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ABSTRACT

We carried out a large program with the Karl G. Jansky Very Large Array (VLA): “THOR: The H1, OH, Recombination line survey
of the Milky Way”. We observed a significant portion (~100 deg?) of the Galactic plane in the first quadrant of the Milky Way in the
21 cm HT line, 4 OH transitions, 19 radio recombination lines, and continuum from 1 to 2 GHz. In this paper we present a catalog
of the continuum sources in the first half of the survey (I = 14.0-37.9° and [ = 47.1-51.2°, |b| < 1.1°) at a spatial resolution
of 10-25", depending on the frequency and sky position with a spatially varying noise level of ~0.3—1 mJy beam™!. The catalog
contains ~4400 sources. Around 1200 of these are spatially resolved, and ~1000 are possible artifacts, given their low signal-to-noise
ratios. Since the spatial distribution of the unresolved objects is evenly distributed and not confined to the Galactic plane, most of
them are extragalactic. Thanks to the broad bandwidth of the observations from 1 to 2 GHz, we are able to determine a reliable
spectral index for ~1800 sources. The spectral index distribution reveals a double-peaked profile with maxima at spectral indices of
a ~ —1 and @ = 0, corresponding to steep declining and flat spectra, respectively. This allows us to distinguish between thermal
and non-thermal emission, which can be used to determine the nature of each source. We examine the spectral index of ~300 known
H1I regions, for which we find thermal emission with spectral indices around @ = 0. In contrast, supernova remnants (SNR) show
non-thermal emission with @ ~ —0.5 and extragalactic objects generally have a steeper spectral index of @ ~ —1. Using the spectral
index information of the THOR survey, we investigate potential SNR candidates. We classify the radiation of four SNR candidates as

non-thermal, and for the first time, we provide strong evidence for the SNR origin of these candidates.

Key words. catalogs — surveys — radio continuum: general — techniques: interferometric

1. Introduction

At present, high resolution (<20”) Galactic plane surveys
are available for studying different questions concerning star
formation and the interstellar medium (ISM). These surveys
cover a large fraction of the spectral range, from the near-
(UKIDSS, Lucas et al. 2008), mid- (GLIMPSE, Churchwell
et al. 2009) and far-infrared (MIPSGAL, HIGAL, Carey et al.
2009; Molinari et al. 2010), to the submm (ATLASGAL,
BOLOCAM, Schuller et al. 2009; Rosolowsky et al. 2010;
Aguirre et al. 2011; Csengeri et al. 2014), to longer radio
wavelengths studying the continuum as well as molecular lines

* Full Table C.1 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/588/A97

Article published by EDP Sciences

(e.g., GRS, MAGPIS, CORNISH, HOPS, MALT90, MALT-45,
Jackson et al. 2006, 2013; Helfand et al. 2006; Hoare et al.
2012; Purcell et al. 2013, 2012; Walsh et al. 2011). As hydro-
gen is the most common element in our universe, observations
of this element are a crucial ingredient to complete the pic-
ture of our Galaxy. Molecular hydrogen is difficult to observe
directly as its rotational energy levels are not readily excited
in the cold ISM. However, the 21 cm HI line provides a di-
rect measurement of the atomic hydrogen. To date, the Galactic
plane surveys of the 21 cm HI line have a spatial resolution of
>1" (CGPS, SGPS, VGPS, Taylor et al. 2003; McClure-Griffiths
et al. 2005; Stil et al. 2006), which is not sufficient in compar-
ison to the other Galactic plane surveys. This was the motiva-
tion to initiate a Galactic plane survey using the Karl G. Jansky
Very Large Array (VLA) in C-configuration, achieving a spatial
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resolution of ~20”: “THOR - The H1, OH, Recombination line
survey of the Milky Way”. The angular resolution of 20" gives
us a linear resolution of ~0.1 to 1.5 pc at typical Galactic dis-
tances of 1 to 15kpc. Since the new WIDAR correlator at the
VLA offers a broad bandwidth, including high resolution sub-
bands, we are able to observe the 21 cm HT line, 4 OH lines, 19
Ha radio recombination lines (RRL) and the continuum from
1-2 GHz simultaneously. Starting in 2012 with a pilot study
around the giant molecular cloud (GMC) associated with the
W43 star formation complex (Bihr et al. 2015; Walsh et al.
2016), we observed a large fraction of the Galactic plane in
the first quadrant of the Milky Way (I = 14-65°, |b| < 1.1°)
in consecutive semesters. In this paper, we present the results
of the continuum observations of the first half of the survey
(I = 14.0-37.9° and I = 47.1-51.2°, |b] < 1.1°), covering
~56 deg?, including a catalog of the extracted sources. The full
survey will be presented in a forthcoming paper by Beuther et al.
(in prep.).

The discrete continuum sources between 1 and 2 GHz are
dominated by two distinct emission classifications: thermal and
non-thermal emission (Wilson et al. 2010). The thermal emis-
sion is mostly due to free-free emission from electrons, whereas
the non-thermal emission is due to the synchrotron emission of
relativistic electrons in magnetic fields. These different emis-
sion mechanisms can be distinguished by the spectral index «,
which is defined as I(v) « v*, where I(v) is the frequency de-
pendent intensity. The thermal free-free emission shows a flat
or positive spectral index, depending on the optical depth. The
values can vary between 2 and —0.1 for the optically thick and
thin regime, respectively (e.g., Mezger & Henderson 1967; Keto
2003; Wilson et al. 2010). In contrast to this, synchrotron emis-
sion shows a negative spectral index depending on the parti-
cle energy distribution. One usually finds spectral indices be-
low —0.5 (e.g., Rybicki & Lightman 1979; Meisenheimer 1999).
Supernova remnants (SNR) show a spatially varying spectral
index around @ = —0.5 (e.g., Bhatnagar et al. 2011; Green
2014; Reynoso & Walsh 2015; Dubner & Giacani 2015). The
broad bandpass of our VLA observations allows us to deter-
mine the spectral index for bright sources and therefore distin-
guish between the two radiation mechanisms. However, know-
ing the kind of radiation does not directly disclose the source
type. Thermal free-free emission can emerge from HII regions
or planetary nebulae. Non-thermal synchrotron radiation can be
produced by extragalactic jets powered by an active galactic nu-
cleus (AGN) or from Galactic SNR. Thermal radiation from
extragalactic sources is possible, but might be too weak to be
detected in our observations. As a result, thermal emission is
most likely of Galactic origin, and the non-thermally emitting
sources could be extragalactic AGN or Galactic SNR. The abil-
ity to characterize continuum sources and thus distinguish be-
tween Galactic and extragalactic emission is crucial for prospec-
tive THOR HT and OH absorption studies.

2. Observations and data reduction

2.1. VLA observations

We used the VLA in New Mexico in C configuration to map
the continuum in the L band from 1 to 2 GHz simultaneously
with the HI 21 cm line, 4 OH lines, and 19 Ha recombination
lines. For the VLA in C-configuration, the baselines range from
35 to 3400 m. The corresponding primary beam changes with
frequency from ~45" at 1 GHz to ~23" at 2 GHz and therefore
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Fig. 1. Normalized sensitivity pattern in color of the observed mosaic
for the spectral window with the highest frequency at 1.95 GHz. The
sensitivity drops toward the edge, and the variations within the mosaic
are smaller than 4%. The circles represent the primary beam at this
frequency, which is ~23’. The different colors of the circles represent
three different observing blocks.

the actual size of the mosaics changes as well. The data pre-
sented in this paper were observed in two campaigns. The first
campaign was the THOR pilot observations (I = 29.2-31.5°,
[b] < 1.1°) during the 2012A semester (Project 12A-161, see also
Bihr et al. 2015). We used a hexagonal geometry for the mosaic
for this 2° x 2° field at 17.9” spacing, which results in 59 point-
ings. Each pointing was observed 4 X 2 min, which results in an
overall integration time of ten hours for the pilot field, includ-
ing around two hours overhead for flux, bandpass, and complex
gain calibration. The second campaign covered a large section
of the first quadrant of the Milky Way (I = 14.0-29.2° and
[ =31.5-379°and ! =47.1-51.2°,|b| < 1.1°) and was observed
during the 2013A semester (Project 13A-120). In contrast to the
pilot field, we used a rectangular grid for the mosaic (see Fig. 1)
with a smaller spacing of 15’. The close spacing meant that the
sensitivity variations are at most 4% for the spectral window
around 1.95 GHz and less for smaller frequencies. The second
campaign was split into 20 observing blocks, each covering a
field of Al = 1.25° and |b| < 1.1° with 45 pointings each. Each
pointing was observed 3X ~2 min, which results in a total inte-
gration time of five hours for each observing block, including
~50 min overhead for flux, bandpass, and complex gain calibra-
tion. We chose the quasar 3C 286 as a flux and bandpass calibra-
tor for all fields. As complex gain calibrator, we used the quasar
J1822-0938 for all observing blocks between I = 14.0-37.9°
(including the pilot field) and the quasar J1925+2106 for all ob-
serving blocks between [ = 47.1-51.2°. The achieved resolution
depends on the frequency and the sky position and varies be-
tween 10 and 25" (see Table 1 for further details). By the date of
publication of this paper, the other half of the survey will have
been observed. However, since the calibration and imaging is an
enormous computing and person power effort, the data reduc-
tion of that second half is still going on. The full survey will be
presented in a future article.

We used the new WIDAR correlator and observed the con-
tinuum between 1 and 2 GHz using eight sub-bands, so-called
spectral windows, each with a bandwidth of 128 MHz. Owing
to strong contamination of radio frequency interference (RFI),
we could not use two spectral windows. The frequencies of the
six remaining spectral windows are given in Table 1. We split
each spectral window further into 64 channels with a channel
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Fig. 2. Observed amplitude of the bandpass/flux calibrator 3C 286 as a function of frequency prior to the calibration on the left side and after
the calibration on the right side. The color coding represents the eight spectral windows. The spectral windows at 1.2 and 1.6 GHz were flagged

because of RFI (see Sect. 2.3).

Table 1. Summary of spectral windows.

Frequency Lowest Highest
[MHz] resolution resolution
989-1117 244”7 x15.1”7 16.5” x 15.7"
1244—-1372  19.7" x 12.5” 13.1” x 12.3”
1372-1500 18.1” x 11.1”7  12.6” x 11.9”
1628-1756 154" x9.1” 10.5” x 9.9”
1756-1884  14.5” x 8.9” 10.0” x 9.7”
1884-2012  13.1” x 8.1” 9.0” x 8.3

Notes. Owing to the varying declination of different observing blocks,
we obtain different resolution elements.

width of 2 MHz. This setup allows us to flag individual channels
that might be contaminated by, for instance, RFI without signif-
icantly losing sensitivity.

2.2. Calibration

We used the CASA package (version 4.1.0) in combination with
a modified VLA pipeline! (version 1.2.0) to edit and calibrate
the data. Prior to the calibration, we manually flagged strong
RFI and bad antennas. The pipeline uses automated flagging
algorithms such as RFlag on the calibrator observations to im-
prove the calibration solutions, but does not flag the target fields.
Subsequently, the pipeline applies the bandpass, flux, and gain
calibration. At this point, we neither used Hanning smoothing
nor recalculated the data weights (CASA command “statwt”),
since this could influence very bright continuum sources. We
implemented some modifications to the pipeline to improve the
quality checking and performed further flagging on the target
fields with automated flagging algorithms (see Sect. 2.3 for fur-
ther details) and by hand after the pipeline run. A detailed de-
scription of our calibration procedure will be given in the THOR
survey overview paper (Beuther et al., in prep.).

' https://science.nrao.edu/facilities/vla/

data-processing/pipeline

2.3. Automated flagging algorithm RFlag

As shown in the lefthand panel of Fig. 2, some spectral windows
in our data are affected by RFI. The spectral windows around 1.2
and 1.6 GHz have the strongest contamination, and we cannot
use them. The spectral window around 1.6 GHz is severely af-
fected by the GPS satellites, which can be seen as outliers from
the normal bandpass shape in the lefthand panel of Fig.2, and
we are not even able to calibrate the data. The spectral window
around 1.2 GHz can be calibrated. However, the images show
a consistently strong RFI contamination, which cannot be re-
moved by the automated flagging algorithm discussed below.
Within the other spectral windows, we found RFI contamination
varying in frequency, sky position, and time. Therefore it is very
difficult and time-consuming to flag all data manually, so we ex-
plored the possibility of automated flagging algorithms. CASA
provides the so-called RFlag algorithm, which was introduced
previously to AIPS by E. Greisen in 2011. The RFlag algorithm
iterates the data in chunks of time and performs a time analysis
for each channel, as well as a spectral analysis, for each time
step and flags outliers (see the CASA manual® for further de-
tails). Using the standard threshold greatly improved the results
as shown in Fig. 3. The RFlag algorithm flags almost all RFI
reliably. However, a useful automated flagging algorithm must
not only flag the RFI reliably, but also keep the actual scientific
signal unchanged. We therefore tested the effects of the RFlag
algorithm on the thermal noise in our data, as well as the flux
densities of our sources. For these two tests, we investigated the
spectral window at ~1.4 GHz of the field around / = 22°. The
frequency range around the HI 21 cm line is a protected band
and is indeed almost free of terrestrial RFI. Applying the RFlag
algorithm on this spectral window should not affect the thermal
noise and the flux densities of our sources. We calibrated and
cleaned the data exactly the same way, but on one data set, we ap-
plied the RFlag algorithm before cleaning, whereas we cleaned
the other data set without automated flagging and used this as a
reference.

As a first test we compared the noise between the two data
sets. Because the spectral window around 1.4 GHz is mostly free
of RFI, we did not find different noise levels for the two data
sets. This shows that the RFlag algorithm does not flag good

2 Available on the CASA webpage: http://casa.nrao.edu
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Fig. 3. Left panel: imaged data for one spectral window around 1.3 GHz after the calibration, without automated flagging. Strong RFI features are
present. Right panel: same region after applying the automated flagging method RFlag.

data, which would increase the noise level. For both data sets
we extracted the continuum sources using the method described
in Sect. 3.3, cross-matched the two data sets, and compared the
flux densities for each source. Figure 4 shows the result of this
comparison of the flux densities with and without the RFlag al-
gorithm applied. Over the full range of flux density values, we
see no significant deviation for unresolved and small sources
(smaller than ~100"). However, more extended sources might
be affected by the RFlag algorithm, and this effect will be dis-
cussed in Sect. 2.5.

In summary, the RFlag algorithm provides a reliable tool
for removing RFI from the continuum data. While the noise
level and unresolved and small sources are not affected signifi-
cantly by the RFlag algorithm, large extended sources have to be
treated more carefully. We discuss this in more detail in Sect. 2.5.

2.4. Imaging and deconvolution

For the imaging and deconvolution, we used the task clean in
the CASA package. Since we cover a large area on the sky,
we created mosaics consisting of several pointings. This is an
algorithmic, as well as a computational challenge, and we ex-
tensively tested different versions of the mosaicking algorithm
in the CASA package, including versions 4.2.2, 4.3, 4.4, and
a test version of 4.5. Our main focus was to obtain consistent
flux density measurements, so we compared flux density and
intensity values of point sources in mosaics created with the
above-mentioned CASA versions with their corresponding val-
ues in individually cleaned pointings. The clean and deconvolu-
tion algorithms for single pointings are simpler and well tested
and were therefore used as reference. In collaboration with the
CASA developer team, we could identify several problems in the
mosaic algorithm of the CASA versions 4.3, 4.4, and a test ver-
sion of 4.5. Therefore we decided to use version 4.2.2 because
this version provides flux density values in the final mosaics that
are within ten percent of the flux density values measured in sin-
gle pointings.

Since we cover a wide range of frequency from 1 to 2 GHz,
we cannot clean all spectral windows together without consider-
ing the frequency dependence of the sources, as well as primary
beam effects. While the CASA package is able to clean wide-
band images for single pointings (using the parameter nterm), to
date (up to version 4.4) this is not available for mosaics. We
could clean each observed channel separately, but this would
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Fig. 4. Extracted flux density of sources with the RFlag method applied
as a function of the extracted flux density for the same sources without
the RFlag method applied. For this comparison we used the spectral
window around 1.4 GHz and the field around / = 22°. The red line
represents a one-to-one relation. Over a wide range of flux densities,
the RFlag method does not influence the actual source flux densities.

reduce the signal-to-noise significantly and requires immense
computational resources. As a compromise, we cleaned each
128 MHz-wide spectral window separately, thus neglecting the
frequency dependence inside each spectral window. Thereafter,
we compared the peak intensity between the spectral windows
to determine the spectral index (see Sect. 3.7 for further details).
To suppress the sidelobes and increase the resolution, we chose
robust = 0 as a weighting parameter, which is a compromise be-
tween uniform and natural weighting. As a pixel size, we chose
2.5”, which is sufficient to sample the smallest possible resolu-
tion element (synthesized beam width) of ~8".

To achieve a uniform noise between the separate observ-
ing blocks, we included the neighboring observing blocks in
the clean process. Because the clean command in CASA works
with equatorial coordinates, we have to choose a large image
size of 4600 x 4600 pixels to cover one field, consisting of
three observing blocks. We applied primary beam corrections
to obtain reliable flux densities. Because the continuum emis-
sion covers a wide range of spatial scales, we used the multi-
scale clean in CASA to recover the large scale structure. In this
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cleaning method we selected four different scales: besides the
point source, also 1, 3, and 6Xx of the resolution element. We
stopped the cleaning process at a threshold of 5 mJy beam™' or
10° iterations, whichever was reached first. As the noise in our
data is dominated by the sidelobe noise, the cleaning threshold is
higher than the thermal noise level. The final resolution depends
on the frequency of each spectral window and the declination of
the observed field. Table 1 provides an overview of the highest
and lowest resolution for each spectral window. The noise level
of the images are discussed in Sect. 3.5.

2.5. Extended sources

Extended sources suffer from different filtering effects owing to
both the interferometer and the applied RFlag method. The first
effect is due to the incomplete sampling in the uv plane. Each
interferometer suffers from this effect, and it depends to first or-
der on the shortest available baseline. Theoretically the VLA in
C-configuration can observe all spatial scales up to 970" for
the L-band (VLA-manual). However, this value is for a 12-h
observation near the zenith and snapshot observations may re-
cover scales diminished by a factor of two. However, this rule-
of-thumb estimate might be too optimistic, and more realistic
observations are not able to reach this value. To examine the
insensitivity of the large spatial scales of the interferometer in
a more realistic environment, we performed simulated obser-
vations of artificial sources with the THOR observation setup.
We tested sources with a Gaussian intensity profile and varying
sizes. These tests showed that we are able to recover sources with
sizes up to ~120” reasonably well (80% flux recovery) for all
frequencies between 1 and 2 GHz. To achieve this result, the use
of the multiscale clean was crucial. However, Galactic sources
do not show simple 2D Gaussian profiles so that to quantify the
filtering effect in detail is difficult. Nevertheless, these simula-
tions show that sources up to ~120” are not severely affected
by the insensitivity to large spatial scales of the interferometer.
Since this insensitivity depends on the frequency, this can artifi-
cially change the spectral index of extended sources. However,
our simulated observations revealed that this only affects sources
larger than ~120”.

The second filtering effect for extended sources is due to the
applied RFlag algorithm. Extended sources show high ampli-
tudes for short uv distances (see Fig. 5). As the RFlag algo-
rithm searches for outliers in a frequency and time domain, it
recognizes some of these high values as outliers and flags them
accordingly. Quantifying this effect is complicated because the
flagging depends on the source size, its intensity, and the internal
intensity structure. However, similar to our tests in Sect. 2.3, we
used the spectral window around ~1.4 GHz with and without ap-
plied RFlag to examine the effects of the algorithm on the large
scale structure. Figure 5 shows the amplitude as a function of
uv distance for one pointing close to the extended SNR G021.8-
00.6. The red data points show the data points flagged by the
RFlag algorithm. For a uv distance smaller than 3001 the RFlag
algorithm flags significantly more data (~70%) in comparison
to larger uv distances (~25%). In the simple approximation of
6 = A/D, where 6, A, and D are the angular scale, the wavelength,
and the diameter or baseline length of the telescope, respectively,
the uv distance of 3004 describes an angular scale of ~600".
The flagging of the data points for short uv distances removes
part of the large scale structure of the source. However, only
large and bright sources are affected by this filtering. The SNR
G021.8-00.6 has a spatial extent of ~1200 x 400" and the RFlag
algorithm flags ~40% of the flux density. Smaller sources on the
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Fig.5. Amplitude as a function of uv distance for a single pointing
close to the spatially very extended SNR G021.8-00.6 (pointing cen-
ter at J2000 18:32:52.2, —10:03:32.3). The black points represent the
data we used for the imaging whereas the red points represent the data
points flagged by the RFlag method.

order of ~100 to 300” show lower values of ~5 to 10% flux
density removal. Owing to these two filtering effects for largely
extended (>400") and bright (>1 Jy) sources, we refrained from
analyzing these sources in detail and the corresponding flux val-
ues have to be treated cautiously. For the spectral index determi-
nation (see Sect. 3.7), we use the peak intensity rather than the
integrated flux density since the former is less affected by the
explained filtering effects.

3. Source extraction

In this section, we explain the source extraction method using
the BLOBCAT software as well as the method of determin-
ing the spectral index. To achieve a higher signal-to-noise ra-
tio for the source extraction, we use the average of two spectral
windows to detect the sources. Thereafter we extract the peak
intensity for each source in each spectral window separately to
subsequently fit the spectral index.

3.1. Averaging spectral windows

The extraction algorithm and method can influence the result-
ing catalog, and several different methods are common (e.g.,
Williams et al. 1994; Hancock et al. 2012; Berry 2015). For our
data we must solve several challenges: we want to achieve the
best signal-to-noise ratio, but avoid picking up artifacts in the
images caused by RFI or sidelobes. To get the best signal-to-
noise ratio, mosaicking the entire spectral range from 1 to 2 GHz
would be preferable; however, CASA is currently (up to ver-
sion 4.4) not able to perform wide-band mosaics (see Sect. 2.4),
and several spectral windows are severely affected by RFI (see
Sect. 2.3). We therefore cleaned each spectral window sepa-
rately. To achieve a higher signal-to-noise ratio, we averaged the
two spectral windows around 1.4 and 1.8 GHz, because these
spectral windows contain no significant RFI. Prior to the averag-
ing process, we smoothed the spectral window around 1.8 GHz
to the lower resolution of the spectral window around 1.4 GHz.
Averaging over more than the two mentioned spectral windows
does not increase the detection of sources significantly, but in-
creases the detection of artifacts due to RFI contamination in the
other spectral windows.
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Fig. 6. Noise map of the first part of the THOR survey using the average of two spectral windows 1.4 and 1.8 GHz (see Sect. 3.1).
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Fig. 7. Noise map of the region around / = 49° of the THOR survey us-
ing the average of two spectral windows 1.4 and 1.8 GHz (see Sect. 3.1).

3.2. Noise estimate

Since our data are limited by the sidelobe noise, we have to con-
sider strongly varying noise within our observed region. Close
to strong emission sources, the noise is dominated by the side-
lobes and can be an order of magnitude higher than in emission
free regions (see Figs. 6 and 7). As a result, the main challenge
is to consider this varying noise during the process of source
extraction. To create a reliable noise map, we followed the in-
structions given in Hales et al. (2012). The described method
determines the rms value for each pixel by determining the me-
dian in a specified area (50 x 50 px) around the pixel in the resid-
ual image from the clean process. Prior to the median estimate,
the algorithm clips all peak values in the specified area until all
values are within +30, where o is the median in the specified
area. This method ensures that most real emission, which might
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still be present in the residual image is removed from the noise
image and the determined noise map consists of the thermal and
sidelobe noise. The noise maps are given in Figs. 6 and 7.

3.3. BLOBCAT

We used the BLOBCAT software (Hales et al. 2012) to extract
the sources from the averaged continuum images. This software
is a flood-fill algorithm that considers locally varying noise.
BLOBCAT creates a signal-to-noise ratio map by dividing the
actual input image by the given noise map. This dimension-
less map is used for the source extraction by searching for all
pixels above a given detection threshold, which we set to 5o
Thereafter, BLOBCAT identifies all neighboring pixels around
the peak pixel down to a given flooding threshold, which we set
to the standard value of 2.60- (Hales et al. 2012). These “islands”
of pixels are labeled and written to a table. BLOBCAT also per-
forms several corrections for pixellation errors, peak, and inte-
grated surface brightness biases (see Hales et al. 2012 for further
details). Using BLOBCAT, we extracted in total 4772 sources,
however, this includes artifacts that we subsequently removed
by hand (see Sect. 3.4).

3.4. Visual inspection

Even though we have considered the spatially varying noise
during the source extraction process, strong artifacts, especially
sidelobes, can be picked up by the BLOBCAT extraction soft-
ware. Especially problematic is sidelobe contamination from
strong sources located just outside our survey boundaries, which
cannot be removed by the algorithm. We therefore inspected
each source visually and removed obvious artifacts by hand.
Figure 8 shows an example of an obvious sidelobe, which was
picked up by the extraction software. We identified 349 sources
as obvious artifacts and removed them from the catalog. This


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527697&pdf_id=6
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527697&pdf_id=7

S. Bihr et al.: Continuum sources from the THOR survey between 1 and 2 GHz

10
' Iy 8
Vi 4 .
39 ’ -]

5? = H6
o ,-" - _
rg\ 38’ ﬁ L] - - _,.r’ Hg \:
S . g
= £
Y e *eul? =
5 37 *-. = ?
' g &

+0°36 .

1851

RA (J2000)

Fig. 8. Example of an obvious artifact. A strong emission source, which
is located in the bottom left part, creates sidelobes that were identified
by the extraction software as actual sources. The black contours show
the area of extracted sources identified by the BLOBCAT software.

leaves 4422 sources in the catalog. Besides the obvious arti-
facts, it can be difficult to distinguish between artifacts and actual
sources for certain extracted sources. We classified these sources
as “possible artifacts” and labeled them accordingly in the cat-
alog. Besides visually inspected possible artifacts, we classified
and labeled all sources with a signal-to-noise ratio lower than
7o as “possible artifacts”. Out of the 4772 extracted sources,
we classified 1057 as “possible artifacts”, 349 as artifacts, and
therefore 3366 sources remain as reliable detections. The fol-
lowing analysis is based on the reliable detections; however, in
the catalog, we also present the “possible artifacts”.

3.5. Completeness

As our noise is spatially varying, it is difficult to estimate the
completeness of our catalog. In the vicinity of strong extended
Galactic sources, it is not possible to detect weak extragalac-
tic sources. Our survey is therefore incomplete in these regions.
However, we performed several tests to verify our source ex-
traction method. We chose a region of 0.5° x 0.5° with a con-
stant noise level and added artificial 2D Gaussian sources that
have the size of the resolution element and different peak inten-
sities. Using the source extraction method described in Sect. 3.3,
we extracted these artificial sources and estimated the complete-
ness. The result is shown in Fig. 9. Above the chosen thresh-
old of 70 for reliable sources, we detected 95% of all sources.
Furthermore, we determined the fraction of the area that cov-
ers a certain noise level, which is shown in Fig. 10. The lowest
noise level in our survey of 700 = 1-2mlybeam~!, which is
dominated by the thermal noise, is achieved in only a small frac-
tion (~10%) of the survey area. About half the survey area has a
noise level of 70 < 3mJybeam™!, and only 10% of the survey
area shows a noise level of 70~ > 8 mJy beam™'. Using this infor-
mation, we can create completeness maps for different sources
intensities, which are shown in Figs. B.1 to B.8.

3.6. Resolved and unresolved sources

As a first classification of the sources, we divide them in two
groups: resolved and unresolved sources. The BLOBCAT soft-
ware provides the number of pixels as an output, but this is not
a good measurement to distinguish between resolved and unre-
solved sources. Because the BLOBCAT software uses a fixed
threshold of 2.60 to flood-fill the neighboring pixels around
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Fig. 10. Cumulative percentage of the map area as a function of the
corresponding noise level 7o~ in mJy beam™'. 50% of the survey area
has a noise level of 7o ~ 3mJy beam™! or better.

the peak pixel, the number of pixels of a source depends on
the corresponding peak intensity. If we use a simple cut based
on the number of pixels, we would, on the one hand, misclas-
sify strong unresolved sources as resolved, and on the other, we
would misclassify weak but closely resolved sources as unre-
solved. Therefore we use a comparison of the peak intensity and
the flux density to distinguish between resolved and unresolved
sources. The peak intensity and flux density have the same value
for unresolved sources, whereas resolved sources show a higher
flux density value in comparison to the peak intensity value.
However, we have to consider the uncertainties in the peak in-
tensity as well as in the flux density, so we use a less strict con-
dition and classify all sources as unresolved sources that have
S, < 1.2x1,, where S, and I, are the flux density in Jy and peak
intensity in Jy beam™', respectively. In our full catalog we clas-
sify 3184 sources in total as unresolved and 1238 sources (28%)
as resolved. For the sources with the flag “possible artifacts” (see
Sect. 3.4), the ratio of unresolved and resolved sources is similar
with 76% of the sources being unresolved.

This classification scheme classifies two overlapping, but un-
resolved sources as resolved. For unresolved sources that are
randomly distributed in the sky, this arrangement is unlikely,
however for extragalactic radio lobes, this overlap can occur
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Fig. 11. Example of an hourglass-shaped source (G48.561-0.364) that
consists of two unresolved sources close together. The white contours
represent the area of the source extracted by BLOBCAT. The black con-
tours show observations from CORNISH (see Sect. 5.4) at 5 GHz with

aresolution of 1.5” at levels of 2, 5, and 10 mJy beam™!.

frequently. Figure 11 shows an example of two radio lobes that
are close together. Even though each radio lobe is unresolved, we
extracted them as one source and hence the flux density is larger
than the peak intensity and we classify them as resolved. This
affects the classification of extragalactic and Galactic sources.
However, in many cases (e.g., Fig. 11), the spectral index helps
to resolve this problem.

The flux density of unresolved sources can be affected in sev-
eral ways and therefore has to be treated cautiously. We find for
the ratio of S, /I, values less than one, which means that the flux
density is lower than the peak intensity. For unresolved sources,
this ratio should be one. We could identify three reasons for this
low ratio. First, the source extraction software BLOBCAT does
not fit enough pixels for weak sources, which lowers the flux
density. In extreme cases, the fitted area of BLOBCAT can be
smaller than the resolution element. Second, unresolved sources
can be situated in slightly negative sidelobes from nearby strong
extended sources, which affects the flux density, as well as the
peak intensity, and this can change the ratio. Third, weak sources
(I, < 5mJybeam™') are not cleaned properly because these
sources are below our cleaning threshold, which lowers the mea-
sured flux density and changes the ratio of S, /I, to values below
one. We therefore suggest using peak intensities for unresolved
sources for further analysis, and we indicate the corresponding
flux densities within our catalog with brackets.

3.7. Spectral index determination

As our observations cover a wide bandwidth from 1 to 2 GHz, we
are able to determine spectral indices by extracting the peak in-
tensity of each source within each spectral window and perform
a fit of the spectral index « with the form I(v) o« v*. As explained
in Sect. 2.5, we use the peak intensity instead of the integrated
flux density to determine the spectral index, since the peak inten-
sity is less affected by filtering effects for extended sources. For
unresolved sources, both quantities reveal the same result. To
overcome problems due to different resolutions, we smooth all
spectral windows to a common resolution of 25” prior to extract-
ing the peak intensity. Furthermore, we use the same technique
as described in Sect. 3.2 to determine the spatially varying noise
and to estimate the noise within each spectral window. Because
we smooth two spectral windows to perform the source extrac-
tion, the signal-to-noise ratio is higher for the source extraction
in comparison to the intensity extraction within each spectral
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Fig.12. Example of the extracted peak intensity as a function of fre-
quency. Each spectral window is represented by one data point in-
cluding the 30 uncertainty. G27.702+0.705 is represented by the solid
line and has a spectral index of @ = 0.29 + 0.03, whereas G28.108-

1.017 is represented by the dashed line and has a spectral index of
a=-0.72 +0.02.

window separately. We therefore use a less rigid threshold for
the intensity extraction of 3 sigma in comparison to 5 sigma
for the source extraction. The extracted peak intensities for each
spectral window are given in the catalog presented in this pa-
per. Figure 12 shows an example for the extracted intensities, in-
cluding the fit of the spectral index for two different sources. In
Figs. A.1 to A.3, we present three example sources showing the
images of all spectral windows that include the spectral index fit.
We use the scipy function “curve_fit” to fit the data points and
use the uncertainty of the fit as the uncertainty for the spectral
index. With this method, we can determine a spectral index for
3625 sources.

For some sources, we are not able to extract the peak in-
tensity for all six spectral windows, owing to higher noise or
contamination by RFI, for example. In such cases, we determine
the spectral slope from the remaining data points. Naturally, this
leads to larger uncertainties. As a result, we introduce the la-
bel “reliable spectral index” for all sources that have a reliable
intensity for all six spectral windows, hence a reliable spectral
index fit. The catalog contains 1840 sources that fulfill this cri-
terion, which is about 50% of the sources where it is possible to
determine a spectral index. Figure 13 shows the distribution of
the uncertainty of the determined spectral index for all sources
and for the sources with the label “reliable spectral index”. The
labeled sources show a significantly smaller uncertainty with a
mean of Aa = 0.18, whereas all sources show a mean uncer-
tainty of the spectral index of Aa = 0.62. In the following, we
concentrate our analysis of the spectral index on the sources with
reliable spectral indices.

4. Catalog

The published catalog contains 27 entries for each source.
Table 2 describes each entry in detail. As explained, we use a
smaller beam for the source extraction than for the intensity ex-
traction. This makes the published values for the correspond-
ing peak intensities different. Table C.1 shows an example, and
Figs. A.1-A.3 present three example sources showing all the
different data we used, including the spectral index fit.
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Table 2. Description of the catalog entries.

Col. Num. Name Unit Description
1 Gal. ID Name of the source the form G*“Gal. long”+“Gal. latitude™.
2 RA deg RA in J2000 of the peak position.
3 Dec deg Dec in J2000 of the peak position.
4 S_p’ Jybeam™  Peak intensity of aver. image used for source extraction (see Sect. 3.1).
5 SNR Signal-to-noise ratio in the averaged image.
6 S_int Jy Integrated flux density of the averaged image (see Sect. 3.3).
7 BMAIJ arcsec Major axis of the resolution element used for the source extraction.
8 BMIN arcsec Minor axis of the resolution element used for the source extraction.
9 BPA deg Rotation angle of the resolution element used for the source extraction.
10 n_pix Number of pixels flooded by BLOBCAT (see Sect. 3.3).
11 resolved_source Resolved source label (see Sec 3.6). 1 = True, 0 = False.
12 possible_artifact Label for possible artifacts and/or SNR < 7. 1 = True, 0 = False.
13 S_p(spw-1060)¢ Jybeam™  Peak intensity around 1.06 GHz used for spectral index (see Sect. 3.7).
14 delta_S_p(spw-1060)° Jybeam™'  Uncertainty of peak intensity around 1.06 GHz.
15 S_p(spw-1310)¢ Jybeam™  Peak intensity around 1.31 GHz used for spectral index (see Sect. 3.7).
16 delta_S_p(spw-1310)°  Jy beam™'  Uncertainty of peak intensity around 1.31 GHz.
17 S_p(spw-1440)¢ Jybeam™  Peak intensity around 1.44 GHz used for spectral index (see Sect. 3.7).
18 delta_S_p(spw-1440)°  Jy beam™'  Uncertainty of peak intensity around 1.44 GHz.
19 S_p(spw-1690)¢ Jybeam™  Peak intensity around 1.69 GHz used for spectral index (see Sect. 3.7).
20 delta_S_p(spw-1690)¢ Jybeam™  Uncertainty of peak intensity around 1.69 GHz.
21 S_p(spw-1820)¢ Jybeam™!  Peak intensity around 1.82 GHz used for spectral index (see Sect. 3.7).
22 delta_S_p(spw-1820)¢  Jybeam™'  Uncertainty of peak intensity around 1.82 GHz.
23 S_p(spw-1950)° Jybeam™!  Peak intensity around 1.95 GHz used for spectral index (see Sect. 3.7).
24 delta_S_p(spw-1950)°  Jy beam™'  Uncertainty of peak intensity around 1.95 GHz.
25 alpha Spectral index of source using all available data points (see Sect.3.7).
26 delta_alpha Uncertainty of spectral index.
27 reliable_alpha Label for reliable spectral index (see Sect. 3.7). 1 = True, 0 = False.

Notes. @ Indicating the peak position. ’ Synthesized beam is different for different fields and is given in rows 7-9. © Synthesized beam is

smoothed to 25" x 25”.
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Fig. 13. Histogram of the uncertainty of the determined spectral index.
The black line includes all sources for which we are able to determine
a spectral index, whereas the gray shaded area represents the sources
for which we have an intensity measurement in all six spectral windows
and therefore a reliable spectral index measurement.

Table 3 summarizes the number of extracted sources, in-
cluding the introduced labels. The exact numbers have to be
treated cautiously. Compact sources superimposed on large re-
gions of extended emission are missed in the catalog. In con-
trast to this, large, extended sources, such as SNRs, can be split
up in different sources and therefore create multiple entries in
our catalog, even though the emission occurs most likely from

Table 3. Statistics of the catalog.

Description Number Percentage
All 4422 100%
Unresolved sources 3184 72%
Resolved sources 1238 28%
Possible artifacts 1057 24%
Reliable alpha 1840 41%

the same object. The majority (72%) of the extracted sources
are not resolved. Most of them might be extragalactic in origin
since their spectral indices are negative (see Sect. 5.5). About
28% of the extracted sources are classified as resolved, but
as explained in Sect. 3.6, some of them might be two closely
separated sources. The distribution of resolved and unresolved
sources as a function of Galactic latitude is shown in Fig. 14.
This reveals an over-density of resolved sources close to the
Galactic midplane, whereas unresolved sources are equally dis-
tributed. The distribution drops for |b| > 1° as the noise increases
at the survey edges. The distribution of the unresolved sources
also indicates a slight drop toward the Galactic plane (b ~ 0°)
because we miss weak extragalactic sources in the close vicin-
ity of strong Galactic sources, which are mostly located along
the Galactic plane. Similar results can be found in Helfand et al.
(2006). This shows that a large number of the sources in our cat-
alog are not confined to the Galactic plane and therefore have an
extragalactic origin.
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Fig. 14. Histogram for the number of sources as a function of Galactic
latitude.

5. Discussion
5.1. Comparison with other surveys

Since the THOR survey is not the first cm-continuum sur-
vey in the Galactic plane, we compare our results to previous
surveys to check for consistency in the flux density, inten-
sity, and position. We focus our comparison on three ma-
jor surveys: the Multi-Array Galactic Plane Imaging Survey
(MAGPIS, Helfand et al. 2006), The NRAO VLA Sky Survey
(NVSS, Condon et al. 1998), and the Co-Ordinated Radio
“N” Infrared Survey for High-mass star formation (CORNISH,
Hoare et al. 2012; Purcell et al. 2013).

5.2. MAGPIS

The MAGPIS survey (Helfand et al. 2006) used the VLA in D,
C, and B configurations to map the Galactic plane in the re-
gion 5° < I < 48° and |b| < 0.8° with two continuum bands
at 1365 and 1435 MHz, achieving a resolution of ~6”" and a sen-
sitivity limit of 1-2mly, depending on neighboring bright ex-
tended emission. They cataloged 3000 discrete sources in the
region 5° < [ < 32° with diameters less than 30" and 400 dif-
fuse sources. Within the overlap region of the THOR survey
(14.2° < 1 < 32°, |b] < 0.8°), the MAGPIS catalog contains
2256 discrete and 290 extended sources. The THOR continuum
catalog contains 1848 sources in the same area, including possi-
ble artifacts and therefore fewer sources than the MAGPIS cata-
log. Using a best match method and a circular matching thresh-
old of 20”, we match 1568 sources in total. Choosing a smaller
matching threshold of 5" does not change the result signifi-
cantly. Owing to different spatial filtering of the THOR and
MAGPIS data, the determined area for extended sources is dif-
ferent within the two surveys. This effect accounts for the ma-
jority of the non-matches. Merely matching the point sources of
the THOR survey reveals a matching rate of ~92%, including
possible artifacts. If we do not consider the possible artifacts,
the matching rate is even higher with ~97% and the matching
rate considering only the possible artifacts is ~78%. This shows
that almost all reliable sources within the THOR catalog have a
counterpart in the MAGPIS catalog, and therefore the number of
false positives due to artifacts or sidelobes is low within our cat-
alog. Since the matching rate for possible artifacts is still high,
the majority of these sources will also be real detections.
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Fig. 16. Ratio of the MAGPIS and THOR flux density as a function of
the THOR flux density. The red and blue points represent the unresolved
and resolved sources, respectively, as defined in Sect. 3.6. The dashed
black line represents a one-to-one relation.

Because the matching with the MAGPIS survey worked
well, we used the matched sources to verify the positions, as
well as the flux density. For these comparisons we employed
the MAGPIS discrete source catalog and neglected the diffuse
sources because they suffer from different spatial filtering, which
makes the comparison inaccurate. Figure 15 shows the his-
togram of the difference in Galactic coordinates for the peak
position, along with the corresponding fits. We used a Gaussian
function to fit the distribution and find a shift of —0.2” and a
FWHM for the distributions of 2.5”, which is the size of one
pixel. The comparison of the flux density is shown in Fig. 16.
Similar to the NVSS sources, the unresolved sources show a
tight correlation. In contrast to this, the resolved sources show
higher flux density values in the MAGPIS data, owing to less
filtering. These tests show that our observation, calibration, and
imaging processes work well, and our work is consistent with
previous observations.
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5.3. NVSS

The NVSS (Condon et al. 1998) is a continuum survey at
1.4 GHz with the VLA in D and DnC configuration covering
the northern sky for J2000 6 > —40°. The catalog contains
~2 x 10 sources with a sensitivity limit of ~2.5 mJy and a res-
olution of 45”. Within the region of the THOR continuum cat-
alog, the NVSS catalog contains 7587 sources and therefore al-
most twice as many sources as our catalog. We find a match
of 1351 sources for a circular matching threshold of 20" and
only 657 for a circular matching threshold of 5 for the peak
position. Further analysis of the NVSS images showed that the
NVSS catalog is severely contaminated with obvious false detec-
tions due to strong sidelobes from sources close to the Galactic
plane or due to ghost artifacts (Grobler et al. 2014). Therefore the
matching process is not reliable for large matching radii as we
match THOR sources with false positives in the NVSS catalog.
To overcome this problem, we only compare the measured flux
densities for all matched sources with a tight matching radius
of 5”. The result is shown in Fig. 17. For these tightly matched
sources, the flux density comparison shows a good correlation
over three orders of magnitude, with a slight bias. As shown in
Fig. 17, the THOR flux density values are slightly higher than
the NVSS flux density values. This bias is visible for resolved
and unresolved sources so is not a filtering effect. We do not
have a good explanation for this bias. However, the THOR and
MAGPIS flux densities are consistent (see Sect. 5.2), and we re-
port a slight inconsistency with the NVSS flux densities. Since
the matching with the NVSS catalog is difficult due to artifacts in
the NVSS images, we refrain from comparing the peak positions
of the sources, but we perform this comparison with MAGPIS
and CORNISH.

5.4. CORNISH

CORNISH (Hoare et al. 2012; Purcell et al. 2013) is a Galactic
plane survey from 10° < [ < 65° and |b| < 1° using the VLA
in B and BnA configuration at a frequency of 5 GHz. Therefore,
the resulting resolution of 1.5” is higher than the THOR obser-
vations, but objects larger than ~14" are filtered out. The mean
noise level is ~0.4 mJy beam~! and 3062 sources are detected
above a 70 limit. Within the THOR region, CORNISH includes

I I I I I
200F 1 unresolved ] npix > 500 7

2 [ resolved [ all
[
5 150 - |
2
= 100 | ]
QO
g
Z 90 | i

0 l l

-20 —-15 —-1.0 -0.5 0.0 0.5 1.0

Spectral index «

Fig. 18. Histogram of the spectral index for all sources with a reliable
spectral index measurement (~1800 sources). The black histogram rep-
resents all sources, whereas the red and blue histogram represents un-
resolved and resolved sources. The green histogram shows the spectral
index of all sources that are larger than 500 pixels.

1367 reliable sources. We used all THOR sources, which we
classify as unresolved to match the CORNISH sources, and
we find a best match of 834 sources using a circular matching
threshold of 20" for the peak position. As the frequency and fil-
tering is different, we refrained from comparing the flux densi-
ties, but we verified the peak positions. Figure 15 shows the dif-
ference in Galactic coordinates for the matched sources. Similar
to the comparison with the MAGPIS survey (see Sect. 5.2), we
do not detect a significant shift or offset in the distribution, and
the corresponding Gaussian fit has a shift of 0.07” and a FWHM
of 2.3”. The small position offset between the sources in the
MAGPIS and CORNISH surveys with the THOR survey show
that our data do not suffer significantly from systematical un-
certainties for the position and the uncertainty of the position
depends on the synthesized beam and the signal-to-noise ratio
for each source and is better than 2”.

5.5. Spectral index

As outlined in the introduction, the spectral index allows us
to distinguish various physical processes. In Sect. 3.7, we
determine a reliable spectral index for ~1800 sources. This in-
formation helps to distinguish between thermal and non-thermal
radiation, showing positive and negative spectral indices, respec-
tively. Figure 18 shows the distribution for the spectral index.
Considering all sources (black line in Fig. 18), we find a promi-
nent peak around @ ~ —1 and a second weaker peak around
a ~ 0. Considering only the unresolved sources (red line in
Fig. 18), we recover the strong peak around @ ~ —1, whereas
the second peak around a ~ 0 decreases. As a result, most of the
unresolved sources show a negative spectral index that indicates
non-thermal synchrotron radiation. Therefore, we classify the
unresolved sources with a negative spectral index of @ < —0.2 as
extragalactic sources. In contrast to the unresolved sources, the
resolved sources (blue line in Fig. 18) show two peaks at @ ~ —1
and @ ~ 0. Most of the resolved sources with a flat spectral in-
dex can be matched with Galactic HII regions (see Sect. 5.6).
The resolved sources with negative spectral index are mainly ra-
dio lobes from extragalactic jets that were classified as resolved
sources, but might be two overlapping unresolved sources (see
Sect. 3.6). If we consider only the largest sources in our sam-
ple with more than 500 pixels, which corresponds to an effective

A97, page 11 of 24


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527697&pdf_id=17
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527697&pdf_id=18

A&A 588, A97 (2016)

1 THOR [ WISE HII
& 150 | —
e
=
2
= 100 | .
)
E
= 50 .
Z _‘_’"_\_'—I‘FJ_LLL\_’_LI
0 j 1

| |
-1.0 =05 0.0
Spectral index «

-2.0 -15

Fig.19. Histogram of the spectral index determined with the
THOR data as explained in Sect. 3.7. The red and black lines repre-
sent the matched WISE H1I sources and all THOR continuum sources
that reveal a reliable spectral index, respectively.

radius of ~32” (green line in Fig. 18), we find a broad distribu-
tion from a ~ —1 to 0.5. The sources with flat spectral index can
be classified as HII region, and the sources with negative spec-
tral index can be SNR. We explore the HII regions and SNR in
more detail in Sects. 5.6 and 5.7, respectively.

5.6. Hli regions

Since H1I regions are formed by OB stars, they are ideal
objects to locate high-mass star formation. Anderson et al.
(2014) present the most complete catalog of these objects, using
mid-infrared observations from the Wide-Field Infrared Survey
Explorer (WISE) satellite (Wright et al. 2010). They detected
~8000 sources within the Milky Way. Approximately 2000 of
these sources are H IT regions with measured velocities from ion-
ized gas spectroscopy, whereas the remaining 6000 are H1I re-
gion candidates that either show (~2000 objects) or do not show
(~4000 objects) radio continuum emission. The mid-infrared
sizes range from 10" to more than 20’ with a mean of ~100" for
all previously known H 1T regions. The wide range of sizes for the
H 11 regions makes it challenging to match them with our contin-
uum catalog. Within a single large H1I region, we usually detect
several extragalactic background sources, which are not related
to the HII region. A visual inspection of all sources is very time
consuming. However, we visually inspected 6 deg? (~10%) of
the THOR region and used this result to test several automated
matching methods. For the automated matching, the best result
was achieved if we exclude large HII regions from WISE with
r > 150” and use only the reliable THOR continuum sources. As
a matching threshold, we used the size of the H1I region. This
method could recover over 90% of the visually inspected sources
with less than 10% false detections. Within the THOR region,
the WISE H 11 region catalog (Anderson et al. 2014) contains 791
sources that show radio emission and are smaller than » < 150",
including known H1I regions, as well as HII region candidates.
Using the described matching threshold, we match 388 sources.

As HII regions exhibit thermal radio emission, we expect a
flat or positive spectral index, depending on the optical depth.
Out of the 388 matched sources, 326 show a reliable spectral in-
dex. Figure 19 presents the distribution of the reliable spectral in-
dex for all matched sources (red histogram) in comparison to the
entire THOR continuum catalog (black histogram). As expected,
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Fig. 20. Radius of the H1I regions measured by the THOR data com-
pared to the mid-infrared WISE data given by Anderson et al. (2014).
The red line represents a Gaussian fit.

we find a single peak around zero, which confirms the ther-
mal origin of the radiation for these sources. About 80% of the
matched WISE H I regions are resolved, which is a significantly
larger percentage than for the entire set of THOR continuum
sources (~30%). For the resolved sources, we can compare the
sizes of the HII regions measured in mid-infrared emission by
the size measured in the radio emission. For the THOR sources
we can estimate an effective radius for the area determined with
the BLOBCAT extraction algorithm. The mid-infrared emission
at 12 um traces the photo-dissociation region at the outer edge of
the H1I regions, whereas the radio emission traces the enclosed
ionized gas in the interior of the HII regions. This can be seen
for several H1I regions presented by Watson et al. (2008). We
therefore expect that the ratio of the THOR radius divided by
the WISE radius is less than one. The result of this comparison
is shown in Fig. 20. We find a close correlation around 0.5. This
close correlation has to be treated cautiously, as the comparison
suffers from systematic uncertainties due to the different meth-
ods of the size determination. The radius for the WISE H1I re-
gions is determined visually with circles, whereas the radius of
the THOR sources is an effective radius of the extracted source
area.

5.7. Supernova remnants

To date the most complete catalog of Galactic SNR contains
294 sources (Green 2014). Most of them are discovered or con-
firmed in the radio continuum. The size distribution and in-
tensity of these SNR varies over several orders of magnitude,
making them difficult to observe. Within the THOR region, the
SNR catalog by Green (2014) contains 43 sources. Out of these
43 sources, we identify 26 sources within our catalog. Since
the SNR can be very clumpy, several sources within the THOR
continuum catalog can be matched with a single SNR from the
catalog by Green (2014). Table D.1 shows the sources that are
matched visually. Seventeen SNR from the catalog by Green
(2014) are below the threshold for our THOR continuum cat-
alog and are not extracted. These SNR are either too weak, not
visible in the radio continuum, or too diffuse, and we filter them
out with the VLA C-Array configuration. However, we visually
inspected the missing 17 SNR and could find traces of at least
nine SNR, below the used extraction threshold of 5¢.
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Fig. 21. Spectral index « of the SNR GO018.8+00.3 (THOR source
G18.761+0.287). The black contours represent the continuum emission
in steps of 10, 20, 30, and 40 mJy beam™".

The spectral index for SNR peaks around @ ~ —0.5 (Green
2014; Dubner & Giacani 2015). The spectral index can vary spa-
tially for the same SNR from @ ~ 0 to —1 (e.g., Bhatnagar et al.
2011; Reynoso & Walsh 2015). Here we highlight one example
to demonstrate the capability of this data set and show the spec-
tral index map of the well known SNR G018.8+00.3 in Fig. 21.
Furthermore, we use this technique to examine several SNR can-
didates proposed in the MAGPIS survey.

MAGTPIS (Helfand et al. 2006) provides 49 new SNR can-
didates, which are only partly included in the SNR catalog by
Green (2014). Their criteria for a SNR candidate is that they
have: 1) a high ratio between 20 cm continuum and 21 um flux
density; 2) a counterpart at 90 cm continuum emission; and
3) a distinctive SNR morphology, e.g., shell-type or filled-center
(Dubner & Giacani 2015). Followup observations for these can-
didates to determine the distance using HI absorption are pre-
sented in Johanson & Kerton (2009). Since MAGPIS has higher
spatial resolution, it is more sensitive at detecting the mentioned
SNR morphology. However, the THOR survey can help to char-
acterize the radiation and distinguish between thermal and non-
thermal radiation. Within the THOR region, we find 33 MAGPIS
SNR candidates, which are listed in Table 4. Only five of them
are included in the SNR catalog presented by Green (2014). In
contrast to this, 24 of these MAGPIS SNR candidates have at
least one counterpart in the WISE H1I region catalog presented
by Anderson et al. (2014). However, thanks to the high density
of H1I regions within the Galactic plane, these can be chance
alignments along the line of sight.

As explained, we can use the spectral index to distinguish
between thermal and non-thermal radiation. We present spectral
index maps for 16 extended MAGPIS SNR candidates in Fig. 22.
Similar to the example of the well known SNR G018.8+00.3
(Fig. 21), we find strongly varying spectral index maps. On the
one hand, several sources clearly indicate a flat spectral index
(e.g., G31.610+0.335), which is characteristic for an HII region.
On the other hand, several sources (e.g., G18.150-0.172) show
clear signatures of a negative spectral index around —0.5, which
is typical of SNR. However, for some sources the classifica-
tion as thermal or non-thermal radiation is difficult as the spec-
tral index shows both positive and negative values. The source
G19.580-0.240 is a good example for such a behavior. This can
be explained by several different sources along the line of sight.
Our goal is to use this information to classify sources as poten-
tial SNR or as H1I regions. As explained in Sect. 2.5, we have
to be cautious with the spectral index for extended sources due
to different filtering at different wavelengths. The spectral index

maps of the MAGPIS SNR candidates G18.150-0.172, G18.758-
0.074, G27.133+0.033, G28.558-0.008, G29.367+0.100 show
negative values, and they are not directly correlated with any
known H1I region. Therefore, these five sources are excellent
candidates for SNR. However, only one of them (G18.150-
0.172) is listed in the SNR catalog by Green (2014). The mor-
phology of the five proposed SNR differs widely. We find two
examples of shell-type SNR (G18.150-0.172, G28.558-0.008),
one small filled-center (G18.758-0.074) and two that may be part
of a larger shell or a more filamentary SNR (G27.133+0.033,
G29.367+0.100).

Beside these proposed SNR without any correlation to
known H 11 regions, we find one source (G18.254-0.308) that is a
well known H1I region (Anderson et al. 2014) showing the same
morphology in the infrared, but the spectral index map shows
mostly negative values down to @ = —1. This is an indicator
of non-thermal radiation, which contradicts the expected radia-
tion coming from an HII region. Owing to the different spatial
filtering in our data (see Sect. 3.7), we cannot exclude a sys-
tematic shift of the spectral index. However, the source is strong
(~300) and not very extended, which minimizes the filtering ef-
fects. Further analysis will be needed to reveal the nature of this
source.

5.8. Special source G48.384+0.789

In this section, we introduce a special source, which has a
remarkably high positive spectral index. The THOR source
G48.384+0.789 is unresolved and bright (30—100 mJy beam™")
and shows a positive spectral index of @ = 1.70 + 0.02. Since
this source is unresolved, the spectral index determination does
not suffer from spatial filtering due to the VLA C-array con-
figuration and is well constrained. Figure 23 shows the flux
density measurements for each spectral window, and the cor-
responding spectral index fit. This source has a counterpart in
CORNISH (G048.3841+00.7889, Purcell et al. 2013) at 5 GHz.
The corresponding flux density measurement at 5 GHz is also
given in Fig. 23, but we do not consider this data point for the
spectral index determination. Within CORNISH, this source is
classified as “IR-quiet” and even with the high resolution of
CORNISH of 1.5, this source is unresolved. Further observa-
tions at 4.85, 10.45, and 32 GHz using the Effelsberg 100 m
telescope presented by Vollmer et al. (2008) show a flat spec-
trum for higher frequencies (see Fig. 23). We do not find any
counterpart in sub-mm emission (ATLASGAL) or in CO emis-
sion (GRS). However, Very Long Baseline Array (VLBA) ob-
servations presented by Immer et al. (2011) reveal a detection,
and they classified this source as compact (‘“compactness B”).
This does not translate trivially to an actual size of the object
because VLBA observations suffer from severe filtering effects.
But this detection shows that the object has a very compact com-
ponent typical of extragalactic sources, such as AGNs. The spec-
tral index could also be explained by an AGN as similar spectral
shapes are found in the literature (e.g., Brunthaler et al. 2005).

6. Conclusions

The THOR survey, which is the HI, OH, recombination line sur-
vey of the Milky Way is a Galactic plane survey covering a large
portion of the first Galactic quadrant (I = 14-67°, |b| < 1.1°)
using the VLA in the C-Array configuration, achieving a spa-
tial resolution of ~10—25". In this paper, we present a cata-
log of continuum sources within the first half of the survey

A97, page 13 of 24


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527697&pdf_id=21

A&A 588, A97 (2016)

Table 4. MAGPIS SNR candidates in comparison with THOR sources, Green SNR and WISE H 11 regions.

SNR candidate THOR source Green SNR WISE H1t Diam. Distance @ Aa
['] [kpc]
G16.358-0.183 G016.352-00.179 2.8 - -
G17.017-0.033 G17.030-0.069  G017.0-00.0  G017.032-00.052° 4.0 -0.19¢  0.64
G17.336-0.139 G17.335-0.139 G017.336-00.146 1.8 0.09 0.29
G18.150-0.172¢ G18.193-0.174  GO018.1-00.1 G018.195-00.171° 7.0 6.3 +0.5 -0.37 0.10
G18.171-0.213 - -0.68 0.25
G18.107-0.134 - -0.72 0.25
G18.254-0.308 G18.270-0.289 G018.253-00.298 3.5 43+0.6 -046 0.05
G18.638-0.292 G18.610-0.316  G018.6-00.2 4.0 46+0.6 0.17 0.22
G18.758-0.074¢ G18.760-0.072 1.6 49+0.6 -0.35 0.08
G19.461+0.144¢ G19.492+0.135 G019.489+00.135% 6.0 6.8—17.5 0.15 0.02
G19.475+0.173 - -0.30 0.12
G19.580-0.240¢ G19.610-0.235 G019.554-00.248° 3.2 6.3 +0.5 0.95 0.01
G19.555-0.230 - -0.14  0.28
G19.592+0.025¢  G19.592+0.028 G019.594+00.024 0.8 -0.41 0.19
G19.610-0.120¢ G19.614-0.133 G019.629-00.095 4.5 11605 -045 0.11
G19.660-0.220¢ G19.610-0.235 G019.675-00.226" 4.5 0.95 0.01
G19.691-0.204 - -0.41 0.28
G20.467+0.150 G20.502+0.155  G020.4+00.1 5.5 -0.54 033
G21.557-0.103 G021.5-00.1 G021.560-00.108 4.0 - -
G21.642+0.000 G21.632-0.007 G021.634-00.003 2.8 -0.28 049
G22.383+0.100 G22.360+0.064 G022.357+00.064° 7.0 -0.72 0.18
G22.758-0.492¢ G22.760-0.478 G022.761-00.492 3.8 5.1+0.6 -0.04 0.04
G22.992-0.358 G22.980-0.370 G022.988-00.360° 3.8 50+0.5 -0.51 0.18
G22.974-0.345 - -0.12¢  0.60
G23.567-0.033 G23.541-0.039 G023.572-00.020° 9.5 64+0.7 -0.03 0.14
G23.585+0.030 - 0.36 0.14
G23.645-0.028 - 0.63¢ 0.46
G24.180+0.217 G24.200+0.192 G024.185+00.211% 5.2 0.13¢ 0.41
G24.197+0.243 - -0.09¢ 0.15
G24.166+0.251 - -0.03 0.22
G25.222+0.292 G25.220+0.286 G025.220+00.289 2.0 -0.00 0.24
G27.133+0.033¢  G27.158+0.063 11.0 6.1-16.2 -0.63 0.28
G27.119-0.027 -0.39 0.21

G28.375+0.203
G28.517+0.133
(G28.558-0.008“
G28.767-0.425
G29.067-0.675
G29.078+0.454“
G29.367+0.100°
G30.849+0.133¢

G31.058+0.483¢

G31.610+0.335¢
G31.821-0.122

(G28.569+0.020

G29.079+0.458
G29.372+0.104
G30.854+0.151
G30.866+0.114
G30.839+0.117
G31.057+0.497
G31.034+0.459
G31.598+0.330
G31.823-0.117

G028.376+00.208° 10.0 - -
14.0 6.2-15.9 - -
3.0 6.5-15.9 -0.15  0.09
9.5 - -
G029.088-00.675 8.0 - -
0.7 -0.19  0.08
9.0 5.8-15.8 -040 0.14
G030.847+00.140 2.2 6.7-15.6 -0.11  0.04

- 0.71 0.06
- -1.09  0.19
G031.054+00.491° 4.5 6.6—15.5 -0.08 0.10
- -0.34  0.19
G031.610+00.335 3.1 6.6—15.5 0.19 0.19
G031.806-00.115 1.8 -0.10 0.24

Notes. The SNR candidates are given in Helfand et al. (2006). Since the SNR candidates can be clumpy, several THOR sources can be found
within one MAGPIS SNR candidate so we list all corresponding THOR sources. The associated SNR names taken from Green (2014) are given,
as well as associated WISE HII regions given in Anderson et al. (2014). The given H1II regions can be associated with the SNR, but they can
also be foreground or background objects. Figure 22 shows the size for each H1I region. The diameter of the MAGPIS SNR candidates is taken
from Helfand et al. (2006), and the distance is determined via HT absorption and taken from Johanson & Kerton (2009). The spectral index « is
measured for the peak position of the THOR source (see Sect. 3.7) and can vary significantly within the source (see Fig. 22).  Spectral index
map is shown in Fig. 22. ® Multiple HII regions can be found within the region. © Determination of the spectral index is uncertain, since the
source is not detected in all spectral windows.

(I = 14.0-37.9° and | = 47.1-51.2°, |b| < 1.1°). We summa-

rize our work and the main results below.

1.
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With the BLOBCAT extraction software, we extracted
4422 sources. We used a spatially varying noise map, as
well as automated RFI flagging methods (RFlag) to decrease
the number of false detections. Furthermore, we visually

inspected each source for obvious artifacts. About 75%
(3366 sources) of the extracted sources are reliable detec-
tions above 70. The catalog is complete up to 95% above
the 70 detection limit, whereas the noise is spatially vary-
ing. Half of the observed area has a noise level of 700 <
3mJybeam™!.
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Fig. 22. Spectral index maps of extended MAGPIS SNR candidates. The color scale represents the spectral index @ from —1.5 to 0.5, the black
contours show the continuum emission in steps of 5, 10, 15, 20, 40, and 100 mJy beam™'. The red and white circles indicate the sizes of the
SNR candidates given in Helfand et al. (2006) and the sizes of the H1II regions given in Anderson et al. (2014), respectively. In each panel the
synthesized beam is shown in the bottom left corner.

2. We cross-matched the THOR catalog with the NVSS, and CORNISH reveals no significant shift, and we reported
MAGPIS, and CORNISH catalogs to validate the position a position uncertainty that depends on the strength of the
and flux density. The position comparison with MAGPIS source but is smaller than 2”. The flux density and peak
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Fig. 23. Spectrum of the THOR source G48.384+0.789. The data points
between 1 and 2GHz are taken from the THOR survey, and the
dashed line represents the fitted spectral index to these data points of
a = 1.69 = 0.02. The data point at 5 GHz (x-shape) is taken from the
CORNISH survey (Purcell et al. 2013), and the data points at 4.85,
10.45, and 32 GHz (circles) are taken from Vollmer et al. (2008). For
each data point, a 50 uncertainty is shown.

intensity comparison with MAGPIS shows a one-to-one re-
lation; however, we find a slight bias in comparison with the
NVSS survey.

3. Thanks to the broad bandpass between 1 and 2 GHz, we were
able to determine reliable spectral indices for 1840 sources.
We extracted the peak intensity of six different spectral win-
dows and used a linear fit to describe the spectral index «
with the form /(v) « v*. The spectral index distributions re-
veals two peaks at @ = —1 and @ = 0, highlighting two
groups of sources, which are dominated by thermal and non-
thermal radiation, respectively.

4. We used the spectral index information to investigate the
spectrum of HII regions. We cross-matched the THOR cat-
alog with the WISE H1I region catalog and found an over-
lap of 388 sources. For about 326 of these sources, we were
able to determine a reliable spectral index. The distribution
reveals a single peak around @ = 0, indicating thermal free-
free emission.

5. The spectral index can also be used to confirm potential
SNR candidates because they exhibit a typical spectral index
of @ = —0.5. We investigated the MAGPIS SNR candidate
catalog and determined spectral index maps for 16 SNR can-
didates. Owing to potential line-of-sight contamination with
H1I regions, the differentiation between thermal and non-
thermal radiation is difficult. However, we confirmed five
SNR candidates, showing non-thermal radiation and no cor-
relation with H1I regions. Four of them are not listed in the
SNR catalog presented by Green (2014).
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Appendix A: Source examples
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Fig. A.1. Example image of the THOR source G27.978+0.078, which corresponds to the WISE H1I region G027.980+00.080 (Anderson et al.
2014). The large image represents an averaged image of the two spectral windows around 1.4 and 1.8 GHz, which we used for the source extraction
(see Sects. 3.1 and 3.3). The white contours shows the extent of the source determined by the BLOBCAT algorithm. The black cross marks the
peak position, which we used to determine the spectral index. The small images show each spectral window separately and the fop panel presents
the peak intensity for each spectral window and the corresponding spectral index fit. In each image the synthesized beam is given in the lower left
corner.
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Fig. A.2. Example image of the THOR source G32.744+0.770, which is most likely an extragalactic jet. The large image represents an averaged
image of the two spectral windows around 1.4 and 1.8 GHz, which we used for the source extraction (see Sects. 3.1 and 3.3). The white contours
shows the extent of the source determined by the BLOBCAT algorithm. The black cross marks the peak position, which we used to determine the
spectral index. The small images show each spectral window separately, and the top panel presents the peak intensity for each spectral window
and the corresponding spectral index fit. In each image the synthesized beam is given in the lower left corner.
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Fig. A.3. Example image of the THOR source G31.869+0.064, which corresponds to the known SNR G31.9+00.0 (Green 2014). The large image
represents an averaged image of the two spectral windows around 1.4 and 1.8 GHz, which we used for the source extraction (see Sects. 3.1 and 3.3).
The white contours show the extent of the source determined by the BLOBCAT algorithm. The black cross marks the peak position, which we
used to determine the spectral index. The small images show each spectral window separately, and the top panel presents the peak intensity for
each spectral window and the corresponding spectral index fit. In each image the synthesized beam is given in the lower left corner.
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Appendix B: Completeness maps
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Fig. B.1. Completeness map in percentage for sources with a peak intensity of 2 mJy beam™".
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Fig. B.2. Completeness map in percentage for sources with a peak intensity of 3 mJy beam™".
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Fig. B.3. Completeness map in percentage for sources with a peak intensity of 5 mJy beam™'.

V)
EERR SR

Galactic Latitude
Completeness in percentage

38.0° 36.0° 34.0° 32.0° 30.0° 28.0° 26.0°
Galactic Longitude

Galactic Latitude

Completeness in percentage

26.0° 24.0° 22.0° 20.0° 18.0° 16.0° 14.0°
Galactic Longitude

Fig. B.4. Completeness map in percentage for sources with a peak intensity of 10 mJy beam™!.
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Fig. B.5. Completeness map in percentage for sources with a peak in-
tensity of 2 mJy beam™".
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tensity of 5 mJy beam™!.

A97, page 22 of 24

+01.0°

+00.5°

-+00.0°

—00.5°

Galactic Latitude
Completeness in percentage

—01.0°

50.0° 49.0° 48.0° 47.0°
Galactic Longitude

Fig. B.8. Completeness map in percentage for sources with a peak in-

tensity of 10 mJy beam™!.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527697&pdf_id=31
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527697&pdf_id=32
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527697&pdf_id=33
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527697&pdf_id=34

¥7 Jo €7 98ed ‘L6V

Appendix C: Example table

Table C.1. Example sources of the published catalog.

Galactic_ID RA Dec S_p SNR S_int  BMAJ BMIN BPA n_pix ext. art. S_p S_p S_p S_p S_p S_p alpha  delta  reliable
1.06GHz 131GHz 144GHz 1.69GHz 1.82GHz 195GHz alpha _alpha _alpha
[mJyb~'] [mJy] "1 ("] [°] myb™'] [mJyb™'] [mlyb™'] [mlyb™'] [mlyb™'] [mlyb']
G16.008+1.022  274.0295 —14.5304 4.00 13.48 3.81 18.1 11.1 -176.7 62 0 0 8.61 6.07 5.44 5.27 2.73 3.08 -1.88 037 1
G16.026-0.804  275.7037  —15.3780 12.56 27.21 10.12 18.1 1.1 -176.7 64 0 0 19.46 12.56 12.70 10.06 8.88 6.22 -1.58  0.17 1
G16.029-0.663  275.5768  —15.3096 57.97 101.00  56.76 18.1 1.1 -176.7 121 0 0 78.56 63.65 63.81 56.13 53.21 50.58 -0.71  0.05 1
G16.055+0.828  274.2288  —14.5818 9.92 24.01 7.64 18.1 1.1 -176.7 59 0 0 6.43 9.15 8.75 7.56 8.69 6.69 -0.05 0.26 1
G16.059+0.875  274.1880  —14.5560 5.97 15.21 6.97 18.1 11.1 -176.7 98 0 0 9.28 5.04 6.29 4.47 4.57 4.02 -130 037 1
G16.070+0.346  274.6755 —14.7975 2.36 7.05 223 18.1 11.1 -176.7 39 0 1 3.16 221 3.68 -0.14 1.30 1.32 0.00 0.00 0
G16.079+0.812 2742554  —14.5680 3.42 9.09 2.61 18.1 1.1 -176.7 37 0 0 3.46 0.82 3.24 1.75 2.88 1.71 -0.50  1.61 0
G16.084+0.042  274.9591  -14.9290 11.56 17.24 16.22 18.1 1.1 -176.7 113 1 0 23.84 15.58 16.39 12.55 10.79 10.41 -137 024 1
G16.086-0.546  275.4974  —15.2042 2.77 8.36 4.34 18.1 11.1 -176.7 74 1 1 9.11 -0.64 2.37 3.30 2.97 3.46 -1.78  0.68 0
G16.091+0.333  274.6970  —14.7844 3.58 9.75 3.89 18.1 11.1 —-176.7 57 0 0 4.77 5.34 4.78 3.38 342 233 -1.46 1.70 0
G16.101+0.472 2745751  —14.7105 2.27 8.53 1.94 18.1 11.1 -176.7 41 0 0 6.50 2.66 243 0.50 1.84 2.82 -129  0.63 0
G16.106-0.984 2759083  -15.3919 13.10 30.19 14.38 18.1 1.1 -176.7 95 0 0 21.56 14.68 14.93 12.35 14.24 13.22 -0.56 023 1
G16.112+0.702  274.3722  -14.5913 747 20.13 572 18.1 1.1 -176.7 55 0 0 10.07 6.94 7.45 5.96 5.31 3.50 -131 027 1
G16.125+1.227  273.9014  -14.3305 5.73 9.45 5.66 18.1 11.1 -176.7 50 0 0 11.28 8.18 6.72 5.17 5.63 6.13 -1.44  0.65 0
G16.134+0.399  274.6576  —14.7155 4.16 14.27 2.94 18.1 11.1 -176.7 43 0 0 6.60 5.71 4.63 4.00 1.85 2.79 -128 046 0
G16.134+0.491 2745744 -14.6717 491 17.16 3.98 18.1 11.1 -176.7 57 0 0 7.03 5.70 5.44 3.01 3.19 2.10 -1.79 034 1
G16.140-0.126  275.1396  —14.9589 2.20 5.49 1.62 18.1 1.1 -176.7 23 0 1 4.08 1.87 2.67 221 0.60 -0.04 0.00 0.00 0
G16.143+0.041  274.9893  -14.8769 7.18 14.44 5.12 18.1 1.1 -176.7 45 0 0 12.19 6.49 6.01 4.40 4.57 3.83 -2.09 0.59 0
G16.145+0.009  275.0188  —14.8901 9.50 17.45 8.14 18.1 11.1 -176.7 62 0 0 6.98 4.07 731 9.86 11.06 7.90 0.48 0.66 0
G16.155-0.432 2754266 —15.0891 1.87 6.24 1.67 18.1 11.1 -176.7 32 0 1 2.73 -0.66 275 1.08 1.22 2.66 -0.11 1.34 0
G16.170+0.953  274.1720  —-14.4219 3.97 11.65 3.05 18.1 1.1 -176.7 43 0 0 6.62 7.24 4.11 4.32 2.89 274 -1.49 044 1
G16.174+0.411  274.6663  —14.6746 1.61 5.84 1.43 18.1 1.1 -176.7 31 0 1 2.56 1.88 1.81 1.33 1.19 -0.89 0.00 0.00 0
G16.178-0.711  275.6924  —15.2003 2.39 8.01 1.74 18.1 1.1 -176.7 33 0 0 -1.97 6.91 2.87 1.34 1.13 0.75 0.00 0.00 0
G16.182+0.950  274.1799  -14.4122 3.16 8.97 2.45 18.1 11.1 -176.7 39 0 0 5.25 5.15 3.36 4.76 2.27 2.96 -1.09 059 0
G16.183+0.768 2743460  —14.4975 36.51 7215  35.82 18.1 11.1 -176.7 113 0 0 57.19 44.52 41.68 32.96 32.53 28.64 -1.10  0.06 1
G33.118-1.244  284.0517  —0.4017 4.61 5.86 7.68 135 13.3 33 51 1 1 9.64 7.78 7.09 6.05 4.63 4.70 -1.01  0.64 0
G33.120-0.894  283.7413  —0.2406 23.31 93.90 2335 135 13.3 33 134 0 0 23.04 23.44 23.27 23.87 2279 22.14 -0.05  0.06 1
G33.128+0.364  282.6253 0.3406 8.34 20.43 7.06 135 133 33 60 0 0 8.67 9.58 6.72 7.72 7.60 5.90 -039 032 1
G33.133-0.093  283.0336 0.1365 187.07 176.50  315.49 13.5 13.3 33 392 1 0 130.33 165.62 179.39 206.92 219.04 228.78 0.86 0.03 1
G33.141-0.673  283.5538  —0.1212 245 12.09 2.56 13.5 13.3 33 63 0 0 4.45 441 2.60 2.04 2.08 2.64 -1.66  0.60 0
G33.143-0.066  283.0149 0.1580 122.27 111.80 230.62 135 13.3 33 252 1 0 239.64 190.95 180.47 157.71 144.76 128.60 -096  0.03 1
G33.144-0.041 2829927 0.1698 5.22 5.02 29.34 135 133 33 135 1 1 11.20 9.81 12.98 15.20 12.06 7.48 -0.54  0.62 0
G33.147+1.044  282.0287 0.6677 26.93 104.80  26.50 135 133 33 114 0 0 30.77 28.74 27.58 26.61 25.98 24.19 -0.36  0.06 1
G33.149-0.557  283.4545  —0.0607 1.61 5.32 1.13 13.5 13.3 33 19 0 1 1.82 0.98 1.24 0.08 0.61 0.29 0.00 0.00 0
G33.166-1.165  284.0031  —0.3233 6.74 23.71 6.30 13.5 13.3 33 69 0 0 8.94 9.12 6.65 6.63 5.77 6.75 -0.73 023 1
G33.169-0.016  282.9816 0.2038 7.30 7.41 339.77 135 13.3 33 2011 1 0 22.89 22.11 23.00 20.30 20.61 19.51 -030 028 1
G33.176+0.424  282.5933 0.4101 2.34 5.56 474 13.5 13.3 33 56 1 1 5.19 4.40 472 2.68 2.62 1.80 -0.31 1.13 0
G33.176-0.196  283.1454 0.1275 6.55 9.84 7.09 13.5 13.3 33 50 0 0 11.93 8.06 8.66 7.00 5.04 5.57 -1.18 047 0
G33.181-0.187  283.1392 0.1365 4.22 6.45 5.61 13.5 13.3 33 44 1 1 6.54 3.79 5.27 3.46 4.14 2.85 0.00 0.00 0
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Appendix D: SNR Green and THOR comparison

Table D.1. Matching of SNR between the THOR catalog and the SNR catalog presented by Green (2014).

G49.059-0.777
G49.190-0.801

042 038 G049.2-00.7 -0.30
-1.00 0.21 G049.2-00.7 —-0.30

Galactic_ID art.  npix res. a Ao SNR name* SNR a*
G15913+0.183 0 2753 1 -0.78 0.07 GO015.9+00.2 -0.63
G15.907+0.233 0 1303 1 -1.12 020 GO015.9+00.2 -0.63
G16.742+0.088 0 9207 1 -0.17 0.10 GO016.7+00.1 —0.60
G17.030-0.069 1 620 1 -0.19 0.64 G017.0-00.0 -0.50
G17.448-0.063 0 815 1 0.19 029 G017.4-00.1 -0.70
G18.107-0.134 0 760 1 -0.72 025 GO018.1-00.1  -0.50
G18.193-0.174 0 6624 1 -0.37 0.10 GO018.1-00.1  -0.50
G18.171-0.213 0 952 1 -0.68 0.25 GO018.1-00.1  -0.50
G18.128-0.218 1 35 0 -0.36 137 GO018.1-00.1  —-0.50
G18.610-0.316 0 2784 1 0.17 022 G018.6-00.2  -0.40
G18.761+0.287 0 31818 1 -1.07 0.06 G018.8+00.3 —0.46
G18.908-0.922 1 1385 1 -0.85 027 G018.9-01.1  -0.39
G19.954-0.250 0 162 1 -1.12 034 G020.0-00.2  -0.10
G19.952-0.169 0 11499 1 -0.32  0.19 G020.0-00.2  -0.10
G20.075-0.181 0 913 1 -1.30 044 G020.0-00.2  -0.10
G20.502+0.155 0 1411 1 -0.54 033 G020.4+00.1 -0.10
G21.503-0.884 0 1713 1 -0.02 0.00 GO021.6-00.8 —0.50
G21.765-0.631 0 49153 1 -0.77 0.04 G021.8-00.6  -0.56
G21.948-0.416 0 11333 1 -0.31 0.12 G021.8-00.6  —0.56
G23.124-0.199 0 6108 1 -1.13  0.11 G023.3-00.3  -0.50
G23.015-0.288 0 3619 1 -1.27 0.10 G023.3-00.3  -0.50
G23.105-0.411 0 10590 1 0.04 0.18 G023.3-00.3 -0.50
G23.062-0.376 0 935 1 -1.71 0.18 GO023.3-00.3 -0.50
G23.539+0.268 0 9419 1 -0.26 039 G023.6+00.3 —0.30
G24.664+0.620 0 2798 1 -0.66 0.22 G024.7+00.6 —-0.20
G24.689-0.589 0 7553 1 -0.73 0.17 G024.7-00.6  —-0.50
G27.365+0.014 0 8048 1 -0.49 0.04 G027.4+00.0 -0.68
G28.610-0.142 0 2919 1 -0.79 0.04 GO028.6-00.1 -
G28.672-0.108 0 2015 1 -0.64 0.04 GO028.6-00.1 -
G29.567+0.094 0 468 1 -0.36  0.54 G029.6+00.1 —0.50
G29.689-0.242 0 5059 1 -0.64 0.01 GO029.7-00.3 -0.63
G31.869+0.064 0 18727 1 -0.32  0.01 GO031.9+00.0 -
G32.423+0.079 0 60 0 -0.74 044 G032.4+00.1 -
G32.415+0.076 1 37 1 0.00 0.00 G032.4+00.1 -
G32.929+0.021 0 5006 1 -0.74 024 G032.8-00.1 -0.20
G33.748+0.025 0 3496 1 -1.04 0.13 G033.6+00.1 -0.51
G33.651+0.051 0 6623 1 -0.82 0.10 GO033.6+00.1 -0.51
G33.667+0.100 0 3002 1 -1.31 0.15 GO033.6+00.1 -0.51
G33.607+0.089 0 2519 1 -0.55 0.19 GO033.6+00.1 -0.51
G34.588-0.238 0 8050 1 -0.34 0.06 G034.7-004  -0.37
G34.568-0.630 0 11697 1 -1.01 0.07 GO034.7-004  -0.37
G34.834-0.439 0 45702 1 -0.80 0.06 G034.7-004  -0.37
G34.681-0.635 0 3854 1 -1.06 0.09 G034.7-004  -0.37
G35.583-0.448 0o 37 0 -3.09 1.18 G035.6-004 -0.50
G35.602-0.548 1 226 1 0.55 094 G035.6-004  -0.50
G49.016-0.731 0 4875 1 -1.05 0.12 G049.2-00.7 -0.30
1 1
0 1

Notes. Visually matched sources between the THOR catalog and the SNR catalog by Green (2014). The first six columns are taken from the THOR
continuum catalog, whereas the last two columns are presented in Green (2014). As the SNR are very clumpy, we find several THOR continuum
sources, which overlap with the same SNR.  Following the naming in Green (2014). > Taken from Green (2014). The spectral index in Green
(2014) is negatively defined, and we adapt the values according to our definition of the spectral index.
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