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Figure 12. SNR candidates from SMGPS. Left panels: MIR images using data from the Spitzer GLIMPSE 8.0 μm (green) and MIPSGAL 24 μm (red) surv e ys 
for sources with | b | < 1 . ◦0 or WISE 12 μm (green) and 22 μm (red) data for sources further from the GP. Right panels: SMGPS 1.3 GHz images. The colour 
scale shows radio brightness, with a square-root stretch. Each panel is centred on the MeerKAT emission identified with the SNR candidate and has a width of 
three times the candidate’s radius. 

region, IRAS 12202 − 6222, slightly to the Galactic NE of the centre, 
but no extended IR emission covering the bulk of the radio source. 

G312.97 − 0.09 . Approximately circular region ∼16 arcmin in 
diameter with unusual flocculent and somewhat filamentary struc- 
ture. Based on MOST 843 MHz and ATCA 20 cm images, Roberts 
et al. ( 1999 ) referred to the G313.0–0.1 ‘diffuse shell’ as a ‘potential 
SNR’, but the MeerKAT image reveals its intricate morphology for 
the first time. 

G324.26 + 0.24 . Approximately circular, edge-brightened struc- 
ture, bright to the Galactic SE, ∼3 . ′ 5 in diameter. There is no 
associated IR emission. This source was also identified as an SNR 

candidate in a recent Australian Square Kilometre Array Pathfinder 
(ASKAP) image (Ball et al. 2023 ). 

G348.32 − 0.73 . Unusual structure suggesting a composite SNR 

with a shell and a central PWN. It has an elongated central bright 
region ∼2 arcmin × 1 arcmin in extent, surrounded by a faint, 
possibly shell-like region ∼7 arcmin in diameter, edge brightened 
to the Galactic SW. The radio source GPA 348.30 − 0.72 from the 
Green Bank 8 GHz and 14 GHz surv e y (Langston et al. 2000 ) likely 
corresponds to the central bright region. 

G357.11 + 0.05 . Possibly partial shell, relatively circular in 
outline, ∼8 arcmin in diameter, bright to the Galactic SW and 
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incomplete to the NE. The shell appears ‘indented’ to the Galactic 
NE, suggesting possible interaction in this direction. There is little 
emission in the interior detected in the MeerKAT image. 

5.3 Youthful pulsars and their environments 

Young and energetic pulsars are often associated with PWNe as they 
inject an energetic particle wind into the surrounding medium (e.g. 
Slane 2017 ). PWNe typically manifest in radio images as extended, 
diffuse sources with relatively flat spectra and a variety of morpholo- 
gies depending on how the pulsar wind interacts with its dynamic 
environment. The unprecedented surface-brightness sensitivity of 
MeerKAT therefore provides an opportunity to discover previously 
unknown PWNe. In order to do so, we visually inspected SMGPS 

images in the vicinity of a subset of known pulsars. We applied 
two different criteria in selecting the sample. First, we selected 
pulsars from the Australia Telescope National Facility (ATNF) 
pulsar catalogue (Manchester et al. 2005 ) 10 with large spindown flux 
( ∝ Ė /d 2 > 10 35 erg s −1 kpc −2 ), where Ė is the spindown luminosity 
and d is the distance. Se venty-se ven pulsars satisfied this criteria. We 
also selected another 30 pulsars with high inferred surface magnetic 
field strength ( B s > 3 × 10 13 G). Below we summarize interesting 
findings for the fields surrounding four of these pulsars. 

5.3.1 PSR J1208–6238 

PSR J1208 − 6238 was disco v ered in a blind gamma-ray search with 
Fermi -LAT (Clark et al. 2016 ). Despite a sensitive search with the 
Parkes telescope, this remains a radio-quiet pulsar. 

The pulsar has a very high magnetic field strength, B s = 3.8 × 10 13 

G, and a very small characteristic age, τ c = 2.1 kyr. There is no prior 
association with either an SNR or a PWN, although Bamba et al. 
( 2020 ) detected a possible X-ray PWN with 4 . 4 σ significance. The 
SMGPS image in Fig. 13 (a) clearly shows diffuse emission from a 
compact source (diameter ≈45 arcsec) at the position of the pulsar. 

The fitted spectrum for this source is shown in Fig. 7 . Given the 
radio-quiet nature of the pulsar and the relatively flat spectrum ( α = 

−0.3) of the extended emission, the radio emission in Fig. 13 (a) is 
most probably from the PWN associated with PSR J1208 − 6238. 

5.3.2 PSR J1358–6025 

PSR J1358 − 6025 was disco v ered by Einstein@Home 11 in Fermi - 
LAT data, and has τ c = 318 kyr. The SMGPS image in Fig. 13 (b) 
shows a structure reminiscent of a bow-shock PWN. 

Using the method summarized in Section 4.5 and Fig. 7 , we 
attempted to measure the radio spectrum for this nebula. This 
is complicated because the source is located near the edge of a 
data cube, and has some sub-bands blanked due to primary-beam 

ef fects. Ne vertheless, we obtain αhead = −0.4 ± 0.1 and αtail = 

−0.9 ± 0.2. These values should be regarded as preliminary, ho we ver 
they are consistent with the flatter-spectrum ‘head’ being generated 
by electrons freshly accelerated by the pulsar. This appears to be a 
bow-shock PWN associated with PSR J1358 − 6025. 

10 Version 1.64; https:// www.atnf.csiro.au/ research/ pulsar/ psrcat/ expert.html 
11 https:// einsteinathome.org/ gammaraypulsar/ FGRP1 disco v eries.html 

5.3.3 PSR J1513–5908 

PSR J1513 − 5908 (B1509 − 58) is a young and very energetic 
pulsar, powering a spectacular PWN visible from radio to TeV 

energies. The intricate morphology of the system includes apparent 
interaction between the PWN and the SNR G320.4 − 1.2 within 
which it is embedded (see Gaensler et al. 2002 ; Romani et al. 2023 ). 

Fig. 13 (c) shows the SNR G320.4 − 1.2 field as observed with 
MeerKAT. Three things are notable in this image. 

(i) There is a cavity of extent ≈2 . ′ 5 × 1 ′ , with the pulsar near its 
northern tip, within which no radio emission is detectable (see the 
inset in the panel). This corresponds very well to the brighter portion 
of the X-ray jet trailing the pulsar (Romani et al. 2023 ). Gaensler 
et al. ( 2002 ) had noted a region of reduced radio emission trailing 
the pulsar in ATCA 1.4 GHz data, but the MeerKAT image indicates 
that this is a bounded cavity. 

(ii) Surrounding this cavity, there is a large region of very low 

surface-brightness radio emission, previously undetected. Given the 
complexity of the field, it is unclear what portion of this emission may 
correspond to the PWN. To the north, this faint emission connects, 
at least in projection, to the bright SNR emission. 

(iii) The northern portion of the cavity is bounded by a relatively 
bright radio arc. This had been previously faintly detected in linearly 
polarized emission (Gaensler et al. 2002 ), but it is now clearly 
detected in Stokes I . The feature has remarkable correspondence 
to the X-ray emission (Romani et al. 2023 ). 

5.3.4 PSR J1930 + 1852 

PSR J1930 + 1852 is one of the most energetic pulsars in the Galaxy 
(Camilo et al. 2002 ) and powers a prominent PWN from radio to 
X-ray wavelengths (Lang et al. 2010 ). Ho we ver, it is not clearly 
associated with an SNR shell, despite repeated searches. Lang et al. 
( 2010 ) report on the disco v ery of a shell with the VLA at 1.4 GHz, 
but Driessen et al. ( 2018 ) revisit the question of whether this feature 
is the SNR, and on the basis of additional observations at lower 
frequencies with the Westerbork Synthesis Radio Telescope (WSRT) 
and the Low-Frequency Array (LOFAR) conclude that there is no 
detected shell surrounding the PWN G54.1 + 0.3. 

The SMGPS image of this region (Fig. 13 d) shows that there is a 
clear circular feature, ≈14 arcmin in diameter, surrounding the pulsar 
and its PWN. While it sits within a comple x re gion of o v erlapping 
features, it is morphologically distinct from its surroundings. Com- 
parison with MIR images clearly shows the previously identified 
surrounding H II region, but there is no detectable IR emission 
from the circular feature. We regard this as a candidate SNR shell 
associated with PSR J1930 + 1852. 

Fig. 13 (d) also sho ws, to wards the bottom right, the best image to 
date of the young SNR G53.41 + 0.03 confirmed by Driessen et al. 
( 2018 ). Curiously, we detect a point-like source near the centre of 
the SNR shell, which may be deserving of further investigation. 

5.4 Ev olv ed stars 

At the end of their life, stars shed their outer layers to form 

circumstellar envelopes. During this process, when the exposed 
inner layers are hot enough, the circumstellar envelopes become 
ionized and radio emission arises. Stars o v er a large mass range 
undergo this phase: in the following we describe our findings for 
low- (Section 5.4.1 ) and high-mass (Section 5.4.3 ) evolved stars. 
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Figure 13. Extended emission from SMGPS images surrounding four energetic and youthful pulsars. The colour scale shows the brightness and the green 
circles indicate the positions of the pulsars. (a) Gamma-ray (radio-quiet) PSR J1208 − 6238 with associated PWN-like diffuse emission. The long arc of 
emission across the image is presumably unassociated. (b) Gamma-ray (radio-quiet) PSR J1358 − 6025 with coincident and trailing emission that may be a 
bow-shock nebula. (c) PSR J1513 − 5908 with its surrounding PWN and SNR G320.4 − 1.2. The 14 arcmin × 10 arcmin inset shows the point-like pulsar 
within a radio cavity. (d) PSR J1930 + 1852 within its bright G54.1 + 0.3 PWN, towards upper left. This complex is surrounded by a circular shell that may be 
the corresponding SNR. Towards lower right is the unrelated SNR G53.41 + 0.03, with a positionally coincident central compact source. 

5.4.1 Planetary nebulae 

PNe represent the last evolutionary stage of low- and intermediate- 
mass stars (zero-age MS mass below 8 M 	). Despite decades of study, 
several open questions remain. The number of known Galactic PNe 
is ∼3000, one order of magnitude lower than expected (Sabin et al. 
2014 ). If there really are fewer PNe than expected, it would impact 
lo w-mass star e volution models. Ho we ver, this could be simply due to 
an observational bias. Indeed, a possible explanation is that the main 
probe for the disco v ery of PNe, H α emission, is strongly affected 
by extinction and confusion at very low Galactic latitude, where 
most PNe are expected (e.g. Zijlstra & Pottasch 1991 ). Unlike H α, 
radio emission is largely unaffected by Galactic dust and, since PNe 
are radio emitters, radio observations are important for disco v ering 
ne w, lo w-latitude PNe. F or e xample, Irabor et al. ( 2018 ) used the 
CORNISH surv e y to find 90 new, compact, young PNe. However, 

even if a potential PN is detected in radio, it may be hard to confirm its 
identity. In regions where optical and IR observations cannot be used, 
radio morphology provides a powerful means for identifying new PN 

candidates. Ingallinera et al. ( 2016 ) showed that a typical feature of 
resolved PNe is that they usually appear as small rings or discs ( � 

1 arcmin) in radio images, isolated from other nearby sources. This 
morphology is typical of PNe and only rarely mimicked by other 
Galactic sources. From a visual inspection of the SMGPS tiles, we 
extracted 176 previously unidentified sources that show the typical 
appearance of a PNe. In Fig. 14 , we show some new candidates. 

The main limitation to identifying PNe by their radio morphology 
is that it requires the source to be resolved enough to determine the 
morphology. Given the SMGPS resolution, this implies that we are 
not able to identify PNe much less extended than 30 arcsec across. 
But even with this important limitation, some results can already be 
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Figure 14. Four examples of new possible PN candidates from the SMGPS. In the lower-right panel, the bright point sources are likely unrelated field sources. 
The green circle in the lower-left corner of each panel indicates the synthesized beam. 

Figure 15. Galactic latitude distribution of previously identified or candidate 
PNe (blue histogram – 145 in total within the SMGPS surv e y area, from the 
HASH catalogue; Parker et al. 2016 ), and of 176 SMGPS PN candidates. All 
sources from both samples have diameter larger than 30 arcsec. 

obtained. Notably, the distribution of these 176 new possible PNe, 
shown in Fig. 15 , is strongly peaked at b = 0 ◦. By comparison, the 
latitudinal distribution of known PNe with a diameter larger than 
30 arcsec extracted from the University of Hong Kong/Australian 
Astronomical Observ atory/Strasbourg Observ atory H-alpha Plane- 

tary Nebula (HASH) catalogue (Parker, Boji ̌ci ́c & Frew 2016 ) is 
significantly flatter than in SMGPS, where both surv e ys o v erlap. 

This suggests that the SMGPS may be reco v ering man y previously 
missing low-latitude PNe. This is possible thanks to three fundamen- 
tal features of the surv e y: high sensitivity, good resolution, and large 
surv e y area. No previous surv e y matches SMGPS in this regard. We 
note that the number of new possible PNe in Fig. 15 is larger than 
the number of previously identified PNe, with the same minimum 

dimension, in the same sky area. In other words, the SMGPS may 
allow us to double the number of known PNe larger than 30 arcsec. 

5.4.2 Mid-infrared bubbles 

The MIPSGAL Le gac y Surv e y (Care y et al. 2009 ), co v ering the 
inner GP at 24 μm, allowed the disco v ery of 428 compact MIR 

bubbles (hereafter ‘MBs’, Mizuno et al. 2010 ). MBs have varying 
morphologies (rings, discs or shells), are compact ( ≤1 arcmin) and 
are widespread through the entire GP, with an approximately uniform 

distribution of about 1.5 bubbles per square degree. Most of them 

seem linked to PNe (Nowak et al. 2014 ), and are part of the HASH 

catalogue. Indeed, the HASH catalogue designates 54 MBs as true 
PNe, seven as likely, 83 as possible and 189 as candidate. Among the 
remaining MBs, 63 are massive stars or candidates, three are SNRs 
and 29 are still unclassified. 

MBs usually show emission only at 24 μm and seldom have 
counterparts in 3.6 or 8.0 μm GLIMPSE images. This is probably 
the reason why this population had been missed by previous visible 
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or near-IR surv e ys. Ingallinera et al. ( 2016 ) inv estigated the radio 
morphology of 18 previously known MBs using high-resolution 5- 
GHz VLA observations, and noted a possible correlation between an 
MB’s radio morphology and its classification: an association with a 
massive star is almost certain when the radio morphology at 5 GHz 
indicates the presence of a central object, otherwise the source is more 
likely a PN. In this context it is therefore worthwhile to determine 
how many MBs are detected in the SMGPS. 

From a visual inspection of the SMGPS tiles, we find that 146 
out of the 244 MBs in the SMGPS surv e y area (60 per cent) are 
detected, and have various radio morphologies. According to the 
SIMBAD database, 12 113 of the detected MBs (77 per cent) are new 

radio detections, and 137 (94 per cent) are new detections in the 
1–2 GHz range. In Fig. 16 , we show radio images of six example 
MBs detected in SMGPS, and in Fig. 17 , we show MIR images with 
SMGPS contours for the same objects. Table 4 lists coordinates, 
MIR morphology, and status of previous radio detection for the six 
MBs. 

It is evident that even the small sample displayed in Fig. 17 
includes different radio and MIR morphologies. In sources MGE 

G354.1474 − 01.1141 and MGE G356.8235 + 00.0139 the MIR 

nebula is slightly more extended than the radio nebula, as is observed 
in some luminous blue variable (LBV) candidates. The lack of an 
evident central source in the radio images may be ascribed to insuffi- 
cient sensitivity, inadequate to detect the stellar wind associated with 
these LBV candidates. By contrast, in MGE G343.6641 + 00.9584, 
identified as a possible PN candidate by Ingallinera et al. ( 2019 ), 
the 24- μm nebula lies well within the ionized nebula. This hints at 
the possibility of classifying MBs based on a comparison of MIR 

and radio morphology, but that possibility needs to be assessed 
with the analysis of the complete sample of 146 MBs detected in 
SMGPS. 

5.4.3 Massive stars 

The evolution of disc galaxies is strongly influenced by their 
populations of massive stars, that via their copious and energetic 
stellar winds provide both processed material and energy to the ISM, 
triggering the formation of new generations of stars. Mass loss is a 
k ey f actor in the evolution of a massive star ( M ≥ 8 M 	) towards its 
endpoint, which is essentially determined by the initial mass of the 
star and the total mass lost during its lifetime. Ho we v er, man y aspects 
of the evolution of massive stars are still not clear and, in particular, 
how mass-loss properties change o v er time is not well constrained. A 

v ery massiv e O-type star on the MS, with 60–100 M 	 and a mass-loss 
rate of ∼ 10 −6 M 	 yr −1 , evolves into a Wolf–Rayet star, whose mass 
usually does not exceed 30 M 	 (Langer et al. 1994 ). This implies that 
severe mass loss must occur in the post-MS evolution, through strong 
winds and/or eruptions. Extreme instability in the post-MS evolution 
of massive stars has been observed in so-called LBVs. LBVs are 
among the most luminous and massive stars, and are characterized 
by variability and strong mass loss. They can also undergo giant 
eruptions, during which they lose a significant fraction of their 
env elopes (Humphre ys & Davidson 1994 ). The presence of extended 
stellar ejecta around several LBVs and LBV candidates indicates 
that eruptions are common in these objects (Weis & Bomans 2020 ). 
Because of these characteristics they represent an important phase 
of massive star evolution, and it is important to derive observational 
constraints on LBVs for a full understanding of the evolution of the 

12 http:// simbad.u-strasbg.fr/ simbad 

most massive and luminous stars. LBVs are very rare in our Galaxy, 
and all the information we have on their properties relies on a very 
small sample of 19 confirmed LBVs and 42 candidates (Richardson & 

Mehner 2018 ). Radio observations are crucial to determine the mass- 
loss properties of LBVs: the current mass-loss rate can be measured 
from the radio emission of the central object’s wind, and from the 
analysis of the stellar ejecta. Together with MIR observations, the 
total mass (gas + dust) and the occurrence of multiple eruptions can 
be determined (Umana et al. 2011a ). 

In Section 5.4.2 , we introduced the MIR bubble sample as an 
MIR catalogue in which to search for low- and high-mass evolved 
stars. When a central object is detected in an MB, optical and IR 

spectroscopy can provide clues to its nature. Spectroscopic studies 
indicate that the majority of MBs showing a central MIR object are 
indeed massi ve e volved stars, with a significant fraction being LBV 

candidates (Gv aramadze, Kniaze v & Fabrika 2010 ; Wachter et al. 
2010 ; Flagey et al. 2014 ; Nowak et al. 2014 ; Silva et al. 2017 ). 
These spectroscopic studies have resulted in a robust classification 
of 30 per cent of the total MB sample. MGE G356.8235 + 00.0139 
in Fig. 17 shows a central MIR source, making it a potential evolved 
massive star candidate. 

The new radio detections of MBs in the SMGPS will allow detailed 
studies focusing on the classification of these radio/MIR nebulae, and 
leading to a better understanding of their origin in the framework of 
massive star evolution. 

Gal 026.47 + 0.02 . To illustrate the potential of the SMGPS 

for studying and determining the mass-loss properties of massive 
evolved stars, we extracted from the SMGPS tiles the image of 
Gal 026.47 + 0.02, hereafter G26, which was proposed as an LBV 

candidate by Clark et al. ( 2003 ). 
G26 was observed in radio and MIR by Umana et al. ( 2012 ), who 

performed a detailed comparison of the dust and ionized compo- 
nents of the stellar ejecta. The morphology of both components is 
consistent with a series of nested toroidal shells, with a common 
axis. The inner torus is ionized and its radio emission traces a bipolar 
component. At its centre, there is a compact component, related to 
the wind of the central star. The outermost shell of material is traced 
only by thermal dust emission. Between these two main structures, 
some diffuse radio emission was evident in the VLA maps. Besides 
the morphology of the circumstellar material, the current mass-loss 
rate and the properties of the associated ejecta were also derived, 
most notably the total mass. 

MeerKAT’s high sensitivity, particularly to extended emission, 
shows a radio shell ∼1 . ′ 8 × 2 . ′ 7 in size, more extended and 
better defined than previously known. This shell nicely matches 
the structure observed at 70 μm, both visible in Fig. 18 , indicating 
the presence of an ionized gas component cospatial with the dusty 
component. All the major structures visible at 70 μm are readily 
identifiable at 1.3 GHz. The greater dimension of the radio nebula 
implies a greater mass of ionized gas than previously appreciated. 
This result reinforces the problem, noted by Umana et al. ( 2012 ), 
of reconciling the source of UV photons required to explain the 
inner component of the radio nebula with the spectral classification 
of the central source given by Clark et al. ( 2003 ). It additionally 
provides evidence that episodes of strong mass loss occurred in 
G26 also during a hotter phase of its evolution (Umana et al. 
2012 ). 

LBVs have been proposed as direct progenitors of core-collapse 
SNe (Miller et al. 2010 ; Pastorello et al. 2018 ; Taddia et al. 2020 ), 
and the morphology of some SNRs has been modelled as resulting 
from the interaction of the SN blast waves with non-uniform pre- 
existing circumstellar environments (CSEs), including the typical 
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Figure 16. 1.3-GHz SMGPS images of six IR bubbles from the Mizuno sample. From left to right and top to bottom: MGE G354.1474 − 01.1141, MGE 

G356.8235 + 00.0139, MGE G343.6641 + 00.9584, MGE G020.4513 − 00.9867, MGE G023.3894 − 00.8753, and MGE G028.7440 + 00.7076. All the images 
are 2 arcmin × 2 arcmin and centred at the bubble’s position. The green circle in the lower-left corner of each panel indicates the synthesized beam. Note that 
the brightness levels for MGE G356.8235 + 00.0139 are all ne gativ e, a striking indication that this source sits in a ‘bowl’ of emission. As for all images in this 
paper unless indicated, the brightness has not been corrected for any variations in the zero level; see Section 4.5 . 

ejecta observed around LBVs (Chiotellis, Boumis & Spetsieri 2021 ; 
Ustamujic et al. 2021 ). One of the critical parameters for these models 
is the mass content of the CSE, for which radio observations provide 
excellent diagnostics. 

Several LBVs and LBV candidates have been detected in the 
SMGPS. Analysis following that outlined here for G26 has the 
potential to place impro v ed constraints on the gas content in their 
CSEs. 

5.5 Radio stars 

While stars emit a negligible fraction of their luminosity in radio 
( L rad / L bol ≈ 10 −11 for the quiet Sun), certain phenomena, occurring 
during different phases of stellar evolution, can be particularly 

well observed only at radio frequencies. Radio emission from stars 
can originate from the thermal radiation of stellar winds and/or 
circumstellar nebulae (e.g. WR stars and LBVs, Umana et al. 2011b ), 
from maser mechanisms (e.g. asymptotic giant branch, AGB and 
post-AGB stars; Ingallinera et al. 2022 ) or from non-thermal radiation 
caused by the coherent or incoherent interaction between charged 
particles and magnetic fields (e.g. magnetic chemically peculiar stars 
and flare stars, Trigilio et al. 2018 ). Currently there are no reliable 
statistics on radio emission for each class of radio stars, with the 
existing information collected through targeted observations that 
fa v oured certain stellar types. New-generation wide-area sensitive 
radio surv e ys such as the SMGPS have the potential to detect 
many hundreds to thousands of radio stars without prior selection 
bias. 
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Figure 17. MIR morphology (24 μm MIPSGAL) of the same bubbles of Fig. 16 . SMGPS 1.3 GHz images are superimposed as green contours. All the images 
are 2 arcmin × 2 arcmin and centred at the bubble’s position. 

Table 4. Subsample of six MBs detected in SMGPS tiles. 

Name RA Dec. 24 μm morphology a Previous radio detection 

MGE G020.4513 − 00.9867 18:31:57.1 −11:32:46 2b –
MGE G023.3894 − 00.8753 18:37:02.8 −08:53:15 2a –
MGE G028.7440 + 00.7076 18:41:16.0 −03:24:11 2b 5 GHz (Ingallinera et al. 2014 ) 
MGE G343.6641 + 00.9584 16:55:46.9 −41:48:42 2b 2 GHz (Ingallinera et al. 2019 ) 
MGE G354.1474 − 01.1141 17:35:27.6 −34:29 19 2a –
MGE G356.8235 + 00.0139 17:37:47.6 −31:37:32 1a –

Note. a Morphology is from Mizuno et al. ( 2010 ): 1a – object with clear central component; 2a – ring with regular brightness 
distribution and no central source; and 2b – ring with irregular brightness distribution and no central source. 
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Figure 18. LBV candidate G026.47 + 0.02. Left: SMGPS 1.3 GHz image with logarithmic colour scale at angular resolution 8 arcsec (green circle in the 
lower-left corner). Right: 70 μm Hi-GAL (Molinari et al. 2010 ) image with linear colour scale at angular resolution 6 arcsec, with the radio image superimposed 
as green contours. 

Among the usual methods exploited to discriminate Galactic 
from extragalactic sources, and in particular radio stars from un- 
resolved galaxies, for example, spectral indices, variability, polar- 
ization, we focused, due to the nature of our data, on two: cross- 
matching with an optical catalogue, in our case Gaia , and circular 
polarization. 

5.5.1 Cross-matching with Gaia 

To assess the stellar population among point-like sources in the 
SMGPS, we performed a cross-match of all the SMGPS catalogue 
point sources and the Gaia Collaboration ( 2023 ) DR3 using a 2 arcsec 
search radius. We used the Bayesian cross-matching approach first 
proposed by Budav ́ari & Szalay ( 2008 ) and modified by Salvato et al. 
( 2018 ) that allows for the incorporation of multiple parameters, such 
as magnitude and colour, as priors. Radio stars detected in the optical 
are usually red and relatively nearby; hence, we considered SMGPS 

and Gaia positional uncertainties, Gaia colour, 13 and proper motion 
as priors (see also Driessen et al. 2023 , for the use of proper motions to 
detect radio stars). These priors and the separation between SMGPS 

and Gaia sources were used to estimate the probability of association, 
p any , between sources in both surv e ys. This is the likelihood that a 
given pair of astronomical objects are related based on the cross- 
matching procedure. In order to determine a suitable threshold on p any 

for genuine associations, we first created a shifted SMGPS catalogue 
by randomly modifying the position of each actual SMGPS source 
by 2 arcmin, while ensuring a separation of at least 0 . ′ 5 compared 
to each original SMGPS source. The shifted SMGPS catalogue was 
cross-matched with Gaia using a 2 arcsec radius to obtain a shifted 
(unphysical) cross-matched sample. Comparing the sets of p any for 
both the real and shifted samples enabled us to calculate reliability 
(1 − p false positive ) and completeness statistics for actual associations. 
We selected for further analysis the 52 576 SMGPS sources with 
p any ≥ 0.77, for which the sample completeness and the reliability 
are both 77 per cent. 

For the 52 576 sources, we further considered probabilistic photo- 
geometric distance estimates from the Gaia DR3 distance catalogue 

13 Gaia colour refers to G BP − G RP , the difference between the Gaia blue and 
red filter magnitudes. 

(Bailer-Jones et al. 2021 ). We selected stellar candidates within 3 kpc 
and with proper motion ≥5 mas yr −1 . This limited our sample to 831 
Gaia and SMGPS sources, which we consider to be good candidates 
for radio stars. To investigate the intrinsic properties of these stars, we 
dereddened the 624 stars with measured extinction given in the Gaia 
catalogue, and computed their absolute magnitude. The resulting 
colour–magnitude diagram is shown in Fig. 19 . This shows different 
stellar objects at dif ferent e volutionary stages, as previously noted 
by G ̈udel ( 2002 ) and Yu, Zijlstra & Jiang ( 2021 ). 

We also searched for known stellar sources amongst the 
831 SMGPS- Gaia optical counterpart candidates by querying 
the SIMBAD database (Wenger et al. 2000 ), identifying 124 
matches. Typical objects represented include massive stars (O, 
B, and WR systems), binaries (eclipsing, spectroscopic, and 
RS CVn types), long-period variables, supergiants, and Young 
Stellar Objects (YSO)s. A full report on this cross-matching 
procedure, statistical analysis and results will be presented 
elsewhere. 

With the identification of 831 radio stellar candidates enabled by 
SMGPS, the prospects for disco v ering and studying a statistically 
significant sample of radio stars are promising, and MeerKAT is 
poised to contribute significantly to this endeavour. 

5.5.2 Circular polarization 

Radio stars can be highly circularly polarized ( ∼ 10 per cent –
100 per cent, depending on the emission type), while extragalactic 
sources are usually only very weakly circularly polarized, making 
detections in Stokes V images relatively likely to be stars, although 
only some of the stellar emission mechanisms listed earlier will be 
detected. For a previous application of this method, see Pritchard 
et al. ( 2021 ). Here, we inspected the Stokes V images corresponding 
to two SMGPS tiles for which we did polarization calibration, G056.5 
and G336.5. 

In the G056.5 tile, we found an interesting source at 
RA = 19:39:56.63, Dec. = + 21:39:05.0. With a flux density of 
73 μJy it is faint, but 100 per cent circularly polarized. There 
are no Gaia matches, but a 2 Micron All Sk y Surv e y (2MASS) 
YSO candidate is offset by 1 . ′′ 3. For a source this faint we expect a 
statistical positional uncertainty ≈1 . ′′ 3 (see Section 4.4 and Fomalont 
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Figure 19. Colour–magnitude diagram for 624 dereddened Gaia counterpart stars to SMGPS. Here, BP − RP represents the dereddened intrinsic colour of the 
star, while M G denotes the absolute magnitude after extinction correction. Each source is colour-coded based on spectral type information obtained from Gaia . 

1999 ), so this is plausibly a potential match. This source’s high 
circular polarization suggests a coherent emission mechanism. The 
most likely such mechanism for stars is electron-cyclotron maser 
emission (Melrose & Dulk 1982 ). Such emission is usually limited 
in time, with time-scales ranging from minutes to days (e.g. Das & 

Chandra 2023 ). Variability of this source during the multihour span 
of the rele v ant SMGPS observ ations could be probed by inspection 
of the raw visibilities. 

In the more crowded G336.5 tile, we identified six circularly 
polarized sources, listed in Table 5 . Three of them are classified 
as pulsars on SIMBAD. The nominal offset between the position 
of PSR B1626 − 47 (with uncertainty of 0 . ′′ 9 in the ATNF pulsar 
catalogue) and the corresponding SMGPS source is 3 . ′′ 2. Ho we ver 
this is based on an old timing solution; more recent measurements 
with the Parkes telescope yield a timing position that is 1 . ′′ 3 ± 1 . ′′ 0 
away from the SMGPS source (M. Lo wer, pri v ate communication). 
For the other two pulsars, the catalogued positional uncertainties are 
larger than the nominal offsets listed in Table 5 . The other three 
sources have no kno wn matches. Ho we ver, the first and last source 
in Table 5 have a percentage of circular polarization compatible with 
pulsars. With | V | /I = 72 per cent , the remaining source is perhaps 

less likely to be a pulsar, but like the 100 per cent circularly polarized 
source in the G056.5 tile, its emission mechanism is also likely to be 
coherent and perhaps variable. 

5.6 H II regions 

An unambiguous signpost of a site of high-mass star formation is 
the presence of an ionized hydrogen (H II ) region, usually identified 
by the strong free–free emission in the radio spectrum or the 
MIR morphology (Anderson et al. 2014 ). H II regions are typically 
classified by their size and emission measures into hypercompact 
(HCH II ), ultracompact (UCH II ), compact (CH II ), and classical H II 

re gions (e.g. K urtz 2005 ). Some of the larger giant H II re gions are 
produced by the combined ionizing power of a cluster of OB stars 
(e.g. Davies et al. 2012 ; Chibueze et al. 2013 ; Hindson et al. 2013 ). 

Radio observations have been instrumental in compiling large 
catalogues of H II regions, particularly of UC, compact, and classical 
ones (Anderson et al. 2011 ; Urquhart et al. 2013 ; Kalche v a et al. 2018 ; 
Djordjevic et al. 2019 ; Wenger et al. 2021 ). More recently, detailed 
multiwavelength MIR imaging from the WISE mission has been 
used to confirm several thousand candidate H II regions from their 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/649/7664392 by IN
AF C

atania (O
sservatorio Astronom

ico di C
atania) user on 27 February 2025



SARAO MeerKAT GPS 673 

MNRAS 531, 649–681 (2024) 

Table 5. Circularly polarized sources in the SMGPS G336.5 tile. 

Gal. long. Gal. lat. Stokes V Stokes I V / I SIMBAD match SMGPS −ATNF offset 
(dd mm ss.s) (dd mm ss.s) (mJy) (mJy) (per cent) (arcsec) 

334 56 36.3 −00 15 58.7 −0.209 1.20 −17 – –
335 31 45.9 + 00 38 10.6 + 0.059 0.51 + 11 PSR J1626 − 4807 1.0 
335 45 57.6 + 00 27 39.8 + 0.125 0.65 + 19 PSR J1628 − 4804 0.2 
336 24 13.9 + 00 33 46.8 + 1.724 7.62 + 22 PSR B1626 − 47 3.2 
336 51 50.9 + 00 31 47.5 −0.086 0.12 −72 – –
337 09 59.1 −00 15 33.2 + 0.124 0.48 + 26 – –

12 and 22 μm morphologies (Anderson et al. 2014 ). Nevertheless, a 
substantial fraction of the WISE sample remain unconfirmed due to 
the observational limitations of existing radio surveys or dedicated 
followups (approximately 42 per cent of the WISE sample 14 are 
classed as ‘radio quiet’). 

Moreo v er, unlike their evolv ed cousins, the youngest and smallest 
HCH II regions remain rare and elusive. The largest sample of these 
objects disco v ered to date have been in ‘blind’ GHz surv e ys, utilizing 
1.4–5 GHz spectral indices and 1.4 GHz ‘dropouts’ (Yang et al. 
2019 ), but this technique is necessarily limited by the lack of sensitive 
and high angular resolution 1.4 GHz surv e y data. Furthermore, the 
Yang et al. search was based upon the CORNISH surv e y (Hoare et al. 
2012 ), whose footprint is within Quadrant I of the Galaxy. SMGPS 

thus offers the potential to more than double the sample of known 
HCH II regions by virtue of its improved sensitivity and matching 
co v erage of the Quadrant IV CORNISH-South surv e y (Irabor et al. 
2023 ). 

Here, we explore the potential of SMGPS to improve the radio 
classifications of WISE H II regions. Umana et al. ( 2021 ) showed 
that radio-quiet H II regions from the WISE catalogue tend to be 
fainter and more compact than the general population, suggesting 
that their ‘radio quietness’ is due to the sensitivity limitations of the 
radio data used for classification. With deeper ASKAP 912 MHz 
SCORPIO observations, Umana et al. ( 2021 ) detected 45 per cent of 
the WISE sources previously classified as radio quiet. Similar results 
are reported by Armentrout et al. ( 2021 ) who undertook deep 9 GHz 
JVLA observations of a subset of the WISE sample. 

Both Umana et al. ( 2021 ) and Armentrout et al. ( 2021 ) focused 
on smaller radio-quiet H II regions, indeed the largest angular scale 
reco v erable by Armentrout et al. ( 2021 ) was 70 arcsec. Ho we ver 
there are many radio-quiet H II region candidates in the WISE 

sample with much larger angular diameters, up to several 10s of 
arcminutes or even degree scales. These regions are not well imaged 
by radio interferometers with limited uv co v erage, which includes 
many of the original snapshot imaging surveys used for classification 
(e.g. CORNISH) and also a number of dedicated follow-up studies 
(Armentrout et al. 2021 ; Wenger et al. 2021 ). 

SMGPS on the other hand has dense co v erage of the inner uv 
plane and is also at a lower frequency than the dedicated radio 
follow-up studies, hence has excellent recovery of emission at 
much larger angular scales. Moreo v er, ev en with conserv ati ve flux- 
density detection limits we expect the SMGPS to detect the majority 
of classical H II regions within the Milky Way. An isothermal, 
optically thin, homogenous H II region powered by a B0.5 star 
would be detectable to a distance of 18 kpc in the SMGPS, using 
the standard equations and predicted Lyman fluxes of Carpenter, 
Snell & Schloerb ( 1990 ) and Sternberg, Hoffmann & Pauldrach 

14 As of the latest v2.3 catalogue: http:// astro.phys.wvu.edu/ wise 

( 2003 ). This pessimistically assumes a uniform flux distribution, 
whereas in practice H II regions are often limb-brightened. Hence, 
SMGPS is ideally placed to resolve the question of whether large 
angular diameter WISE radio-quiet candidates are true H II regions. 

In order to test our hypothesis, we examined the WISE radio- 
quiet H II region candidates with diameters ≥ 200 arcsec (i.e. the 
largest angular scale of the observations of Wenger et al. 2021 ) 
in the SMGPS moment zero images. Within the SMGPS footprint 
there are 74 radio-quiet WISE H II region candidates with diameters 
larger than 200 arcsec, excluding those H II regions that are larger 
than a single SMGPS tile and those that are only partially co v ered 
by SMGPS observations. We excluded three of these regions from 

further analysis due to the presence of nearby bright confusing radio 
sources that result in image artefacts. 

Out of the 71 WISE radio-quiet candidate H II regions in our 
sample we see significant radio emission towards only 22 objects, 
of which an example is given in the bottom panel of Fig. 20 . 
G283.267 − 0.483 is a radio-quiet WISE H II region candidate found 
to the N of the radio-bright WISE H II region G283.322 − 0.557. 
SMGPS shows that the MIR cavity is indeed associated with low 

surface-brightness radio emission (shown in faint blue in Fig. 20 ). 
Ho we ver, the majority of the large WISE radio-quiet candidate H II 

regions are not associated with 1.3 GHz emission (as in the top panel 
of Fig. 20 ) or are associated with diffuse extended emission that 
is morphologically unrelated to the WISE MIR. We conclude that, 
given the lack of SMGPS 1.3 GHz radio emission, the majority of 
WISE radio-quiet objects with diameters ≥ 200 arcsec are not H II 

regions. This is exemplified by G9.198 − 1.359 in Fig. 20 . Despite the 
presence of the confusing bright radio source TXS 1808 − 217 which 
ele v ates the local noise, there is no discernible 1.3 GHz emission 
at the location of this WISE candidate abo v e a 3 σ limit of ∼0.1 
mJy beam 

−1 , an order of magnitude below what is expected for even 
a distant H II region. A detailed study of these objects is beyond 
the scope of this paper, but we speculate that these MIR radio-quiet 
nebulae may instead be intermediate-mass star-forming regions (e.g. 
Arce et al. 2011 ). 

6  T H E  H  I UNIVERSE  B E H I N D  T H E  SMGPS  

As evident from the previous sections, the main scientific goals of 
the SMGPS are studies of Galactic objects and the inner Galaxy 
itself. The SMGPS, ho we ver, opens a further avenue for exploration, 
namely the study of the large-scale structures (LSS) in the Universe 
through the 21 cm spectral line emission of gas-rich galaxies. While 
it might seem far-fetched that a narrow strip along the G) could add 
significantly to our view of the Local Univ erse, man y dynamically 
important structures such as the Local Void (LV; Tully 2008 ; Tully 
et al. 2019 ), the Great Attractor (GA; Dressler et al. 1987 ; Woudt 
et al. 2004 ), and the Vela supercluster (VSCL; Kraan-Korteweg et al. 
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Figure 20. WISE and SMGPS three-colour images of example radio-quiet 
H II regions from the Anderson et al. ( 2014 ) WISE H II region catalogue. 
WISE 12 and 22 μm are coded as yellow and red, with SMGPS 1.3 GHz 
coded as blue. Crosses and dashed circles mark the central positions and radii 
of the WISE H II region candidates. Top: an example of a radio-quiet H II 

region candidate that is not detected by SMGPS. Bottom: a radio-quiet H II 

region candidate where the greater sensitivity and fidelity of SMGPS reveals 
faint radio emission within the IR cavity. 

2017 ) are bisected by the southern GP and remain poorly mapped. 
The dispute about the volume within which the cosmic microwave 
background dipole and the residual bulkflows arise continues un- 
abated (e.g. Springob et al. 2016 ; Kraan-Korteweg et al. 2017 ). 

One of the few efficient tools that allow an unhindered view 

through the dust-obscured ZoA are ‘blind’ systematic H I surv e ys. 
Many such surveys have been carried out since the early 1990s, 
mostly with single-dish telescopes. The most rele v ant to the southern 

ZoA is the Parkes MultiBeam survey, H I Zone of Avoidance 
(HIZOA; | b | < 5 ◦; v Heliocentric < 12 000 km s −1 , Stav ele y-Smith et al. 
2016 ). While it revealed unprecedented insight into hidden structures 
(such as the GA), the surv e y is quite shallow with its 883 detections. 
Moreo v er, the surv e y becomes increasingly incomplete for latitudes 
below | b| � 1 . ◦5 due to the increase in Galactic continuum radiation 
(see fig. 7 in Stav ele y-Smith et al. 2016 ). 

In this re gard, the SMGPS pro vides an ideal complement: it 
fully encompasses the incompleteness strip of HIZOA. We there- 
fore embarked on a search of extragalactic H I signals hidden in 
the SMGPS. Given the significant improvement in sensitivity and 
resolution of the SMGPS, it has high potential to shed new light onto 
currently hidden LSS. The surv e y is, for instance, sensitive to M 

∗
HI 

galaxies in the volume out to recession velocity v = 25 000 km s −1 , 
reaching log M HI � 8 . 0 M 	 at the GA distance (compared to 9.5 M 	
in HIZOA). 

In the following, we give a brief summary of the H I data reduction 
and the resulting data products (a more detailed description will be 
provided in Rajohnson et al., in preparation), followed by a few 

highlights of initial science results. 

6.1 Data reduction and source finding 

Both parallel-hand polarizations of the raw (visibility) data were 
downloaded from the SARAO Archive for the frequency range 
1308–1430 MHz. The lower frequency boundary was set to select 
the predominantly RFI-free part of the spectrum which coincides 
closely with the volume rele v ant to (residual) bulkflows ( z < 0.08). 
The correlator mode used, with 4096 channels across the full L band, 
gives a frequency resolution of 209.0 kHz, corresponding to a channel 
width of 44.1 km s −1 at redshift z = 0. 

We used the container-based CARACal pipeline (Makhathini 
2018 ; J ́ozsa et al. 2020 ) which includes various open-source radio 
interferometry software packages such as CASA , CUBICAL , WS- 
CLEAN , and MONTAGE . The reduction steps included RFI flagging, 
cross-calibration, self-calibration and continuum subtraction. For the 
H I imaging of the individual fields, we w ork ed with robust = 0 
weighting, a pixel size of 3 arcsec and further convolved the images 
with a circular Gaussian of FWHM 15 arcsec, leading to a final 
restoring beam of FWHM ∼30 arcsec × 27 arcsec ( ± 2 arcsec). This 
angular resolution is sufficient for our science goals, that is, sufficient 
for nearby quite extended galaxies as well as more distant (higher 
column-density) galaxies. 

For the science analysis, 22 contiguous, primary-beam corrected 
MeerKAT pointings were combined into H I mosaics, each co v ering 
an area along the GP of 4 . ◦0 × 3 . ◦5, spaced by � l = 3 ◦. The mosaics 
have a median RMS noise level of ∼0.45 mJy beam 

−1 , rising from 

∼0.3 mJy beam 

−1 at latitudes far from the Galactic Centre to ∼0.6 
mJy beam 

−1 towards it. The increase is primarily due to the Galactic 
continuum emission (see Fig. 1 ). Some bright, extended and diffuse 
continuum sources result in patches of increased RMS values which 
can locally affect the H I detectability. 

The automated source finding and parametrization software 
SOFIA -2 (Westmeier et al. 2021 ) was used for the identification 
of galaxy candidates, with parameter settings optimized to the 
slight noise variations at these low latitudes, followed by a visual 
verification process based on moment maps (total intensity and 
velocity), the global H I spectrum and its S/N. 

For a comparison of the data quality with HIZOA, we used galaxies 
in common with it (hardly any other counterparts exist this deep in 
the ZoA). As an example we show in Fig. 21 , the H I data product for 
HIZOA J0947 − 54. The top panel demonstrates the exquisite detail 
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Figure 21. SMGPS observations of HIZOA J0947 − 54. The top panels 
display the moment maps (total H I intensity; rotation) with the FWHM 

restoring beam size in the lower left corner. The colour bars indicate the flux 
density and velocity scales. The bottom panel shows the global H I profile 
from SMGPS versus that from HIZOA. 

provided by the moment maps (total intensity and rotation), while 
the bottom panel shows the excellent agreement of the H I profile 
(and flux) between the SMGPS and HIZOA. 

A more quantitative assessment of the integrated flux, systemic 
velocity, and linewidths between SMGPS and HIZOA sources found 
no deviation from linearity for any of the H I parameters, with errors 
well within expectations. 

6.2 Extragalactic science 

Here, we give a brief synopsis of some of the exciting new insights 
gained so far from our investigations of H I signals of extragalactic 
LSSs hidden in the SMGPS. 

6.2.1 The Vela supercluster 

Optical spectroscopy of galaxies at the outer Galactic latitude border 
of the ZoA suggested the existence of a massive and v ery e xtended 
supercluster in Vela that seems to consists of two – possibly merging –
walls (at v ∼ 18 500 and 21 000 km s −1 ; Kraan-Korteweg et al. 2017 ). 
Their location coincides with the general direction and distance of 
the residual bulkflow (e.g. Springob et al. 2016 ). However, little is 
known about the supercluster’s structure at latitudes below | b| � 

7 ◦. We therefore extracted H I data from the SMGPS strip for the 
longitude range 260 ◦–290 ◦. It comprises 10 slightly o v erlapping 
H I mosaics constructed from 157 individual MeerKAT pointings. 
With an average RMS = 0.39 mJy beam 

−1 , 843 H I detections were 
identified. In agreement with expectations, typical spiral galaxies 
were identified out to the volume edge of v = 25 000 km s −1 . Only 
39 had known counterparts in HIZOA. 

The redshift wedge of the H I detections displayed in Fig. 22 
re veals v arious ne w structures. With regard to the primary goal of 
this investigation we can report that the number of detections at 
the VSCL distance is indeed enhanced compared to simulations, 
with the highest density enhancements coinciding with the location 
of the VSCL walls. The appearance of the walls bears a striking 
resemblance to what was found on either side of the ZoA in the 

Figure 22. Redshift wedge out to v < 25 000 km s −1 of the galaxies detected 
in the VSCL–SMGPS (blue dots) for the latitude range −2 ◦ ≤ b ≤ 1 ◦ (red 
dots mark HIZOA detections). 

VSCL disco v ery paper (see fig. 3 of Kraan-Korteweg et al. 2017 ). 
Additional details will be provided elsewhere. 

6.2.2 The Great Attractor 

The disco v ery in 1987 of a then mysterious GA was based on 
some of the earliest whole-sky peculiar velocity field data (Dressler 
et al. 1987 ). Subsequent dedicated galaxy surv e ys close to the ZoA 

demonstrated that the large-scale inflow to the GA is due to a big 
w all-lik e supercluster centred on the Norma cluster (at l , b , v ∼ 325 ◦, 
−7 ◦, 4900 km s −1 , Kraan-Korteweg et al. 1996 ; Woudt et al. 2004 ). 
The scarcity of data in the ZoA remained a conundrum, ho we ver, in 
particular the inner ZoA ( | b| � 1 . ◦5). 

It was therefore an obvious endea v our to assess the SMGPS H I 

data for signatures of the GA Wall extension across the ZoA. The 
GA-SMGPS surv e y encloses the longitude range 302 ◦ < l < 332 ◦. 
Although the GA is relatively nearby, H I signals were searched for 
out to the full volume bounded by v = 25 000 km s −1 . The resulting 
mean RMS sensitivity in the mosaics (0.47 mJy beam 

−1 ) is slightly 
higher than that of SMGPS for the VSCL, in line with expectations 
of the increasing background continuum. 

In total, 477 galaxy candidates were identified, of which 42 had 
counterparts in HIZOA. The spatial distribution of the unco v ered 
galaxies is quite distinct from that of the VSCL–SMGPS region. 
To get a better insight into the unco v ered LSS, Fig. 23 displays the 
redshift distribution of the H I detections as a histogram and wedge 
diagram. A brief inspection of these plots immediately reveals the 
striking peak around the GA velocity range (3500–6500 km s −1 ). 
Being offset by 7 ◦ from the Norma cluster – the core of the GA –
the prominence of the GA Wall is astounding: a major fraction of 
the H I detections ( N = 214; 45 per cent) lie within the narrow GA 

velocity range of �v = 3000 km s −1 . A comparison to simulations 
substantiates that the observed number density around the GA 

distance is a factor of 3–5 higher than that in simulations, inferring 
the GA Wall to be very dense. Further details are given in Steyn et al. 
( 2024 ). 
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Figure 23. Velocity histogram and corresponding redshift wedge out to 
25 000 km s −1 of the H I detections in the GA–SMGPS search. Blue dots 
represent SMGPS detections and black contours mark HIZOA galaxies. 

6.2.3 The Local Void 

Another enigma of the ZoA is the LV (Kraan-Korteweg et al. 2008 ; 
T ully 2008 ; T ully et al. 2019 ). Being one of the largest voids in 
the local Universe, its proximity makes it an ideal structure for in- 
depth studies of the void properties and the few galaxies that live 
there. From the point of view of cosmic flows, underdensities are 
as important as o v erdensities because of the opposite forces they 
e x ert (repulsion versus attraction). Moreover, voids provide us with 
a unique opportunity to study galaxies at an early stage in their 
evolution. 

The LV–SMGPS surv e y re gion was optimized to contain the full 
extent of the LV, inclusive of its borders in velocity space. With an 
on-sk y e xtent of the LV of ∼60 ◦, we focused on the longitude strip 
55 ◦ > l > 329 ◦ ( � l = 85 ◦); in view of the surmised outer edge 
of the LV ( ∼6000 km s −1 ), we restricted the velocity range to v < 

7500 km s −1 . We also used larger uv tapers (30–120 arcsec) when 
reducing the LV data set, in addition to the standard 15 arcsec taper, 
to facilitate the detection of nearby extended low H I column density 
sources. The resulting mosaics were inspected visually for H I signals, 
and with the SOFIA algorithm. 

In total, 291 galaxies were detected. Of the 39 HIZOA galaxies 
within the explored volume, all were reco v ered. We found a consid- 
erable number of galaxies to have small companions, or to form part 
of small groups. As an example, Fig. 24 displays the SMGPS data of 
HIZOA J1753 − 24A which appears to consist of four small galaxies 
in an approximately linear configuration. Some other groups in or 
at the edge of the Void also seem to lie along intra v oid filaments 
– the underdense environment possibly improving their chances of 
indi vidual survi v al rather than being mer ged into one lar ger galaxy 
(Kreckel et al. 2012 ). 

The huge extent of the LV is the most notable LSS in the LV- 
SMGPS. The diameter for the LV determined in the inner ZoA is 
58 Mpc, consistent with determinations obtained beyond the ZoA 

(e.g. Tully et al. 2019 ). Only a few galaxies ( N = 17) were found to 
reside deep within the LV itself, all of them of low H I mass. Further 
details, including population study as a function of environment, are 
given in Kurapati et al. ( 2024 ). 

Figure 24. H I intensity (moment-0) and velocity (moment-1) maps of the 
SMGPS data of HIZOA J1753 − 24A, which resolves the HIZOA source into 
a small group of four galaxies. 

7  SUMMARY  A N D  C O N C L U S I O N S  

We present the largest, most sensitive and highest angular resolution 
∼1 GHz surv e y of the GP to date, the SMGPS. The SMGPS co v ers 
almost half of the GP in two discrete blocks of 251 ◦ ≤ l ≤ 358 ◦ and 
2 ◦ ≤ l ≤ 61 ◦, each co v ering Galactic latitudes | b | ≤ 1 . ◦5. The angular 
resolution of SMGPS is 8 arcsec and the RMS sensitivity is ∼10–
20 μJy beam 

−1 in regions unaffected by confusion from nearby 
bright sources (o v er an order of magnitude deeper than previous 
GP surv e ys). The new parameter space explored by SMGPS offers 
tremendous scope for the detection of new radio populations within 
and without the Milky Way. 

In this paper we describe the first data products from the SMGPS 

comprising raw uv data and reduced 3 ◦ × 3 ◦ data cubes and zeroth 
moment images. We explore the limitations in the reduced data 
and provide a thorough assessment of the survey calibration. A 

selection of scientific highlights are presented to illustrate the power 
of the SMGPS for future disco v eries. We summarize these highlights 
below: 

(i) The much deeper sensitivity and impro v ed image fidelity 
of SMGPS have revealed a new population of non-thermal radio 
filaments in the GP, which previously had only been known near the 
Galactic Centre. 

(ii) A number of new candidate SNRs have been identified using 
a radio/MIR matching procedure, demonstrating the sensitivity of 
SMGPS to low surface-brightness and extended objects. SMGPS 

also re veals pre viously unkno wn complex structure within kno wn 
SNRs, identifying new shells and filaments. 

(iii) A number of new PWNe are disco v ered around a sample 
of young energetic pulsars, illustrating the potential of SMGPS for 
future disco v eries. 

(iv) Candidate PNe were identified from their distinct radio 
morphology. This method is not affected by extinction and thus can 
uniquely identify PNe along the Galactic mid-Plane that are missed 
by H α surv e ys – indeed our initial census doubles the number of 
candidate PNe in the surv e y area. 

(v) We show the ability of combined SMGPS and MIR observa- 
tions to classify rare LBV candidates, which may be the progenitors 
of SNe. In the case of the LBV candidate Gal 026.47 + 0.02, SMGPS 

reveals that the ionized gas component is more extended and has a 
greater mass than previously thought. 

(vi) Via a Bayesian cross-matching technique, we have identified 
approximately 800 stars with likely 1.3 GHz radio emission, across 
the entire HR diagram. In SMGPS tiles with polarization calibration 
we additionally identify a sample of highly circularly polarized stars, 
of which one is ∼100 per cent polarized. 

(vii) Using the high sensitivity of the SMGPS to extended low 

surface-brightness emission we show that many large radio-quiet H II 
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region candidates from WISE have no detectable radio continuum 

emission and so are unlikely to be true H II regions. We speculate that 
these MIR bright objects are instead intermediate-mass star-forming 
regions. 

(viii) Reprocessing of the raw SMGPS visibility data with a 
custom pipeline to detect H I emission from background galaxies 
re veals se veral hundred H I galaxies, most of which were previously 
undetected in HIZOA. The detections re veal ne w structures within 
the VSCL, a much greater density of galaxies along the GA Wall, 
and the presence of small galaxy groups in the LV. 

The SMGPS data set is both rich and comple x, rev ealing structures 
across the Milky Way that have many different emission mechanisms 
and which co v er a large range in angular scales. SMGPS offers 
tremendous potential for new scientific disco v eries and is an ideal 
pathfinder surv e y to guide future e xploration. 
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APPENDI X  A :  T H E  POLARI ZATI ON  O F  

SUPERNOVA  R E M NA N T  W 4 4  

Although for the majority of the SMGPS data no polarization 
calibration was done, all four correlation products ( XX , YY , XY , and 
YX ) were obtained, and generally sufficient calibrators were observed 
for full polarization calibration, so a full polarization calibration can 
be realized using the raw visibility data from the SARAO archive. 
As an example, we show here some results from a single pointing 
which was processed in this manner. 

The SMGPS pointing N12R01C01 in Session 82 of the surv e y 
is centred near SNR W44 (G34.7 − 0.4). This pointing was 
recalibrated including polarization. The data were re-imaged using 
multiresolution CLEAN in Stokes I , Q , U , and V , with 1 per cent 
fractional bandwidth. This should give good sensitivity to Faraday 
depths ±1700 rad m 

−2 ( OBIT memo 82). 15 

For the Stokes I imaging, we used resolutions of 7 . ′′ 8, 65 ′′ , and 128 ′′ , 
and CLEAN ed 1 414 479 components (loop gain 0.03), resulting in a 
total CLEAN ed flux density of 81.6 Jy, with CLEAN ing stopped when 
the residuals were � 2 mJy beam 

−1 . The Stokes I image is shown 
in Fig. A1 . The Q and U cubes were subjected to a peak Faraday 
depth least-squares fitting search ( OBIT function RMFit.Cube) in the 
range ±2000 rad m 

−2 , to determine a single best-fitting rotation 
measure (RM). A portion of the cube was examined using a Faraday 
Synthesis, to determine a Faraday spectrum, in the range ±800 rad 
m 

−2 . The direction of the projected magnetic field, the polarized 
intensity image, and the RM are also shown in Fig. A1 . 

The south eastern portion of the SNR has a region of relatively 
bright Stokes I , but no detectable polarized emission in spite of a 
search o v er a wide range of F araday depth. This is plausibly the result 
of beam depolarization in which the range of Faraday depths inside 
the resolution element is large enough to depolarize the emission. 

15 https:// www.cv.nrao.edu/ ∼bcotton/ObitDoc/RMGain.pdf
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Figure A1. Left: radio image of the SNR W44, with the colour scale showing Stokes I , and labelled in mJy beam 

−1 , and the white or black line segments 
indicating polarized emission. The direction of the line segments indicates the direction of projected magnetic field, while the length indicates the amount of 
polarized emission. Right: the polarized intensity in SNR W44. The colour scale shows the polarized brightness, labelled in μJy beam 

−1 . The contours show 

the Stokes I brightness at 1, 4, and 16 mJy beam 

−1 . Bottom: the RM of the SNR W44. The colour scale shows the RM, labelled in rad m 

−2 . The contours show 

the Stokes I brightness at 1, 4, and 16 mJy beam 

−1 . 
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