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Abstract
We present the discovery of two extended, low surface-brightness radio continuum sources, each consisting of a near-circular body and
an extended tail of emission, nicknamed Stingray 1 (ASKAP J0129–5350) and Stingray 2 (ASKAP J0245–5642). Both are found in the
direction of the Magellanic Stream (MS) and were discovered in the Australian Square Kilometre Array Pathfinder (ASKAP) Evolutionary
Map of the Universe (EMU) survey at 944 MHz. We combine the ASKAP data with low-frequency radio observations from the GaLactic
and Extragalactic All-sky MWA Survey (GLEAM) to conduct a radio continuum analysis. galaxy pairs or groups, and Odd Radio Circles
(ORCs). We explore both Galactic/near Galactic scenarios, including runaway or circumgalactic supernova remnants (SNRs) and parentless
pulsar-wind nebulae (PWNe), and extragalactic scenarios including radio active galactic nuclei (AGNs), dying radio galaxies, galaxy clusters,
galaxy pairs or groups, head-tail radio galaxies, and ORCs, as well as the possibility that the morphology is due to a chance alignment. The
Stingrays exhibit non-thermal emission with spectral indices of α = −0.89± 0.09 for Stingray 1 and α = −1.77± 0.06 for Stingray 2. We
find that none of the proposed scenarios can explain all of the observed properties, however we determine it most likely that their shape
is caused by some kind of complex environmental interaction. The most likely scenario from the available data is that of a head-tail radio
galaxy, but more data is required for a definitive classification.
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1. Introduction

The Evolutionary Map of the Universe (EMU) (Norris et al. 2011,
2021a; Hopkins et al. 2025, AS201) project is a large-scale radio
survey conducted with the Australian Square Kilometre Array
Pathfinder (ASKAP). ASKAP’s modern phased array feed technol-
ogy allows it to achieve an instantaneous field of view of ∼30 deg2
enabling wide-field imaging surveys (Johnston et al. 2008; Hotan
et al. 2021). By using the complete array of 36 ASKAP antennas,
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EMU is currently imaging the entire southern sky with better
sensitivity (∼30 µJy beam−1) and resolution (15′′) than previous
all-sky surveys.

The EMU survey is currently ongoing, and its improved sen-
sitivity has helped to reveal new low radio surface-brightness
objects. A recent study by Ball et al. (2023) has shown ASKAP’s
ability to uncover a previously undiscovered population of low
surface-brightness Galactic supernova remnants (SNRs), and this
is also demonstrated by several other SNR and SNR candi-
date studies and discoveries (e.g. G278.92+1.35; Diprotodon;
Filipović et al. 2024, G181.1–9.5; Kothes et al. 2017, G288.8–6.3;
Ancora; Filipović et al. 2023; Burger-Scheidlin et al. 2024,
G32.9–0.5; Perun; Smeaton et al. 2024b, G308.73+1.38; Raspberry;
Lazarević et al. 2024a, G312.65+2.87; Unicycle; Smeaton et al.
2024a; Teleios; Filipović et al. 2025), including the first cir-
cumgalactic SNR J0624–6948 (Filipović et al. 2022; Sasaki et al.
2025). Additionally, ASKAP was used to discover a new class
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Figure 1. ASKAP EMU 944 MHz radio continuum images of two peculiar sources,
named Stingray 1 (top) and Stingray 2 (bottom). Both images use linear scaling and
have a restoring beam of 15′′ which is shown in the bottom left corners. The Root Mean
Squared RMS noise sensitivities are σ = 25 µJy beam−1 for Stingray 1 and σ = 30 µJy
beam−1 for Stingray 2. The inset image in Stingray 1 shows the high-resolution (7.′′7 ×
7.′′0) Australian Square Kilometre Array Pathfinder (ASKAP) image of the double-lobed
radio galaxy associatedwith the galaxyWISEA J012939.26–535841.0 (see Section 4.2.1).

of low surface-brightness radio sources known as Odd Radio
Circles (ORCs) whose nature and origin is still under investigation
(Norris et al. 2021b; Koribalski et al. 2021; Norris et al. 2022). Also,
using ASKAP, we found a very unusual active galactic nucleus
(AGN) with recollimated jets in nearby NGC 2663 (Velović et al.
2022) as well as peculiar galaxy pair PKS 2130-538 within Abell
3785 cluster (Velović et al. 2023). ASKAP’s sensitivity was also able
to uncover some unusual faint, filamentary structures in the Abell
S1136 galaxy cluster (Macgregor et al. 2024).

In this paper, we add to this list of interesting ASKAP discover-
ies two low surface-brightness diffuse radio sources. We nickname
these objects ‘Stingrays’ due to their unusual head-tail radio shape
(see Figure 1) resembling the animal. Another interesting feature
is the Stingray’s location in the direction of the Magellanic Stream
(MS) which consists of HI gas that trails behind the Magellanic
Clouds (MCs), a pair of nearby interacting dwarf galaxies. The ori-
gin of theMS is a topic of active investigation (Lucchini, D’Onghia,
& Fox 2021; Wang, Hammer, & Yang 2022; Chandra et al. 2023;
Lucchini, D’Onghia, & Fox 2024).

We conduct a radio continuum analysis using the available data
to attempt to identify the nature of the Stingrays. We investigate

multiple possibilities, such as runaway SNRs within the MS, cir-
cumgalactic SNRs, pulsar-wind nebulae (PWNe), as well as further
extragalactic scenarios such as radio AGNs, dying radio galaxies,
galaxy clusters, galaxy pairs or groups, head-tail radio galaxies,
and ORCs, as well as the possibility of a chance alignment of the
different morphological components.

The paper is structured as follows; our observations and data
are discussed in Section 2, analysis methods and results are in
Section 3, a broad theoretical discussion is in Section 4, and our
conclusions are in Section 5.

2. Observations and data reduction

This study primarily uses radio continuum data from the ASKAP
EMU sky survey and the GaLactic and Extragalactic All-skyMWA
Survey (GLEAM) as well as HI data from the HI4PI survey.
See Table 1 for a summary of the observational properties. We
searched for corresponding diffuse emission at multiple other
frequencies, outlined in Section 3. The primary image analysis
software used was the Cube Analysis and Rendering Tool for
Astronomy (CARTA) (Comrie et al. 2021).

2.1. ASKAP

2.1.1. EMU

The areas of sky where the two Stingrays are located were observed
as part of the large-scale EMU project (Hopkins et al. 2025; Norris
et al. 2011, 2021a) (AS201) using the complete set of 36 ASKAP
antennas at a central frequency of 943.5 MHz and a bandwidth
of 288 MHz. Stingray 1 (ASKAP J0129–5350, Figure 1 top) was
observed during two different scheduling blocks, SB50048 and
SB60320, while Stingray 2 (ASKAP J0245–5642, Figure 1 bottom)
was observed in SB49990. The total integration times are 20 h for
Stingray 1 and 10 h for Stingray 2. The data were processed using
the standard ASKAPsoft pipeline, including multi-scale cleaning,
self-calibration, and multi-frequency synthesis imaging (Guzman
et al. 2019). The images were downloaded from the CSIROASKAP
Science Data Archive (CASDA).a

The ASKAP EMU data consists of Stokes I and V images.
There is no detection in Stokes V, and so only the Stokes I images
are used in our analysis. We use both the convolved and high-
resolution Stokes I images which are produced by the standard
ASKAPsoft pipeline (Guzman et al. 2019). Both these images
are generated from the same calibrated dataset but have differ-
ent imaging parameters applied. The high-resolution images are
made using uniform weighting, resulting in beam sizes of typi-
cally∼7′′−9′′ and increased noise. The convolved images aremade
using robust= 0 weighting and are restored using a 15′′ beam.
Further technical details can be found in Hopkins et al. (2025).
The convolved images are the recommended science data prod-
ucts as they allow for accurate flux density measurements over the
entire EMU survey.

We therefore use the convolved radio continuum images,
shown in Figure 1, for any quantitative measurements such as
flux density estimates, and hereafter the EMU image will refer
to the 944 MHz convolved image unless otherwise stated. Since
Stingray 1 is found in two different observations, these images
were combined with the IMCOMB function in the Multichannel
Image Reconstruction, Image Analysis and Display (MIRIAD)

ahttps://research.csiro.au/casda.
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Table 1. Details of the main radio continuum observations used in this work.

Frequency Beam size Pixel size RMS

Telescope Project Observing date (MHz) (arcsec) (arcsec)

88 303×296 (S1) ∼50
308×297 (S2)

118 222×216 (S1) ∼30
222×216 (S2) ∼25

MWA GLEAM 9 Aug 2013–18 Jun 2014 155 173×167 (S1) 24 ∼15
170×163 (S2) ∼12

200 145×138 (S1) ∼5
143×134 (S2) ∼3

EMU 17 May 2023 and 22 Mar 2024 (S1) 944 15 2 0.025

ASKAP EMU 17 May 2023 (S1) 944 7.7× 7.0 2 0.055

EMU 13 May 2023 (S2) 944 15 2 0.030

WALLABY 21 Oct 2024 and 29 Oct 2024 (S1) 1368 ∼8 2 0.035

WALLABY 21 Oct 2024 and 29 Oct 2024 (S1) 1368 15 2 0.025–0.030

Parkes HI4PI Jan 2005–Nov 2006 (GASS) 1420 974 300 43
Notes: The ASKAP observation dates are different for each object – we use (S1) for Stingray 1 and (S2) for Stingray 2 – and the Murchison
Widefield Array (MWA) beam size and Root Mean Squared (RMS) are image-dependent. The HI4PI data is merged data from GASS and
EBHIS. The Root Mean Squared RMS units are mJy beam−1 for all data except for HI4PI, which is mK.

software package (Sault, Teuben, & Wright 1995) using equal
weighting. The resulting image is shown in Figure 1 (top); the
RMS noise near Stingray 1 is 25 µJy beam−1. The inset shows
the high-resolution radio continuum image of the source WISEA
J012939.26–535841.0 (see Section 4.2.1) with a synthesised beam
of 7.′′7× 7.′′0 and an RMS of σ = 55 µJy beam−1. The bottom panel
shows Stingray 2 in the convolved Stokes I image with a resolution
of 15′′ and an RMS of σ = 30 µJy beam−1.

2.1.2. WALLABY

Stingray 1 is also detected in 1.4 GHz radio continuum images
from the the Widefield ASKAP L-band Legacy All-sky Blind sur-
veY (WALLABY) (AS202) (Koribalski et al. 2020; Westmeier
et al. 2022), while the field containing Stingray 2 has not yet
been observed. The central observing frequency for WALLABY
is 1 367.5 MHz; due to RFI the bandwidth is limited to 144
MHz. Stingray 1 is detected in two separate scheduling blocks,
SB67270 and SB66917, with a combined integration time of
16 h. The data is processed similar to the EMU data using the
ASKAPsoft pipeline (Guzman et al. 2019), and the radio contin-
uum images were downloaded from CASDA. Both images have
angular resolutions of ∼8′′ (8.3′′×7.7′′, P.A.= 74.9◦ for SB67270,
and 8.2′′×7.8′′, P.A= 81.4◦ for SB66917) and were combined fol-
lowing the same process as for the EMU images. We measure
an RMS noise sensitivity of ∼30–35 µJy beam−1 near Stingray 1.
To increase sensitivity to diffuse emission, we convolve the the
WALLABY image to 15′′ resolution, matching that of the con-
volved EMU image. This convolved WALLABY image has an
RMS noise sensitivity of ∼25−30 µJy beam−1 and is shown in the
Appendix.

2.2. MWA

The sky region containing Stingrays 1 & 2 was also observed with
the Murchison Widefield Array (MWA) telescope as part of the

GLEAM survey (Wayth et al. 2015; Hurley-Walker et al. 2017;
Hurley-Walker et al. 2019b, a). The data consists of four observa-
tions at the central frequencies of 88, 118, 155, and 200 MHz. The
image bandwidth is 30 MHz, apart from the 200 MHz observa-
tions which have a bandwidth of 60 MHz. The size of the restoring
beams and measured RMS noise levels are listed in Table 1.

2.3. HI4PI

We use HI spectral line data from the HI4PI survey, which con-
sists of data from the Effelsberg-Bonn HI Survey (EBHIS) and
the Parkes Galactic All-Sky Survey (GASS), as outlined in HI4PI
Collaboration et al. (2016). Due to their location, the Stingrays are
not observable by the Effelsberg telescope, but are covered by the
Parkes telescope. The angular resolution is 16.′2 and the average
RMS noise for the final data is 43 mK per channel with a channel
width of 1.29 km s−1.

3. Results

The Stingrays were discovered in the ASKAP EMU main survey
when examining the 15′′-resolution radio continuum images by
eye while searching for interesting emission features. Following
their discovery, we inspected images at multiple other frequen-
cies, including infrared (WISE and Spitzer), optical (Sloan Digital
Sky Survey (SDSS), SuperCOSMOS Hα Survey (SHS), and Dark
Energy Camera Legacy Survey (DECaLS)), X-ray (eROSITA), as
well as searching in γ -ray catalogues (Fermi 4FGL-DR4, Abdollahi
et al. 2022). There are infrared, optical, and X-ray point sources
that appear within the areas of the two Stingrays, however there is
no diffuse emission at any other frequency that appears to cor-
relate with the radio emission. Some of these point sources are
investigated as potential host galaxies in Section 4.2.
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Table 2. General morphological characteristics of the Stingrays including position, angular size (diameter for the circle
region), and position angle (measured clockwise from North). The circle, tail, and total sections are defined by the regions
outlined in Section 3.1.1.

Stingray 1 Stingray 2

Properties Units Circle Tail Total length Circle Tail Total length

RA(J2000) h:m:s 01:29:07.0 01:29:32.5 – 02:45:54.7 02:46:26.9 –

Dec(J2000) d:m:s –53:50:46.7 –53:56:34.7 – –56:42:06.0 –56:40:15.2 –

Angular size arcmin 7.0 6.8×1.6 13.8 4.8 4.8×1.2 9.6

Position angle degr – 150 – – 76 –

3.1. Radio continuum

3.1.1. Morphology

We find two extended, very low surface-brightness radio sources
with nearly matching, peculiar morphologies in the EMU data
(see Figure 1). Each consists of a near-circular body and extended
tail, spanning several arcminutes in size. Optical images of
both sources show a number of possibly associated galaxies.
Interestingly, both objects were found relatively close to each other
and in the direction of the MS.

To determine the angular sizes of the Stingrays, we fit two
regions around each Stingray using the astronomical imaging soft-
ware CARTA. These regions are set by eye around the emission
visible in the EMU images and consist of a circular and a tail region
for each Stingray. The angular dimensions of these regions are
given in Table 2. The total length of each Stingray ismeasured from
the tip of the tail to the far side of the circle section (the far side
being the edge of the circle opposite to the tail region). Overall,
both Stingrays display a similar morphology with a circular head
and extended tail, and Stingray 1 is∼1.4 times larger than Stingray
2 in terms of total length.

There are several radio point sources within both Stingrays.
We perform source finding using the AEGEANb and Background
and Noise Estimator (BANE) software of Hancock et al. (2012),
Hancock et al. (2018), then cross-match them with the astronom-
ical databases, SIMBADc (Wenger et al. 2000) and NASA/IPAC
Extragalactic Database (NED).d Most of the sources appear in
these databases and some have redshifts. These sources, and the
possibility of an association with the Stingrays, is discussed further
in Section 4.2.

3.1.2. Flux density

We measure the flux density of the Stingrays with the imaging
software CARTA using the regions as defined in Section 3.1.1
and Table 2. For the EMU images, the convolved images are
used due to their self-consistent flux density measurements (see
Section 2.1.1), and we remove the point sources using the Aegean
Residual (AeReS) tool in the Aegean software package. AeReS was
unable to properly remove the two brightest point sources and so
these were subtracted manually to obtain flux densities both with
and without point sources (Table 3). We refer to these flux densi-
ties throughout the text as the total flux density (total flux density

bhttps://github.com/PaulHancock/Aegean.
chttps://simbad.cds.unistra.fr/simbad/.
dThe NASA/IPAC Extragalactic Database (NED) is funded by the National Aeronautics

and Space Administration and operated by the California Institute of Technology.
https://ned.ipac.caltech.edu/.

from the regions including point sources), diffuse emission (total
flux density from the regions once the point sources have been
subtracted), and the point source flux density. For the WALLABY
data, the signal-to-noise ratio is too low to be able to accurately
measure any component other than the circular section’s emis-
sion. We are unable to remove the point sources for the MWA
images due to the lower resolution (Figure 2).

All images are then convolved to the largest beam (at 88 MHz)
before flux extraction (the MWA 88 MHz image has a beam size
of 303′′×296′′ for Stingray 1 and 308′′×297′′ for Stingray 2 and a
pixel size of 24′′ for both; see Table 1) to ensure consistent scaling
as described in Hurley-Walker et al. (2019a, Section 2.4). Errors
are estimated as∼10% following a similar process as Filipović et al.
(2022).

3.1.3. Spectral index

SNRs have theoretical and observed average spectral index values
of α = −0.5 due to synchrotron emission from the acceleration
of charged particles in their expanding shockwave (Bell 1978;
Bozzetto et al. 2017, 2023; Cotton et al. 2024). For the MC SNR
population, observational studies show a mean value of α ≈ −0.5,
with a distribution range −0.9< α < 0 (Bozzetto et al. 2017;
Maggi et al. 2019). Extragalactic radio sources typically have an
average observed spectral index of α ∼ −0.7 to α ∼ −0.8, mea-
sured from independent large-scale radio studies (Condon 1984;
Mauch et al. 2003; Pennock et al. 2021; Filipović et al. 2021),
however the range of possible spectral indices is far wider and
can extend from ultra-steep spectrum sources (Collier et al. 2014,
2018) to flat and inverted spectrum sources (Filipović et al. 2021;
Balzan et al. 2022; Shobhana et al. 2023).

Total Spectral Index: We are able to separate the point source
emission from the diffuse emission in the ASKAP images, how-
ever we are unable to do so in the GLEAM images due to the
poorer resolution. As these are likely extragalactic radio sources
with spectral indices ∼ –0.7 to –0.8, they may contribute signifi-
cantly at lower frequencies and result in a significant overestimate
of the GLEAM flux densities. Due to the similar observing fre-
quencies between the EMU and the WALLABY data, it is not
possible to accurately measure the spectral indices for many of
the point sources within Stingray 1. We are unable to measure
any point source spectral indices in Stingray 2 due to the lack of
WALLABY data for this object. Therefore, we assume an average
spectral index of α = −0.7(Condon 1984; Filipović et al. 2021) for
all radio point sources and use this to scale the fluxes to MWA fre-
quencies. This ensures consistent methodology between the two
Stingrays and reduces uncertainties. We use this spectral index
to scale the 944 MHz EMU point source flux densities to MWA
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Table 3.Measured flux densities of the Stingrays at all radio frequencies. All images were convolved to the lowest
resolution for each object. For ASKAP, three flux measurements are given as described in Section 3.1.2: total
(including point sources), diffuse (excluding point sources), and point sources (the difference of total and diffuse).
Errors are taken as∼10%with a minimum error of± 1 mJy.

SI (mJy)

Telescope ν Stingray 1

(MHz) Circle Tail

88 439±44 358±36
MWA 118 298±30 253±25

155 208±21 180±18
200 205±21 143±14

Total Diffuse Point Total Diffuse Point

ASKAP sources sources

944 54±5 36±4 18±9 52±5 23±2 29±7
1368 31±3 17±2 14±5 – – –

Stingray 2

Circle Tail

88 156±16 273±27
MWA 118 90±9 178±18

155 52±5 105±11
200 39±4 55±6

Total Diffuse Point Total Diffuse Point

ASKAP 944 sources sources

7±1 4±1 3±2 5±1 2±1 3±2

Figure 2. ASKAP EMU 944 MHz radio continuum images of Stingray 1 (left) and Stingray 2 (right) overlaid with GLEAM 200 MHz contours. Both images use linear scaling. The
background image is the same EMU image as shown in Figure 1. The contours are from the 200 MHz MWA image with a restoring beam of 145′′×138′′ and RMS noise sensitivity of
σ = 4.5mJy beam−1 for Stingray 1 (left), and a restoring beam of 143′′×134′′ and RMS noise sensitivity of σ = 3.0mJy beam−1 for Stingray 2 (right) (see Table 1). Contour levels are
at∼5, 7, 10, and 15 σ for each image and the MWA beam sizes are shown in the bottom left corners.

frequencies (‘Scaled’ column in Table 4). We then subtract this
scaled flux density from the total measured flux density (MWA
rows in Table 3) to estimate the diffuse flux density for the cir-
cle and tail regions at MWA frequencies (‘Diffuse’ columns in

Table 4). Errors are estimated as ∼10% following our method for
measured fluxes in Section 3.1.2.

We plot the estimated flux density from the diffuse emission
against the observing frequencies to obtain a spectral index value
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Table 4. Calculated scaled and diffuse flux densities of the Stingrays assuming a spectral index α = –0.7 for
extragalactic point sources. Scaled flux densities are the sum of the point source flux densities measured from
the EMU data (Table 3 ‘Point sources’ column) scaled to MWA frequencies using the assumed spectral index
α = −0.7. Diffuse flux densities are the difference between the total MWA flux densities from Table 3 and the
scaled point source flux densities. Errors are taken as ∼10%. The spectral index values calculated using these
scaled fluxes and the fluxes from Table 3 are shown in the bottom two rows.

SI (mJy)

ν Stingray 1 Stingray 2

(MHz) Circle Tail Circle Tail

Scaled Diffuse Scaled Diffuse Scaled Diffuse Scaled Diffuse

88 95±10 344±34 153±15 205±21 16±2 140±14 16±2 257±26
118 77±8 221±22 124±12 129±13 13±1 77±8 13±1 165±17
155 64±6 144±14 103±10 77±8 11±1 41±4 11±1 94±9
200 53±5 152±15 86±9 57±6 9±1 30±3 9±1 46±5
α −1.00±0.07 −0.86±0.15 −1.45±0.10 −2.08±0.05

−0.89±0.09 −1.77±0.06

Figure 3. Spectral index components for each Stingray. The different colours and line styles represent the different regions. Flux density values used are the diffuse values from
Tables 3 and 4. The line of best fit is calculated using the linear least-squares regression method.

for each object (Figure 3). We use the diffuse flux density mea-
surements as described in Section 3.1.2 (the ‘Diffuse’ columns in
Table 3) for the circular and tail regions. For the MWA data the
diffuse flux density used (‘Diffuse’ column in Table 4) is estimated
as the total measured flux density (MWA rows in Table 3) minus
the scaled point source contribution (‘Scaled’ columns in Table 4.
TheWALLABY data is only used for the circle region of Stingray 1
as the tail region could not be reliably measured. These diffuse flux
densities are used to fit the spectral indices for the circle and tail
components (αCircle and αTail in Figure 3). The circle and tail dif-
fuse flux densities are then summed together to calculate the total
diffuse flux density for the entire area of each Stingray at each fre-
quency (excluding the WALLABY 1 368 MHz data point as the
tail flux density could not be measured). When we defined the
regions in Section 3.1.1, we ensured that the circle and tail regions
were adjacent regions but not overlapping, thus summing these
flux densities together does not measure any emission twice. These
total flux density values for the diffuse emission are then used to
calculate the spectral index of the whole object (αTotal in Figure 3).

The spectral indices were calculated from the slope of the line
of best fit through the data points, which is calculated using the
LINREGRESSe function in the Python SCIPY package (Virtanen
et al. 2020). This method applies a linear least-squares regression
method to the data to find the line of best fit, and the quoted
uncertainty is the standard error of the fit (Theil 1950). The plot-
ted spectral indices are shown in Figure 3 and the calculated final
values are shown in Table 4.

We note that the quoted spectral index uncertainties are the
statistical uncertainties, and this method of estimating extragalac-
tic spectral indices could introduce additional uncertainties into
this method which are not reflected in the standard error. This
uncertainty can be seen in the fit of some of the data points, such
as the tail section of Stingray 1 (Figure 3, left), which shows devia-
tion from the linear fit. This uncertainty is most pronounced in the
Stingray 1 tail, most likely due to this section having more point
source contribution than the other areas. Thus, the flux density

ehttps://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.linregress.html.
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Figure 4. Spectral index maps of Stingray 1 derived from ASKAP images at 944 and 1 368 MHz after each was smoothed to a resolution of 30′′. The resolution is shown in the
bottom left corner of each image. Left: Spectral index with point sources included. Black contours are from 944MHz ASKAP images at levels of 60, 300, and 400µJy beam−1. Right:
Spectral indexmap of the diffuse emission component after point source subtraction using AeReS. The two largest point sources weremanuallymasked before image generation.

scaling assumption has more impact here, and this may cause
deviation from a linear fit.

As this method relies on assuming a spectral index of α = −0.7
for the radio point sources, it is possible that this value overesti-
mates the steepness of the derived spectral indices. While some
extragalactic radio sources can have significantly steeper spec-
tral indices (e.g. ultra-steep spectrum sources), this would result
in an overestimation of the point source contribution at MWA
frequencies and the spectral indices may be flatter.

This method assumes a spectral index which is scaled to MWA
frequencies and removed, introducing some uncertainty to the
measurements. This is particularly relevant for the source WISEA
J012939.26-535841.0 located at the tip of tail of Stingray 1. At
MWA frequencies, this source begins to dominate and we are
unable to separate the diffuse tail emission. This source is also cat-
alogued as the GLEAM source J012938−535829 with a measured
spectral index of α = −1.24± 0.07 (Hurley-Walker et al. 2017)
using the GLEAM bands. Due to the larger beam size, these MWA
measurements are likely contaminated by the diffuse tail and thus
cannot be used to separate the emission. These uncertainties make
it difficult to determine exact values for the spectral indices; how-
ever, the different methods applied all give relatively steep spectral
indices, indicating that the Stingrays are overall non-thermal
emitters with α �−0.8. Additionally, the circular area of Stingray
1 and the tail area of Stingray 2 have been catalogued as GLEAM
sources GLEAM J012911−535238 with α = −1.32± 0.13 and
GLEAM J024626−564007 with α = −1.86± 0.10 (Hurley-
Walker et al. 2017). These values are solely from the MWA bands,
but provide further evidence for the Stingrays’s non-thermal
nature.

Spectral Index Map:We also generate a spectral index map using
the ASKAP EMU and WALLABY data for Stingray 1 (Figure 4).
We are only able to generate a spectral index map for Stingray 1,
as there is not yet WALLABY data available for Stingray 2 and
so we do not have sufficiently high-resolution radio data at mul-
tiple frequencies to resolve the Stingray 2 spectral index structure
adequately. The total spectral index map including point sources
is shown on the left, and only the diffuse component is shown
on the right. To map the diffuse component, the point sources
were removed using AeReS as described in Section 3.1.2 and the
two largest point sources were manually masked. Both ASKAP
images were convolved to a common resolution of 30′′ before
the spectral index map generation. The map was generated using
the MATHS function from the MIRIAD software package (Sault
et al. 1995). As we are calculating the spectral index value from
only two datasets, we are able to do it with a simple equation
where we calculate α as the linear slope between two data points:
α = (log (SWALLABY)− log (SEMU))/(log (1367)− log (944)), where
S are the pixel values measured from the WALLABY and EMU
images respectively. The MATHS function generates this spectral
index value for each pixel in the ASKAP images to generate the
spectral index map. The cuts were selected at the highest contour
level that showed the full extent of Stingray 1 in the convolved
images so as to reduce background contamination. Figure 4 (left)
has the 944 MHz ASKAP radio contours overlaid to show the
Stingray’s extent. The point sources present in this image pre-
dominantly show values α ∼ –0.7, providing justification for our
earlier assumption.

Figure 4 (right) shows a steep spectral index for Stingray 1,
with a circle average of ∼–2.4 and a tail average of ∼–2.8. This is
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Table 5. Calculated radio surface brightness for each Stingray. Area is calculated
from regions defined in Section 3.1.1 and flux density is scaled to ν = 1 GHz using
spectral indices from Table 4.

� S1GHz �1GHz

(×10−6 sr) (mJy) (×10−23 Wm−2 Hz−1)
Stingray 1 4.0 524 13.1

Stingray 2 1.9 5.2 2.7

steeper than the estimated values from Figure 3 where the MWA
scaled fluxes were also accounted for. This is not unexpected as
Stingray 1 is difficult to accurately measure in the WALLABY
images due to the lower sensitivity, shorter observation time,
smaller bandwidth, and the intrinsically lower flux density at the
higher frequency. There is also possibly a significant error in
both estimation methods, due to the scaling of the MWA point
source flux densities, and due to calculating the spectral index
from only two frequency measurements. Despite these uncertain-
ties however, it is clear that Stingray 1 appears as a steep spec-
trum source, likely indicating an evolved object, as discussed in
Section 4.

3.1.4. Surface brightness

The surface brightness is a measure of how bright the radio emis-
sion is per unit of angular area of the source. The relationship
is given as �1GHz = S1GHz/�, where �1GHz = surface brightness
at 1 GHz, S1GHz = flux density at 1 GHz, and � = angular area
of object (Filipović & Tothill 2021). We use the measured spec-
tral indices from Table 4 to calculate the scaled flux at ν = 1 GHz
and calculate the area of the source from the regions described in
Section 3.1.1. We use these values to calculate the radio surface
brightness of the Stingrays (Table 5).

These are particularly low surface-brightness values and the
causes for this differ for each origin scenario discussed. More
detail is given for each possible origin scenario in Section 4.
This lower value could also indicate expansion into an extremely
rarefied environment, and this scenario would also help explain
the observed symmetry in the circular region. For extragalactic
sources, such a low surface brightness may be caused by red-
shift dimming. This is an effect where sources at higher redshifts
experience dimming in their surface brightness due to their large
distance (Calvi et al. 2014).

3.2. HI analysis

A commonly used method to determine distances to celestial
objects is that of HI absorption. There are regions of HI gas and
dust throughout the Universe, and these clouds absorb and emit
light at specific wavelengths as the light travels through it. This
absorption occurs at a specific redshift depending on the object’s
velocity, which can be attributed to a specific distance from us.
These absorption dips can be seen in an object’s HI spectrum, and
by measuring the velocity of the absorption dips, the distance to
the objects can be constrained. A good theoretical review is given
in Leahy & Tian (2010), and this HI absorption method has been
used extensively for both Galactic and extragalactic sources (e.g.
Koribalski et al. 1995; Leahy & Tian 2012; Zhang et al. 2021).

By measuring absorption in an object’s HI spectrum, we can
determine if an object is located in front of or behind these HI
clouds, allowing us to constrain the distance if the cloud distance

Figure 5. Total HI column density map of the Magellanic System using data from the
Parkes Galactic All-Sky Survey (GASS, HI4PI Collaboration et al. 2016). The locations of
the LMC and SMC as well as Stingrays 1 and 2 are annotated. The Magellanic Stream
extends north (upward) of the SMC and consists of several HI filaments and diffuse
emission.

is known. Several surveys have been conducted to determine the
geometry, velocity, and HI gas distribution within theMS (Haynes
1979; Putman 2000; Bland-Hawthorn & Putman 2001; Putman
et al. 2003; Brüns et al. 2005). The MS is typically split up into
4 sections with differing velocities. We compare the locations of
the Stingrays with theHI map of Putman (2000), their Figure 2 and
determine both Stingrays are located in Section MS I (Figure 5).
This region represents the positive velocity section that are above
Galactic velocities, that is 30 km s−1 <VLSR < 250 km s−1. We
should also see absorption from Galactic HI, and these veloci-
ties correspond with –40 km s−1 <VLSR < 30 km s−1 (Brüns et al.
2005).

We measure the HI absorption spectrum for the Stingrays
(Figure 6) using data from the HI4PI survey (Section 2.3) using
the same total region as defined in Section 3.1.1 and Table 2. Both
show absorption dips at the expected velocities of the Milky Way
and MS (Figure 6 and Table 6).

We select an area that is stable with no obvious dips in both
spectra as an estimate of the background noise levels. Taking this
region as −400≤VLSR ≤ −100 km s−1 we measure the standard
deviations and the signal-to-noise ratio of our peaks (Table 6). We
measure background noise levels of 0.05 for Stingray 1 and 0.08 for
Stingray 2. The background noise level for Stingray 2 is∼1.5 times
that of Stingray 1. This could be caused by difficulties isolating
the diffuse emission from the background due to the significantly
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Table 6. Results fromHI absorption analysis. σ is calculated from the background region, taken as−400≤ VLSR ≤
−100 km s−1.

σ Milky Way peak Magellanic Stream peak

VLSR (km s−1) e−τ Signal-to-noise VLSR (km s−1) e−τ Signal-to-noise

Stingray 1 0.05 –7.6 0.6 8.3 195.9 0.8 3.8

Stingray 2 0.08 –6.3 0.5 7.0 168.9 0.2 9.8

Figure 6. HI absorption spectrum for each Stingray from HI4PI data. The absorption dips for both the Milky Way and Magellanic Stream are annotated.

lower surface brightness (Table 5). Despite the higher background
noise, we still obtain a spectrum with clear absorption dips.

Both Stingrays show observable dips at MilkyWay (MW) and
MS velocities. Stingray 1 shows a MW peak at VLSR = −7.6 km s−1

with a value e−τ = 0.6 at a 8.3σ detection level, and a MS peak
at VLSR = 195.9 km s−1 with a value e−τ = 0.8 at a 3.8σ detec-
tion level. Stingray 2 shows a MW peak at VLSR = −6.3 km s−1

with a value e−τ = 0.5 at a 7.0σ detection level and a MS peak
at VLSR = 168.9 km s−1 with a value e−τ = 0.2 at a 9.8σ detection
level.

We take any point above a 5σ detection to be a real detection
and any point above 3σ to be a probable detection. As expected,
both Stingrays show real absorption dips for the Milky Way. We
also detect a real absorption dip for Stingray 2 for the MS, and
a probable dip for Stingray 1 corresponding with the MS veloci-
ties. This analysis shows that both Stingrays are located beyond the
MW as we clearly detect absorption due to the MWHI. Stingray 2
also shows clear absorption in HI at the MS velocities, indicating
that Stingray 2 is located behind the MS. Stingray 1 shows a prob-
able absorption at MS velocities, indicating that it is likely located
behind the MS, but the detection is not conclusive.

4. Discussion

We investigate two main origin scenarios of the Stingrays, the
first being that of a Galactic, or near Galactic, source, where

the origin scenarios discussed are a supernova remnant (SNR)
from a runaway star(s) within the MS (see Section 4.1.1), a
circumgalactic SNR on the outskirts of the MW or MS (see
Section 4.1.4), and a Galactic pulsar-wind nebula (PWN) (see
Section 4.1.5). The second origin scenario is that of a distant
extragalactic source where the origin scenarios discussed are
radio active galactic nuclei (AGN) (see Section 4.2.1), dying radio
galaxies (see Section 4.2.2), galaxy clusters (see Section 4.2.3),
galaxy pairs/groups (see Section 4.2.4), head-tail radio galaxies (see
Section 4.2.5), and Odd Radio Circles (ORCs) (see Section 4.2.6).

4.1. Origin: Galactic/near Galactic

It is possible that the Stingrays are associated with the MS or that
they are Galactic objects. We consider both scenarios here; specif-
ically runaway SNRs from the MCs, circumgalactic SNRs located
on the outskirts of the MCs or MW, and Galactic PWNe. We also
discuss the likelihood of the Stingrays being associated with the
MS.

4.1.1. Runaway SNRs

One possible explanation for the unusual morphology of the
Stingrays is that they are SNRs from runaway stars. Runaway stars
are stars that have been ejected from their parent cluster, typically
with high velocities. There are two main mechanisms that cause
this stellar ejection; the ejection by gravitational interactions in
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dense star clusters, or when a star in a binary system undergoes
a supernova (SN) explosion ejecting its companion (Blaauw 1961;
Filipović et al. 2022). Runaway stars have been detected from both
the Large Magellanic Cloud (LMC) and Small Magellanic Cloud
(SMC), and several are confirmed to be massive enough to explode
as Type II SN (Gvaramadze, Pflamm-Altenburg, & Kroupa 2011;
Lin et al. 2023). Hydrodynamic models have predicted that these
runaway SN may form asymmetric and unusual SNR morpholo-
gies (Velázquez et al. 2006; Meyer et al. 2015; Filipović et al. 2022).
This scenario could explain the unusual observedmorphology and
identification of SNRs within theMS would help to further classify
the MS stellar population.

4.1.2. Association with Magellanic Stream

Our HI analysis shows a real Milky Way absorption dip for both
Stingrays (signal-to-noise ratios: 8.3 for Stingray 1 and 7.0 for
Stingray 2), a real MS dip for Stingray 2 (signal-to-noise ratio: 9.8)
and a probable MS dip for Stingray 1 (signal-to-noise ratio: 3.8).
This indicates that we are seeing absorption from the MW HI for
both Stingrays’s emission indicating they are located outside of the
Milky Way, and that we are seeing absorption from the MS HI for
Stingray 2, indicating that Stingray 2 is also located beyond the
MS.The spectrum for Stingray 1 is less definitive. Since we see a
dip of > 3σ it is likely a real detection, and the lower absorption
level may be due to the light travelling through a smaller amount
of HI. The MS is not consistent in its HI column density (Brüns
et al. 2005), and it may be that this direction contains less HI. This
could be due to a lower HI density in this region, or the MS may
be thinner in this direction so the emission is travelling through
less material. It is also possible that Stingray 1 is located within
the MS instead of on the far side, and so the emission is travel-
ling through less HI. While it is difficult to discern between these
possibilities without higher resolution HI data, we can say that it
is unlikely that Stingray 1 is located in front of the MS as we are
seeing a small amount of absorption at the MS velocity distance.
We therefore conclude that Stingray 1 has a possible but unlikely
association with theMS, and Stingray 2 has no physical association
with the MS.

4.1.3. SNR spectral index

We compare the spectral indices of the Stingrays with those of the
known LMC and SMC SNR population using the statistical anal-
yses of Bozzetto et al. (2017), Zangrandi et al. (2024) for the LMC
and Maggi et al. (2019), Cotton et al. (2024) for the SMC. Both
analyses show similar distributions. Themean spectral index value
is α ≈ −0.5, with a distribution range −0.9< α < 0.

We now compare our measured spectral indices (Tables 4 and
2) with the theoretical SNR average and the observed MC distri-
bution range. Both Stingrays have steeper spectral indices than
the theoretical value, α = −0.5 (Bell 1978), as well as being out-
side of the MC SNR population. For Stingray 1, the spectral index,
α = −0.89, is on the extreme end of the distribution, and Stingray
2’s spectral index, α = −1.77, is far outside of the range entirely.
This comparison, coupled with our HI analysis, makes it unlikely
that they are SNRs associated with the MS.

It is possible that the Stingrays have flatter spectral indices than
those estimated here, due to the inherent uncertainty in our scal-
ing of the MWA flux densities. If the extragalactic point sources
instead have a steeper spectral index than we assumed, this would
mean that we underestimated the point source contribution at

MWA frequencies, and thus the spectral indices may indeed fall
within the MC SNR population range, although our HI analysis
(Section 3.2) still indicates that the objects are located beyond the
MS.

4.1.4. Circumgalactic SNRs

There is the possibility that the Stingrays may be circumgalactic
SNRs. These are SNRs that are located on the outskirts or just out-
side of their host galaxy. Two such SNRs have been previously
observed near the LMC, SNR J0624–6948 (Filipović et al. 2022;
Sasaki et al. 2025) and SNR J0614–7251 (Sasaki et al. 2025), so it is
possible that the Stingrays aremembers of theMC SNR population
that have moved outside of the Galaxy.

The spectral index of the Stingrays (α = −0.89 for Stingray
1 and α = −1.77 for Stingray 2) is above the theoretical average
of α = −0.5 for SNRs. Stingray 2 is well outside of the MC SNR
observed distribution (−0.9< α < 0) and Stingray 1 is just above
the lower limit, making it unlikely that they are circumgalactic to
the MS. While the spectral index steepness may have been over-
estimated due to our assumptions about the MWA point source
flux densities, it is still likely that they fall outside of the MC pop-
ulation, particularly in the case of Stingray 2, thus arguing against
this classification.

The size of the Stingrays may present issues with this possibil-
ity as well. If we assume an average distance of ∼55 kpc to the MS
(50 kpc for the LMC and 60 kpc for the SMC), then the Stingrays
have approximate physical diameters of 110 pc (Stingray 1) and
80 pc (Stingray 2), considering only the circular region. These
diameters are larger than expected for the typical LMC SNRs
population, which Bozzetto et al. (2023) show to have mean diam-
eters of 44.9 pc (S.D.= 24.9 pc), although there are a handful of
known and candidate SNRs to have diameters >100 pc (Yew et al.
2021; Smeaton et al. 2025). This LMC distribution is similar to
the statistical distributions of SMC SNRs (mean diameter= 48 pc
(S.D.= 19 pc); Cotton et al. 2024), Galactic SNRs (mean diam-
eter= 21.9±1.7 pc; Ranasinghe & Leahy 2023), and SNRs in
other nearby galaxies (for example, M31 with a mean diame-
ter= 44.2±1.5 pc; Ranasinghe & Leahy 2023; Galvin & Filipovic
2014). While this larger size does not exempt the Stingrays from
classification as an SNR, the larger than expected size is evidence
against this scenario, especially since this analysis only considers
the size of the circle region, excluding the tail region.

4.1.5. Parentless Pulsar-Wind Nebula

Finally, we could also consider a PWN without an associated SNR
scenario, such as Potoroo (Lazarević et al. 2024b), Lighthouse
(Pavan et al. 2016; Pavan et al. 2014), or the Guitar nebula (Cordes,
Romani, & Lundgren 1993). While the Stingrays appear morpho-
logically similar, the spectral index for such a PWN is expected to
be flat. This is in disagreement with what we find for the Stingrays,
and so this scenario is deemed unlikely.

4.2. Origin: Extragalactic

Since our HI analysis shows it unlikely that the Stingrays are
located in the MS or Galaxy, it is most likely that they are located
on the same line of sight but in the background, far out from the
Local Group. This is the second main scenario we investigate; that
of distant extragalactic radio sources. The spectral index indicates
non-thermal emission, and so we examine some classes of extra-
galactic objects that exhibit extended non-thermal radio emission;
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that includes radio AGNs, dying radio galaxies, galaxy clusters,
galaxy pairs/groups, head-tail radio galaxies, andORCs. A prudent
next step in this analysis is to identify any known galaxies that may
be a host galaxy.

There are multiple galaxies that appear in the NED database
within the region of the objects. For Stingray 1, we find 16 galax-
ies in the region of diffuse emission, and for Stingray 2 we find
11 galaxies. These galaxies are best seen in the optical, and we
show their spatial correlation using optical data in the g, r, i, and
z bands from the Dark Energy Spectroscopic Instrument (DESI)
Legacy Survey DR10f (Dey et al. 2019) (Figure 7). We also search
the available optical and infrared (IR) images by eye to identify
the brightest of these galaxies for analysis in the following relevant
sections.

4.2.1. Radio AGN

Extended non-thermal radio emission is observed in a fraction
of AGNs (∼10–20%), known as radio loud AGNs (Hardcastle &
Croston 2020; Diana et al. 2022). These AGNs have highly ener-
getic jets and lobes visible at radio frequencies due to charged
particles emitted from the host galaxy’s Super Massive Black Hole
(SMBH). These jets can extend out to Mpc distances from the
galaxy and form complex shapes (Blandford et al. 2019; Dabhade
et al. 2020). Radio AGNs exhibit a diverse variety of complex
shapes (e.g. Pedlar et al. 1990; Owen et al. 1985; O’Dea & Owen
1986; Velović et al. 2022, 2023).

The jets and lobes of radio AGN are caused by synchrotron
emission from relativistic electrons and typically have steep spec-
tral indices, α ∼ −0.7 to α ∼ −1.0, while the central core typically
has a flat spectral index due to the constant energy input from
the SMBH (Bridle & Perley 1984). There is also a subset of AGNs
with steeper spectral indices (up to α = −1.6), known as dying or
remnant radio galaxies (Murgia et al. 2011; Brienza et al. 2016).
The spectral indices of the Stingrays fall within these ranges, with
Stingray 1 (α = −0.87) being typical for AGN jets, and Stingray 2
(α = −1.77) (see Table 2) being typical for a remnant radio galaxy.
The spectral index alone is tentative evidence to use to classify
the Stingrays, as we are currently unable to resolve any spectral
differences between the possible jets/lobes and core.

The most typical morphology that appears similar to the
Stingrays is that of an FR II (Fanaroff & Riley 1974) single-jetted
AGN with the host galaxy located at the end of the tail. As radio
AGN require a host galaxy, we search for possible hosts in the opti-
cal and IR regime, specifically DESI DR10 and WISE catalogues,
to search for the brightest galaxies within the Stingrays’s areas. We
primarily searched near the tail structure, as this emission appears
most morphologically similar to typical radio AGN jet appear-
ance. We find a potential tail-located candidate for Stingray 1,
WISEA J012939.26–535841.0 (Figure 7, top panel, red inset). This
galaxy has a redshift of 0.059678± 0.00015 (Loveday et al. 1996),
corresponding with a Hubble distance of 261.78±18.35 Mpc. We
are able to resolve the galaxy into three distinct components with
the high-resolution EMU image (Figure 1, top inset). The galaxy
appears to be oriented perpendicular to the tail structure in the
optical image (Figure 7), and the three radio components are ori-
ented along the axis of the tail. If this is the host, then the diffuse
emission is the jet and lobe structure of an AGN jet originating
from this galaxy.

fhttps://www.legacysurvey.org/.

Figure 7. Optical images from the DESI Legacy Survey DR10 overlaid with ASKAP EMU
radio contours of Stingray 1 (top) and Stingray 2 (bottom). The optical images are
averaged over the g, r, i, and z bands. The radio contours are at levels 60, 120, 200,
and 400 µJy beam−1 for Stingray 1 and at levels 30, 80, 200, and 250 µJy beam−1 for
Stingray 2 (right). The red inset shows potential AGN galaxy host WISEA J024639.50–
563904.2 for Stingray 1 (top) analysed in Section 4.2.1. The green insets show the
coloured DESI DR10 images of the potential central galaxy groups/pairs, LEDA 425198
(top) and of 2dFGRS TGS845Z440 for Stingray 2 (bottom) analysed in Section 4.2.4.
The black square (top) shows the location of the galaxy cluster J012910.8−534812 for
Stingray 1 and the orange square (bottom) shows the location of the galaxy cluster
J024639.5−563904, with the inset showing the coloured DESI DR10 image of the BCG
LEDA 398369 analysed in Section 4.2.3.

We also note a potential candidate for Stingray 2, however, it is
not located at the tail. The brightest emission section of the north-
ern rim of Stingray 2 in the radio morphology appears to resemble
a bent-tail radio galaxy. It is located on the periphery of the struc-
ture, although still within the Stingray 2 emission. We observe
no optical counterpart in the DESI optical images, and thus no
identifiable host galaxy.

A possible concern with the radio AGN scenario is that at these
redshifts, the Stingrays would have vastly different physical sizes.
Stingray 1 would measure ∼1.1 Mpc from head to tip of the tail
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while Stingray 2 would measure ∼2.4 Mpc. It is difficult to cor-
relate such similar shapes with such a large difference in physical
size unless Stingrays are some form of ORCs (see Section 4.2.6).
However, these large sizes may also indicate that they may be sim-
ilar objects at different ages. If Stingray 2 is older, then this could
help to explain the larger size, as well as the lower surface bright-
ness and the steeper spectral index, as the emission has faded and
lost its highest energy electrons as it ages.

While it is possible that the Stingrays are FR II single-jetted
AGNs, themorphology still raises concerns with this classification.
Mainly, there is a sharp disparity between the tail and circular sec-
tions, particularly pronounced for Stingray 1. This scenario would
require a highly energetic radio jet to abruptly disperse and form
an almost perfectly circular radio lobe. This would be an unusual
morphology for an AGN, as the lobes typically flare out into more
asymmetrical shapes. However, AGNs can display a diverse range
of morphologies, and so this scenario is a tentative possibility.

4.2.2. Dying radio galaxy

Another possibility is that the Stingrays are a relic or remnant
emission of a dying radio galaxy. This is an evolutionary phase of
some radio galaxies, where it is believed that the galactic nuclear
activity has ceased, but the remnant radio lobes are still detectable
for some time before they disappear completely (Cordey 1987;
Komissarov & Gubanov 1994). Due to the cessation of constant
energy injection, the lobes are subject to radiative losses of the rel-
ativistic electrons, which can result in steep radio spectral indices,
α � –1.3 (Komissarov & Gubanov 1994; Dutta et al. 2023). The
first relic radio galaxy discovered is IC 2476 by Cordey (1987),
and while it is still a relatively sparse population, there are several
other examples (Harris et al. 1993; Parma et al. 2007; de Gasperin
et al. 2014; Brienza et al. 2016; Duchesne & Johnston-Hollitt 2019;
Oozeer et al. 2021)

The morphology of the Stingrays is also not particularly sim-
ilar to any previously observed for dying radio galaxies, arguing
against this scenario. It is also unusual that the morphologies
would be so similar, while there is a substantial difference in spec-
tral index. This difference in spectral index indicates that the
objects may be of different ages, so it is unusual that radio galaxies
at different ages display such similar morphologies. It is difficult
to correlate these discrepancies with the scenario of a restarted
remnant galaxy, but the morphology alone does not preclude the
possibility.

A dying radio galaxy is a more plausible scenario for Stingray 2
compared with Stingray 1 due to the observed spectral indices. The
spectral index of Stingray 2 (αTotal = –1.77±0.06) (Tables 4 and 2),
is within the range for a dying radio galaxy. The morphology of
a connected circular and tail region is unusual for a dying radio
galaxy, yet there are some that do exhibit unusual morphologies
(Harris et al. 1993; de Gasperin et al. 2014). If the Stingrays are
relic radio galaxies, then it is likely that the host galaxy is one of
those mentioned in Sections 4.2.1 and 4.2.4. In the case of the tail-
situated galaxy for Stingray 1, the emission would have formed by
a jet forming a circular lobe-like structure, and in the case of the
central-situated galaxies, then it may be two jets with vastly differ-
ent morphologies due to different environments or galactic winds.
In the case of Stingray 1, we also have the possibility that the tail
may represent a radio bridge connecting the two galaxies. This is
a possibility as the tail-situated galaxy (described in Section 4.2.1)
and the central-situated galaxy (described in Section 4.2.4) have

similar redshift values and may be located in the same galaxy
group.

It has also been observed that dying galaxies can restart (Jones
& Preston 2001; Saikia & Jamrozy 2009), and so the dying radio
lobe can be associated with spatially separated newly-born jets.
Figure 3 shows that the components of Stingray 2 have differ-
ent spectral indices, indicating that the radio emission may be
caused by different physical mechanisms or that they may be simi-
lar objects but with different ages. This is consistent with whatmay
be expected from such a restarted source, where we only see one
of the restarted jets. However, it is unexpected that the jet would
display a steeper spectral index than the dying radio lobe. This is
because the jet would havemore efficient particle acceleration than
the fading lobe, and so would exhibit a flatter spectral index.

4.2.3. Galaxy cluster

Galaxy clusters can generate extended radio emission in the form
of radio halos, typically circular emission regions around the clus-
ter centre, and radio relics, elongated shapes at the cluster edges.
Both are caused by synchrotron radiation from relativistic elec-
trons, and are typically associated with clusters that display merger
activity (van Weeren et al. 2019; Loi et al. 2023; Koribalski et al.
2024b). Radio halos typically have spectral indices α = −1.2 to
α = −1.7, while radio relics have steeper indices up to α = −2.0
due to their older electron population (Feretti et al. 2012; van
Weeren et al. 2019). Galaxy clusters can have both radio halos and
radio relics associated with them (e.g. Pearce et al. 2017; Loi et al.
2023; Velović et al. 2023; Macgregor et al. 2024).

We search several available galaxy cluster catalogues (Planck
Collaboration et al. 2016; Gonzalez et al. 2019; Hilton et al. 2021;
Bulbul et al. 2024; Thongkham et al. 2024; Wen & Han 2024) and
find one catalogued galaxy cluster for each Stingray, both identi-
fied in the catalogue of Wen & Han (2024). For Stingray 1, this
galaxy cluster is J012910.8−534812, located on the north-western
edge of the Stingray 1 emission (see Figure 7). This galaxy clus-
ter has a measured cluster redshift of zphot = 0.9969, a radius of
402 kpc, and a mass of 0.56×1014~M�. At this redshift, Stingray
1’s total length would have a physical size of 6.72 Mpc, much
larger than the given cluster radius. This size is unrealistically
large for such an association, and strongly argues against this sce-
nario for Stingray 1. The cluster has a bright radio counterpart,
which appears as a point source with an integrated flux den-
sity of 17.6 mJy from the EMU data. It likely corresponds to a
known radio galaxy, WISEA J012910.84−534811.7 (also SUMSS
J012910−534811) and has a measured SUMSS 843 MHz flux
density of S= 21.6± 1.1 mJy and a redshift of zphot = 0.94± 0.06.

For Stingray 2, the galaxy cluster is J024639.5−563904 located
at the tip of the tail section (see Figure 7). Wen & Han (2024)
give a redshift of zphot = 0.2127, a radius of 773 kpc, and a mass
of 1.69×1014~M�. At the cluster redshift, Stingray 2 would have
a total physical length of 2.07 Mpc, almost three times larger than
the cluster radius from Wen & Han (2024). The brightest cluster
galaxy LEDA 398369 has a redshift of zphot = 0.222± 0.005 from
the Legacy Survey DR9 dataset. LEDA 398369 may be responsible
for the Stingray emission.

Galaxy clusters can have associated diffuse radio emission, for
example, halos and/or relics. The clusters identified above are
located within the Stingray emission, yet very near the edge in both
cases. The diffuse radio emission from the Stingrays also extends
much beyond the catalogued cluster radii. For Stingray 1, the emis-
sion is approximately 17 times larger than the cluster radius, and
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for Stingray 2, it is approximately 2−3 times larger. Galaxy cluster
emission typically ranges from a few hundred kpc up to 1−2 Mpc
in size (vanWeeren et al. 2017). Stingray 1 emission is significantly
larger than this range, and Stingray 2 is on the very upper edge.
This larger size, combined with the galaxy cluster not being located
near the geometric centre of the emission, makes it unlikely that
these are hosts for the emission. It is possible that there are non-
catalogued galaxy clusters within the emission which may make
these larger sizes more realistic. Due to the Stingray’s large sizes
however, the potentially uncatalogued cluster would have to be
relatively nearby. For example, an upper redshift limit of ∼0.3
would give the Stingrays physical sizes of ∼ 3.8Mpc for Stingray
1 and ∼ 2.7 Mpc for Stingray 2, which are unrealistically large for
a galaxy cluster scenario. Therefore, the cluster would need to be
z < 0.3 as a conservative upper limit, and this would require sev-
eral tens or hundreds of nearby galaxies to bemissing from current
catalogues, which is an unlikely scenario.

As both catalogued clusters are on the edge of the emission,
if there were another cluster at the other end or more cen-
trally located, then the emission may represent a bridge structure
connecting these separate structures. This may help explain the
unusual morphology and the larger sizes, however we currently
have no direct evidence that there are more clusters located within
the emission.

Another caveat to this scenario is that galaxy cluster radio emis-
sion is typically accompanied by X-ray emission due to the hot,
ionised gas. The area of the Stingrays has only been observed by
eROSITA in X-ray, not by the more sensitive Chandra or XMM-
Newton telescopes. We searched in the available eRASS images,
and detected no corresponding diffuse X-ray emission for the
Stingrays, potentially arguing against this galaxy merger scenario.
It is possible, there may be X-ray emission that is below eROSITA’s
sensitivity limits and would require deeper X-ray observations to
be detected.

4.2.4. Galaxy pair/group

There is also the possibility that the radio emission may be
being caused by a smaller galaxy group, or an interacting galaxy
pair, which is the Brightest Group Galaxy (BGG) for a small
galaxy group. We searched the entire emission by eye for opti-
cal sources, with a preference for more centrally located sources,
which appeared to have a potential interacting companion.

For Stingray 1, a possible host is the early-type galaxy WISEA
J012908.17–535241.1 (LEDA 425198), shown in Figure 7 (top
panel, green inset) which has a spectroscopic redshift of zspec =
0.051873± 0.000150 (Jones et al. 2004, 2009). This would give
Stingray 1 a distance of 227.8±16.0Mpc, a total size of∼0.843Mpc
(the longest axis from the edge of the circular region to the tip of
the tail), and a circular size of ∼0.425 Mpc. Just west of LEDA
425198 is a smaller companion galaxy (LEDA 425213) which has
a similar redshift of zphot = 0.066± 0.008 from the Legacy Survey
DR9 (Zhou et al. 2025). The diffuse light surrounding the two
galaxies suggest they are an interacting galaxy pair.

While galaxy pairs do not typically generate complex diffuse
radio emission, it has recently been observed in the ‘Physalis’
system (Koribalski et al. 2024c). Such complex emission is also
observed in slightly larger galaxy groups such as ‘Stephan’s
Quintet’ (Stephan 1877; Xu et al. 2003). To determine if there is
a sufficient galaxy density in the area surrounding LEDA 425198
to support a larger group, we sample a 1◦ region around Stingray 1
using the NED database. We find 69 galaxies with known redshift

values within the region. We take a redshift range which contains
LEDA 425198, 0.031873< z < 0.051873, and find that 21 of these
fall within. Therefore, this galaxy density makes it a possibility that
there is a small galaxy group where LEDA 425198 is the BGG.

LEDA 425198 is located in the centre of Stingray 1, between the
circular and tail sections with a possible interacting companion,
LEDA 425213 (see Figure 7, top panel, green inset). It is possible
that the distinct circle and tail sections we see are tidal features
caused by this potential interaction. They may be outflows from
the elliptical galaxy that show distinctly different shapes due to
asymmetric gravitational effects from the interaction. That is, the
circular region may be an outflow that is being bent into this cir-
cular shape by the gravitational interaction, causing this distinct
morphology. A potential issue with this scenario is the large phys-
ical size at this redshift. While galaxy clusters can reach up to a
few Mpc in some cases, galaxy group or pair emission is typically
smaller. For example, the Physalis structure has a physical size of
145×116 kpc (Koribalski et al. 2024c) and Stephan’s Quintet has
a slightly larger length of ∼0.6 Mpc (Xu et al. 2022). Such a large
physical size is unlikely to be caused by a small galaxy group or
interacting galaxy pair. Therefore, LEDA 425198 may be a BGG
for a group here, however it is difficult to confirm this group
membership.

If LEDA 425198 is the host galaxy, then the Stingray 1 emis-
sion may be bent remnant lobes from potential interaction with
its companion. In this scenario, the remnant or relic lobes origi-
nate from previous activity of the currently inactive BGG LEDA
425198, and the resulting lobes are being bent by the surrounding
environment, with one being pushed down to form the linear tail-
like feature, and the other bending around in an arc to form the
circle-like structure.

There is a similar galaxy within Stingray 2 (Figure 7, bot-
tom panel, green inset), WISEA J024602.67–564033.5 (2dFGRS
TGS845Z440), that may also have an interacting companion. For
the companion, we follow a similar procedure for the Stingray 1
object, searching the Gaia DR3 (Gaia Collaboration et al. 2023),
2MASS (Skrutskie et al. 2006), and allWISE (Cutri et al. 2021)
catalogues, however do not find the source listed. Therefore, this
may represent a galaxy pair, but this cannot be confirmed with
the current data. Following a similar argument, this may be a
BGG host for Stingray 2. 2dFGRS TGS845Z440 has a redshift
of 0.154600±0.000297, as measured by the 2dF Galaxy Redshift
Survey (Colless et al. 2003). At this redshift, Stingray 2 would
have a distance of 682.4±47.8 Mpc and a size of ∼1.903 Mpc (the
longest axis from the edge of the circular region to the tip of the
tail). Using a similar analysis as above, we find 305 galaxies within
a 1◦ diameter. This is a higher galaxy density than for Stingray
1 overall, and the redshift range that 2dFGRS TGS845Z440 is
located in, 0.1499< z < 0.1599, contains 31 galaxies. Therefore, it
is possible that, similar to Stingray 1, there is a small galaxy group
with 2dFGRS TGS845Z440 as the BGG.

Since 2dFGRS TGS845Z440 is also located roughly between the
circular and tail sections and appears to have an interacting com-
panion, we can make a similar argument as above. It is possible
that the tail and circular region are both jets, with one being bent
by the gravitational interaction. Stingray 2’s physical size is even
larger in this scenario, and thus it is equally unlikely that such a
large structure could be caused by a a small galaxy group or pair.
It is possible that both Stingrays display an interacting galaxy pair
at a central location and that the unique morphologies may be the
result of an unusual gravitational interaction. The main issue with
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this scenario is that it is difficult to explain the large physical sizes,
making this explanation unlikely.

4.2.5. Head-tail radio galaxy

Another possibility is that the Stingrays could be head-tail radio
galaxies, which are formed by the passage of a strong wind or
shock front. This passage suggests blowing back one of the jets and
making it almost disappear, which can generate plumes or ring-
like structures. The underlying idea is presented in Nolting et al.
(2019), and this interpretation was used to explain the unusual
structure of the Corkscrew galaxy (Koribalski et al. 2024a). In the
case of the Stingrays, this would involve jets originating from the
tail-situated potential host galaxy. Head-tail radio galaxies have
several predicted morphological characteristics which appear to
match both Stingrays, particularly Stingray 1. They predict a one-
sided jet ending in a circular structure at the end of the jet, where
the wind is blowing the jet back to form a circular plume-like
structure. They predict that the head section is slightly separated
from the tail section, which matches with the slight brightness dip
observed in Stingray 1 where the tail meets the circular region.
It also predicts that the host galaxy is slightly offset from the jet
origin point, which is observed in Stingray 1, where the obvious
radio galaxyWISEA J012939.26–535841.0 (Figure 7, top panel, red
inset), is offset slightly to the east from the tail. This scenario plau-
sibly explains all of the unusual morphological characteristics of
Stingray 1 and thus presents the most likely scenario out of those
discussed.

This scenario is also a possibility for Stingray 2, which displays
a similar morphology. The caveat here, however, is that there is
no obvious host galaxy for the Stingray 2 emission. There is a
prominent radio source, LEDA 398369 (Figure 7, bottom panel,
red inset), located at the tail tip for Stingray 2, but this is classified
as a cluster and not a single radio galaxy.While head-tail structures
such as this are associated with single radio galaxies, it is possible
that a similar structure could form from a similar mechanism on a
larger scale, explaining Stingray 2’s morphology. Conversely, it is
possible that there is a similar host galaxy as for Stingray 1, but it
has not yet been identified.

4.2.6. ORC

ORCs are a recently discovered class of radio sources whose nature
and origin is still under investigation. Three single ORCs are cur-
rently known, ORCs 1 and 4 (Norris et al. 2021) and ORC 5
(Koribalski et al. 2021), each centred on a massive elliptical galaxy.
They have sizes of ∼1′, or 300–500 kpc at the host galaxy red-
shift. The ORCs 2+3 pair (Norris et al. 2021b, Macgregor et al.
in preparation), consist of a radio ring, without a central galaxy,
and a diffuse blob. These are most likely the lobes of a re-started
radio galaxy.

The known single ORCs are characterised by their edge-
brightened, near-circular radio emission, for which no counter-
parts have been detected at non-radio wavelengths, and their steep
spectral indices. They are often associated with a central host
galaxy, and diffuse radio emission. MeerKAT images of ORC 1
also show internal ring structures (Norris et al. 2022). Various
formation mechanisms have been suggested (Norris et al. 2021;
Koribalski et al. 2021; Dolag et al. 2023; Shabala et al. 2024), but the
rarity of ORCsmeans our knowledge of their properties is still very
limited. The search for ORCs is ongoing, and several ORC candi-
dates are discussed in the literature (Gupta et al. 2022; Lochner
et al. 2023; Koribalski et al. 2024b, Filipović et al. in preparation;

Macgregor et al. in preparation), as well as possibly related, much
closer radio shell systems (Koribalski et al. 2024c).

The two peculiar radio sources discussed in this paper,
Stingrays 1 and 2, share some common characteristics with ORCs.
Their main body is predominantly circular, somewhat edge-
brightened, partially filled with diffuse emission, and have a steep
spectral index. However, no central radio source or obvious host
galaxy was detected. Furthermore, a distinct, one-sided tail struc-
ture is detected, similar in size and surface brightness to the main
body. Also, both Stingrays have angular sizes much larger than
the currently identified ORCs. Therefore, it is possible that the
Stingrays may be a type of ORCs that displays jet-like structures.
AGN jets viewed from a specific orientation have been theorised as
a potential explanation for ORCs (Norris et al. 2021; Norris et al.
2021b; Lin & Yang 2024; Shabala et al. 2024). The origin of ORCs is
still debated in the literature, and jets are not defined as one of the
characteristic observable features. Therefore, it would be prema-
ture to make this classification without further investigation due
to these discrepancies.

It is also possible that the morphology may be more similar to
an ORC if viewed from a different orientation. For example, if the
host galaxy were at the tip of the jet and the orientation was such
that the jet was directed along our line of sight and then expanded
out into the circular region, it is possible that the jet would not
be visible from this orientation, and instead, the Stingray would
resemble a structure where the host galaxy appears to be inside
a circle of diffuse emission. In this orientation, the Stingray may
appear much more morphologically similar to an ORC.

Another potential possibility is that ORCs have jets when they
are younger which fade as they age. Therefore, the population that
we have identified thus far no longer has observable jets. In the
case of the Stingrays, if the jets were to fade then what would be
left behind is a quite circular patch of emission that would not be
appear to be associated with a galaxy; a situation which holds true
for some ORCs, namely the ORC 2+3 pair (Norris et al. 2021b,
Macgregor et al. in preparation). As the true nature and origin
of ORCs is still under investigation, these are currently purely
speculative scenarios.

4.2.7. Chance alignment

It is also possible that the circular and tail regions of both Stingrays
are not physically associated at all, and their unusual morphology
is caused by a chance alignment of two or more sources. It should
also be noted that both Stingrays display a slight drop in intensity
at the region where the circle and tail sections intersect. This might
indicate that the emission is not physically associated.

If this scenario is the case, then the objects would consist of a
radio tail structure and a circular region. The tail structure would
be typical of an unresolved AGN (Section 4.2.1), and the circular
region could be a galaxy cluster halo (Section 4.2.3) or an ORC
(Section 4.2.6). Stingray 2 displays several optically bright galaxies
in the circular region (Figure 7) that may generate enough diffuse
radio emission to form this circular halo structure. This scenario
is less likely for Stingray 1 as there are far fewer optically bright
galaxies present in the circular region.

5. Conclusions

We have conducted a radio analysis of two unusually shaped dif-
fuse radio sources that we named ‘Stingrays’. These Stingrays are
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diffuse regions of radio emission, characterised by a circular sec-
tion with a connected tail-like section extending out. There is no
corresponding diffuse emission found at any other frequency. We
investigate several possible origin scenarios, both Galactic/near
Galactic and extragalactic.

We explored several Galactic/near Galactic scenarios:–
Runaway SNRs from the MCs: This scenario involves runaway
stars from the MCs, which then exploded and formed SNRs
within the MS. Our HI analysis shows that the objects are likely
not associated with the MS and are in the same line of sight. The
measured spectral index values are also not consistent with the
MC SNR population. This scenario is deemed unlikely.

– Circumgalactic SNRs: Similar to the runaway SNR scenario,
this scenario involves SNRs which formed on the outskirts of the
MCs and are located just outside the galaxies themselves. The
spectral index values are not consistent with the MC SNR popu-
lation, and neither are the physical sizes at the MC distances. This
scenario is deemed unlikely.

– Parentless PWN: A PWN without an associated SNR. The
steep spectral index is at odds with this scenario, and this scenario
is deemed unlikely.

We also explored several extragalactic scenarios for the
Stingrays.– Radio AGN: This scenario involves powerful jets and
lobes from a radio AGN which have formed unusual morpholo-
gies, likely through some kind of environmental interaction. This
is a more likely scenario for Stingray 1, as amost likely host is iden-
tified as WISEA J012939.26-535841.0, located at the tip of the tail.
The spectral indices and sizes can be explained in this scenario,
and it is deemed a possible scenario for both Stingrays.

– Dying radio galaxy: This scenario involves a radio galaxy
where the galactic nuclear activity has ceased, but the remnant
radio lobes are still visible. The morphology causes some issues
with this scenario, but the spectral indices, particularly for Stingray
2, are consistent. This is deemed a possible scenario for both
Stingrays.

– Galaxy cluster: We find a catalogued galaxy cluster located
in the emission of each Stingray, and galaxy clusters can display
extended radio emission. The clusters are located on the periph-
eries of both Stingrays and the associated physical sizes are larger
than expected for a cluster scenario at the given redshifts. This sce-
nario would be possible if more galaxy clusters are found within
the emission in the future. This scenario is currently deemed
unlikely for both objects.

– Galaxy pair/group: There are possible interacting galaxy pairs
for both Stingrays, and the galaxy density in both areas is suffi-
cient to support a small galaxy group. Galaxy pairs and groups
can display extended radio emission, although the physical sizes
of the Stingrays are larger than expected from such a system. This
scenario is currently deemed unlikely for both objects.

– Head-tail radio galaxy: This scenario involves a head-tail
radio galaxy, which are typically formed by strong AGN jets which
are pushed back by strong winds or shock fronts, and form round
circular structures. Both Stingrays meet the morphological criteria
for these objects, and Stingray 1 has a possible host identified. This
scenario is deemed likely for Stingray 1 and possible for Stingray 2,
with the caveat that the Stingray 2 host would have to be identified.

–ORC: This scenario involves ORCs, which are circular regions
of diffuse radio emission, observed exclusively at radio frequen-
cies. These objects typically have central elliptical host galaxies,
which are not identified in the Stingrays. Their morphology is

also not characteristic of an ORC, primarily as they are not fully
circular. This scenario is deemed unlikely for both objects.

– Chance alignment: This scenario suggests that the Stingrays
may not be a single structure, but in fact a circular region super-
imposed with a tail region. Finding two objects with similar
morphologies caused by such a superposition would be statisti-
cally unlikely, but is possible for either one or both of the objects.
This scenario is deemed possible for both objects.

Overall, several of these scenarios could explain the Stingrays
unusual shapes, however, further observations would be required
to resolve these uncertainties. For example, more sensitive X-ray
observations could detect any corresponding diffuse X-ray emis-
sion and help determine the physical properties of the emission,
while more sensitive radio observations may reveal detectable
polarisation to help map any magnetic field properties and vari-
ations.

The final conclusion is that Stingrays are diffuse extragalactic
non-thermal radio sources, but their exact nature remains unclear.
Their unusual morphology could be caused by orientation effects
or complex environmental interactions in several of the proposed
scenarios. The most likely scenario from the current data is that
of head-tail radio galaxies. This scenario is most likely for Stingray
1, and possible for Stingray 2, but the host galaxy for Stingray 2
would need to be identified.
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Appendix: WALLABY radio continuum image

Figure A1. ASKAP WALLABY 1.4 GHz radio continuum image of Stingray 1. The image
has linear scaling and has been convolved to 15′′ resolution, indicated in the bottom
left corner. We measure an Root Mean Squared RMS noise sensitivity of σ ∼25–30 µJy
beam−1 near Stingray 1.
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