 search radius, the source catalogue from
Galvin et al. (2012) was internally cross referenced
to identify sources which were found in more then one
image. In such cases, the collection of sources was
given an unique group identification number. For
each of these groups, an average flux and associated
error was calculated based on the individual mea-
surements of each source in that particular group.
In total, 916 unique sources were identified, of which
109 were found in at least two images.

In Fig. 1 we present the distribution of flux
densities of all unique point sources. For unique
sources found in more then one image (a group),
that group’s average flux was used. Of the total 916
unique sources, 882 (~96%) are with flux density
that is below 50 mJy. From Fig. 1 we estimate that
our completeness level is ~2 mJy.

In Fig. 2 we show the distribution of the av-
erage flux errors of each group (109 in total). The
majority of source groups (70 out of 109) have errors
which are less then 30%. Of the 109 source groups,
17 have an error that is greater then 50%, possibly
indicating a population of transient sources in the

field of M 31.
Our catalogue was then compared to Gelfand

et al. (2004). They identified 405 sources at

Thttps://archive.nrao.edu/archive/e2earchivex.jsp
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A = 92c¢m though a VLA survey conducted in an A
type configuration. Their catalogue also focused pre-
dominately on compact radio sources, as the longer
baselines of the A type configuration resolved out
most of the extended emission. Using a 5" toler-
ance, a total of 98 sources were found to be common
between both catalogues. We estimate a spectral
index (S, x v®) for these 98 sources using flux den-
sity measurements at A=20 and 92 cm. In the event
where a A=92 cm source was matched to a group of
sources from this study (i.e. a source found in more
then one image), that group’s average flux was used
in the derivation of that source’s spectral index. The
distribution of these spectral indices is presented in
Fig. 3. These sources exhibit a predominately neg-
ative spectral index, indicating a significant popu-
lation of background sources and/or SNRs in M 31
field.

4. SNRs IN THE M 31

Magnier et al. (1995) presented a comprehen-
sive study of optically identified SNRs and SNR, can-
didates in the field of M 31. Despite relatively poor
seeing conditions (> 2”), short exposure times and
imaging only a portion of M 31’s complete field, a to-
tal of 179 SNRs and SNR candidates were identified.
An additional 55 SNRs and SNR candidates were
also included in Magnier et al. (1995) from earlier
work by Dodorico et al. (1980), Blair et al. (1981)
and Braun and Walterbos (1993). These 234 SNRs
and SNR candidates were reviewed individually by
Lee et al. (2014). Of the 239 SNR candidates pre-
sented by Magnier et al. (1995), 154 were discounted
by Lee et al. (2014) using their SNR selection crite-
ria.

We compared our radio-continuum catalogue
to Lee et al. (2014), who used Ha and [SI1] im-
ages of M 31 from the Local Group Survey (LGS;
Massey et al. 2006) to identify SNR candidates.
Using a search criteria of S[u1]/Ha > 0.4, morphol-
ogy and absence of blue stars, they identified a to-
tal of 156 SNRs and SNR candidates. Of these
156, some 80 had been listed in previous studies.
We searched for these 156 objects in our own cat-
alogue using a 5” search radius. A total of 13 op-
tical SNR candidates from Lee et al. (2014) were
found to have radio counterparts. Some 3 of these
13 were also detected in Gelfand et al. (2004) listed
sources. These three sources, J004102+410427,
J0043394-412653 and J004047+405525, have spec-
tral indices of —0.87, —0.75 and —0.31 respectively.
Two SNRs with steeper spectrum are indicative of
younger SNR age. Although the relatively steep
spectral index of J004102+410427 is more indicative
of background galaxy, this source is likely to be in-
trinsic to M 31 given that it lies on the ring of diffuse
emission surrounding the galaxy. We also compared
positions from our radio-continuum catalogue pre-
sented here and from Lee et al. (2014), and found
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no significant discrepancy (see Fig. 4). The standard
deviations for ARA and ADec of these 13 sources in
common are 174 and 1”3 respectively, and have been
marked in Table 1 with a * (also noted in the table
caption).

In Fig. 5 we present a radio-continuum image
of M 31 that was produced in Galvin et al. (2012),
overlaid with the positions of 156 SNRs and SNR
candidates identified by Lee et al. (2014). The red
circle represents an SNR that had been previously
identified through earlier studies, while the blue cross
represents new SNR identified by Lee et al. (2014).
We see a large portion of SNRs fall on, or nearby,
the ring of emission which surrounds the galaxy.
The spatial distribution of these SNR candidates and
their coincidence with the ring of diffuse emission im-
plies that there is a higher rate of star formation in
the outer arms of the galaxy then in its central re-
gion. Sources common between our study and Lee
et al. (2014) have been marked with a purple stars.

We also compared our radio-continuum cata-
logue with Dickel et al. (1982) who observed 10 SNRs
in the field of M 31 at A=20 cm. Of these 10 SNRs,
7 were detected in our VLA images. Once cross-
referenced with our own catalogue, we find the 4
strongest detected SNRs listed in Dickel et al. (1982)
were present in our own images. These four com-

mon sources are J004047+405526, J004513+413616,
J0041354410657 and J004513+413616 (Group Iden-
tification Number of 92), and note that their fluxes
are in good agreement. The other three detected
SNRs from Dickel et al. (1982) are below our detec-
tion limit.

Using existing optical, radio and X-ray cata-
logues we investigate the SNR population of M 31.
A radio-continuum catalogue (r=1465 MHz), com-
prised of 58 SNRs and SNR candidates, was pre-
sented by Braun and Walterbos (1993). Of these
58 sources, 24 had a signal to noise ratio above 5o
and were included for use in this study. Compar-
ing our catalogue to the 24 Braun and Walterbos
(1993) SNRs, we find that there are 8 matches within
a 5" search radius. Of the remaining unmatched
16 SNRs some 14 have associated extended emis-
sion structure in our images. In Fig. 6 we present
a radio-continuum image of M 31 that was produced
in Galvin et al. (2012) overlaid with the positions of
the 24 Braun and Walterbos (1993) sources with a
signal to noise ratio above 50. The red circles rep-
resent sources common to both, our and Braun and
Walterbos (1993) study, while the purple crosses rep-
resent sources from Braun and Walterbos (1993) that
remained unmatched when compared to our work.

Additionally, 47 X-ray SNRs and SNR candi-
dates were identified by Sasaki et al. (2012) using

the XMM-Newton telescope. Comparing Sasaki et
al. (2012) to our catalogue, we find at total of 11
sources in common.

Fig. 7 is a Venn diagram showing the source
intersection of these three catalogues using a search
radius of 5”. It is not surprising that there is only
<10% (13 out of 156) coincidences between optical
SNRs and SNR candidates and their potential radio
counterparts. While in the Magellanic Clouds the ra-
tio between known radio and optical SNRs are ~ 90%
(Bozzetto et al. 2014 in prep., Haberl et al. 2012,
Filipovi¢ et al 2005, 2008, Payne et al. 2004b, 2007,
2008) in other nearby galaxies this ratio is on the
order of 10%. For example: NGC 300 ratio is 14%
(Millar et al. 2011, 2012), NGC 7793 ratio is 23%
(Pannuti et al. 2011, Galvin et al. 2014 in prep.) and
NGC 55 ratio is 10% (O’Brien et al. 2013). This may
indicate that either our present searches for SNRs in
the M 31 are not complete and/or they are biased to-
wards the optical detection implying optical criteria
to be bit more sensitive.

At the same time, we point out that the vari-
ous density environments in which SNRs are expand-
ing also have an effect on their detections. While
radio and X-ray observations are biased towards the
detections of SNRs embedded in higher density en-
vironments, optical searches are more sensitive to-
ward SNRs in low density mediums (see Pannuti et
al. 2000). Coupling this with the larger distances
to external galaxies (and therefore poorer resolution
and sensitivity), our searches for external SNRs are
at the moment introducing significant selection ef-
fects. Therefore, any comparison of SNRs in external
galaxies should be taken with great caution.

5. CONCLUSION

We present version 2 of our point source cat-
alogue of M 31 that was created using archived VLA
data at A=20 cm. In total, 916 unique sources were
identified across 15 various VLA projects. Of these
916 sources, 109 were found in at least two differ-
ent images. The spectral index for 98 sources was
derived by comparing our catalogue to Gelfand et
al. (2004), who list sources at A=92 cm. Also, we
compared the optical SNR search results of Lee et
al. (2014) to our radio-continuum maps of M 31,
showing 13 SNRs and SNR candidates in common
to two surveys to reside on the ring of diffuse emis-
sion surrounding the galaxy. Auxiliary optical, radio
and X-ray catalogues were cross referenced highlight-
ing a small population of SNRs and SNR candidates
common to multi frequency domains.
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Fig. 1. The distribution of flux densities for 916 radio sources found in M 31. 34 sources, whose flur
density was above 50 mJy, have been excluded from this graph.
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Fig. 2. The distribution of errors for the average flux density in each group of unique sources.
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Fig. 4. RA and Dec offsets of 13 SNRs and SNR candidates common between this study and Lee et al.
(2014). The standard deviations for ARA and ADec are 1.4" and 1.8" respectively.
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Fig. 5. A radio-continuum image of M 31 from Galvin et al. (2012) overlaid with the positions of SNRs
identified by Lee et al. (2014). The red circles represent all previously identified SNRs that were presented

in Lee et al. (2014), while the blue crosses represent new SNR candidates identified by Lee et al. (2014).
The purple stars highlight sources common both to our study and to that by Lee et al. (2014).
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Fig. 6. A radio-continuum image of M 31 from Galvin et al. (2012) overlaid with the positions of SNRs
identified by Braun and Walterbos (1993). The red circles represent sources common to both our study and
to the list by Braun and Walterbos (1993), while the purple crosses represent sources in Braun and Walterbos
(1993) which did not have a corresponding source in our study.
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Venn Diagram showing the intersection of sources from optical (Lee at al. 2014), radio (Braun

and Walterbos 1993) and X-ray (Sasaki et al. 2012) catalogues from SNRs and SNR candidate sources in

the field of M 31.
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AHAJIN3A VLA TIOCMATPAIBA TAJTAKCMJE M 31 HA 20 cm
Y PAIVNO-KOHTUHYYMY — CJIMKE NI KATAJIOT' TAUKACTUX
N3BOPA DR2: I3JIBAJAILE Y30PKA OCTATAKA CYIIEPHOBUX

T. J. Galvin and M. D. Filipovié
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YIOK 524.726 M31 : 524.354-77
Opuzunasty HayuHy pao

IIpencraBmamo Bep3ujy 2 HaIIer KaTajaora
TAYKaCTUX paano-usBopa y rajgaxcuju M 31 Ha
A=20 cm (v=1.4 GHz). YEKymHO CMO WIEHTU-
¢uroBanan 916 quckpeTHUX paano-objexaTa mo3u-
nuoHupanux y momy M 31. Ynopebusamem
Hamer kaTaJora ca karajorom Gelfand et al.
(2004) ma A=92 cm, #Hamum cMo 98 3ajemHUUKAX

objekaTa 3a KOje CMO M3PAUYHAIU CIEKTPAJHE
nunexce. Behwuna (73%) oBux o6jerkara mMa
crnekTpasiHe mHACKkce a < —0.6, m3 uyera ciemu
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Ia je HeTepMaJHA €MUCHUja MAOMUHAHTHA — TU-
NUYHO 3a HO3aIWHCKE TajlaKCHje WM OCTATKE Cy-
nepHoBux. Takobe, mcTpakumBaJ M CMO M IOC-
TOjalme paauo-meTeknyrja 3a 156 mo3maTmx oc-
TaTaKa CYMEePHOBUX NETEKTOBAHUX ONMTUYKUM MIOC-
MarpamuMa U Hamm cMo 13 TakBux objekara.
YnopebuBama ca mONaTHUM ONTUYKUM, PAAAO U
X karalio3mMa YKa3yj]y Ha MaJy HOIMyJIanujy OcC-
TaTaKa CYIEePHOBUX KOjU C€ MOT'Y NETEKTOBATHU HA
CBUM OBUM (pEKBEHIjaMa.



