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ABSTRACT

Aims. Soft gamma repeaters (SGRs) are highly magnetised neutron stars (magnetars) notable for their gamma-ray and X-ray outbursts. We used
near-infrared (NIR) imaging of SGR 0501+4516 in the days, weeks, and years after its 2008 outburst to characterise the multi-wavelength emission,
and to obtain a proper motion from our long temporal baseline observations.
Methods. We present short- and long-term monitoring of the IR counterpart of SGR 0501+4516 and a measurement of its proper motion. Unlike
most magnetars, the source has only moderate foreground extinction with minimal crowding. Our observations began only ∼2 hours after the first
activation of SGR 0501+4516 in August 2008 and continued for ∼4 years, including two epochs of Hubble Space Telescope (HST) imaging. The
proper motion constraint was improved using a third HST epoch from 10 years later.
Results. The NIR and X-rays faded slowly during the first week, which was followed by a steeper power-law decay. The behaviour is satisfactorily
fit by a broken power law. Three epochs of HST imaging with a 10-year baseline allowed us to determine the quiescent level and to measure a
proper motion of µ = 5.4±0.6 mas yr−1. This corresponds to a low transverse peculiar velocity of v ≃ 51±14 km s−1 (at 2 kpc). The magnitude and
direction of the proper motion rules out supernova remnant HB9 as the birth site. We can find no other supernova remnants or groups of massive
stars within the region traversed by SGR 0501+4516 during its characteristic lifetime (∼20 kyr).
Conclusions. Our observations of SGR 0501+4516 suggest three possibilities: that some magnetars are significantly older than expected, that
their progenitors produce low supernova ejecta masses, or that they can be formed through accretion-induced collapse or low-mass neutron star
mergers. Although the progenitor of SGR 0501+4516 remains unclear, we propose that SGR 0501+4516 is the best Galactic candidate for a
magnetar formed through a mechanism other than massive star core-collapse.

Key words. proper motions – stars: kinematics and dynamics – stars: magnetars – stars: neutron – stars: individual: SGR0501+4516 –
ISM: supernova remnants

1. Introduction

Soft gamma-repeaters (SGRs) are characterised by irregular
short bursts of soft γ-rays and X-rays, often repeating on
timescales of hours to days, followed by longer periods of
inactivity. Along with anomalous X-ray pulsars (AXPs), they
are conjectured to be manifestations of magnetars (for reviews,
see e.g. Mereghetti 2008, 2013; Kaspi & Beloborodov 2017;
Esposito et al. 2021). Magnetars are posited to be young (with
typical magnetic dipole spin-down ages of 103−105 yr), iso-
lated, slowly rotating neutron stars (NSs; periods of typically
2–12 s) with period derivatives in the range 10−13–10−9 s s−1

and inferred magnetic field strengths between 1014 and 1015 G
(Kouveliotou et al. 1998, 1999; Olausen & Kaspi 2014). There
are now ∼30 confirmed or candidate magnetars within the Milky
Way and Magellanic Clouds (Olausen & Kaspi 2014)1. How-
ever, progress in understanding magnetars has been slow due
to the difficulty of observing them in other wavebands and a
dearth of clear evidence of their progenitors and birth places.
This is in part a consequence of their scarcity and locations

⋆ Corresponding author; ashley.chrimes@esa.int
⋆⋆ ESA Research Fellows.
⋆⋆⋆ Authors contributed equally.
1 http://www.physics.mcgill.ca/~pulsar/magnetar/main.

html

behind large column densities in the Galactic plane, where most
magnetars have been discovered. It also creates uncertainties in
their distances (e.g. Durant & van Kerkwijk 2006a; Bibby et al.
2008; Zhou et al. 2020; Bailes et al. 2021) and, hence, birth
rates (Beniamini et al. 2019), energetics, and kinematics (e.g.
Lyman et al. 2022).

The known population of magnetars is clearly dwarfed by
the young radio pulsar population (Manchester et al. 2005). It
may be that magnetars are not an uncommon outcome of core-
collapse, but that their magnetic field rapidly decays, making
them observationally rare (Beniamini et al. 2019). Alternatively,
they may be intrinsically rare at birth. Perhaps they come only
from more massive progenitors (e.g. Gaensler et al. 2005), pref-
erentially arise from progenitors that have undergone a stel-
lar merger (e.g. Schneider et al. 2020; Sherman et al. 2024),
or have a different, rare progenitor channel (e.g. accretion or
merger-induced collapse; Nomoto & Kondo 1991; Fryer et al.
1999; Levan et al. 2006; Tauris et al. 2013; Ruiter et al. 2019;
Cheong et al. 2025). Distinguishing these origins based on pop-
ulation statistics alone is challenging due to strong observational
biases (e.g. magnetars are typically discovered in outburst).

In principle, studies of magnetar environments and their
multi-wavelength spectra can play a major role in determining
their nature. By identifying their natal environments, it is pos-
sible to independently estimate their age (and progenitor mass)
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from that of their putative parent stellar population or associated
supernova remnant (SNR; Figer et al. 2005; Muno et al. 2006;
Bibby et al. 2008; Davies et al. 2009; Narita et al. 2023), which,
in turn, has major implications for the estimate of their birth
rates.

Furthermore, studying the multi-wavelength emission itself
can provide valuable insight into the mechanisms of energy pro-
duction from the SGR, enabling one to discriminate between
magnetospheric emission (Beloborodov & Thompson 2007;
Zane et al. 2011) and alternatives, including emission from a
supernova fallback disc around the magnetar (e.g. Perna et al.
2000; Marsden et al. 2001; Wang et al. 2006; Kaplan et al.
2009a; Muñoz-Darias et al. 2016; Tong et al. 2016; Xu & Li
2019; Hare et al. 2024). We note the long-period compact cen-
tral object 1E 161348-5055 in SNR RCW 103 (De Luca et al.
2006), which may be a magnetar whose rotation period has
been slowed to ∼6.7 hours via interaction with a fallback disc
(Rea et al. 2016). A further possibility is a binary companion ori-
gin for the optical/near-infrared (NIR) emission (Pizzolato et al.
2008; Popov 2016; Chrimes et al. 2022b,a).

Magnetars have been well studied at high energies as they
are usually strong persistent X-ray emitters, with X-ray lumi-
nosities of about 1034−1036 erg s−1, thought to be powered by the
ultra-strong magnetic field of these NSs (Duncan & Thompson
1992; Thompson & Duncan 1993). They are often detected at
hard X-ray and soft gamma-ray energies (not only through SGR
behaviour but also via their short to intermediate bursts and
giant flares, both Galactic and extragalactic; Mazets et al. 1979,
1999; Palmer et al. 2005; Götz et al. 2006; Burns et al. 2021;
Mereghetti et al. 2024), and sometimes also at radio frequencies
(e.g. Camilo et al. 2006, 2007; Helfand et al. 2007; Deller et al.
2012; Shannon & Johnston 2013).

Despite the observational challenges presented by their
dusty, often crowded sight lines, searches for optical/NIR
counterparts have been partially successful, with a grow-
ing sample of candidates being found (e.g. Chrimes et al.
2022b). These magnetar counterparts are faint, with mag-
nitudes (K) of ∼20–24 (Hulleman et al. 2001; Israel et al.
2002; Rea et al. 2004; Israel et al. 2005; Kosugi et al. 2005;
Durant & van Kerkwijk 2006c; Testa et al. 2008; Levan et al.
2018; Testa et al. 2018; Chrimes et al. 2022b). They can be
differentiated from confused stellar sources thanks to their
unusual colours (Durant & van Kerkwijk 2006c; Testa et al.
2008; Chrimes et al. 2022a), short-timescale optical variability
(at the rotation period; Dhillon et al. 2005, 2009, 2011), and
variability on timescales of months to years (Israel et al. 2002;
Rea et al. 2004; Kosugi et al. 2005; Durant & van Kerkwijk
2006b; Lyman et al. 2022; Chrimes et al. 2022b).

Improvements in adaptive optics technology, and the appli-
cation of the Hubble Space Telescope (HST) to the prob-
lem, have improved the certainty of these identifications by
greatly enhancing the spatial resolution of the observations
and removing confusion. In turn, these IR detections have
enabled proper motions to be determined for five magnetars
(Tendulkar et al. 2012, 2013; Lyman et al. 2022), with veloc-
ities of vt ∼ 100−300 km s−1 (with four of the five deter-
mined proper motions at the lower end of this range). In four
out of the five cases, these proper motion vectors point back
either towards clusters of massive stars (in the case of SGR
1806-20 and SGR 1900+14) or towards a recent SNR (in the
case of AXP 1E 2259+586 and SGR 1935+2154). Only in
one case (4U 0142+61; Tendulkar et al. 2013) does the proper
motion not allow the identification of a likely birth site. A
small number of magnetars have a proper motion determined

from very long baseline interferometry (VLBI) radio observa-
tions (Helfand et al. 2007; Deller et al. 2012; Ding et al. 2024),
but even the highest-resolution X-ray observatories, such as
Chandra, struggle to measure such small proper motions (e.g.
Motch et al. 2007). Even when proper motions can be mea-
sured, the high column densities and extinctions typical of mag-
netar sight lines make associations with SNRs or star-forming
regions difficult. Nevertheless, these multi-wavelength observa-
tions, along with the Galactic distribution of magnetar candi-
dates (tightly aligned with the plane; Olausen & Kaspi 2014),
offer strong support for a model in which magnetars are young
NSs born in a population of young, and potentially very mas-
sive, stars. It has been suggested that magnetars could experience
large kicks at their formation, caused by the strong magnetic
fields present in the progenitor (Duncan & Thompson 1992;
Sawai et al. 2008). In this case, we might expect to see rapid
proper motion from SGRs and other magnetars, but on the con-
trary, the growing sample of magnetar velocities are similar to
those of young pulsars (Lyman et al. 2022; Ding et al. 2024).

Galactic SNRs associated with magnetars do not show
evidence of additional energy injection (e.g. Vink & Kuiper
2006; Martin et al. 2014), and population synthesis studies
disfavour a scenario in which Galactic magnetars produced
gamma-ray bursts at the moment of their formation (Rea et al.
2015). This disfavours very short initial rotation periods for
Galactic magnetars. One possible explanation for the origin
of the strong magnetic fields is a dynamo mechanism (e.g.
Spruit et al. 2008; White et al. 2022; Barrère et al. 2022, 2025;
Reboul-Salze et al. 2024). Alternatively, the magnetic field may
be inherited from the progenitor (the fossil field scenario,
if the progenitor magnetic flux is conserved during collapse;
Ferrario & Wickramasinghe 2006; Shenar et al. 2023).

SGR 0501+4516 was discovered on 22 August 2008 by the
Neil Gehrels Swift Observatory (hereafter Swift) Burst Alert
Telescope (BAT), through the detection of SGR-like bursts
(Barthelmy et al. 2008a,b; Rea et al. 2009). SGR 0501+4516
was subsequently observed to exhibit X-ray (Gogus et al.
2008) and optical pulsations at the rotational period of 5.76 s
(Dhillon et al. 2011). It has a measured period derivative of
∼1.5 × 10−11 s s−1, an inferred magnetic field strength of ∼2 ×
1014 G, and a characteristic age of ∼15 kyr (Camero et al. 2014).
The activation of this SGR in 2008 followed a very long period
of quiescence (Rea et al. 2009). In the days following the onset
of activity, dozens of bursts were observed, with fluxes exceed-
ing the underlying continuum by a factor of >105. The bursts
reached maximum luminosities of ∼1041 erg s−1 and had dura-
tions of <1 s, typical of short bursts emitted by magnetars (e.g.
Mereghetti 2008).

In this paper we report observations of the NIR counterpart
to SGR 0501+4516 in the months following its initial 2008 out-
burst, and the results of a subsequent ∼12 year campaign of
NIR monitoring, which include a HST-derived proper motion.
The location in the Galactic anti-centre direction, the conse-
quent lack of crowding, and the relatively low extinction make
SGR 0501+4516 an ideal case for investigating the optical/NIR
properties and birth site of a magnetar. All magnitudes are
reported in the Vega system and all times are UT.

2. Observations and analysis

After the first detection of high energy bursts from
SGR 0501+4516 by Swift/BAT, NIR data were obtained
promptly with the 3.8 m United Kingdom InfraRed Tele-
scope’s (UKIRT) Fast-Track Imager (UFTI) at the Mauna Kea
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Table 1. Differential photometry of SGR 0501+4516 relative to 2MASS stars within the field of view of NIRI, UFTI, and LIRIS, plus HST NIR
magnitudes for SGR 0501+4516 in 2010, 2012, and 2020 (given in the last four rows).

Start time Exposure time Filter Magnitude Telescope + instrument
Year-month-date-UT (seconds) (Vega)

2008 08 25 03:11:12 6525 KS 19.12 ± 0.05 WHT + LIRIS
2008 08 31 02:31:01 2085 KS 19.22 ± 0.11 WHT + LIRIS
2008 09 01 03:44:35 2250 KS 19.27 ± 0.10 WHT + LIRIS
2008 09 06 04:35:00 1188 KS 19.05 ± 0.16 WHT + LIRIS
2008 09 20 03:43:15 3735 KS 19.24 ± 0.15 WHT + LIRIS
2008 08 23 14:27:03 1020 J 21.02 ± 0.05 Gemini + NIRI
2008 09 01 14:28:09 960 J 21.07 ± 0.07 Gemini + NIRI
2008 08 23 14:15:25 480 H 19.95 ± 0.04 Gemini + NIRI
2008 08 23 14:03:44 510 K 18.76 ± 0.07 Gemini + NIRI
2008 08 26 15:04:16 480 K 18.85 ± 0.07 Gemini + NIRI
2008 09 01 14:53:07 900 K 19.06 ± 0.08 Gemini + NIRI
2009 01 28 07:42:57 170 K 19.51 ± 0.28 Gemini + NIRI
2009 04 03 06:16:53 270 K 20.02 ± 0.34 Gemini + NIRI
2009 11 02 10:57:00 3120 K 20.41 ± 0.10 Gemini + NIRI
2008 08 22 14:31:39 270 H 19.67 ± 0.14 UKIRT + UFTI
2008 08 22 14:27:52 405 J 21.28 ± 0.34 UKIRT + UFTI
2008 08 22 14:34:43 270 K 18.61 ± 0.11 UKIRT + UFTI
2010 10 19 02:37:24 2797 F160W 22.45 ± 0.02 HST +WFC3/IR
2012 10 08 19:23:37 2797 F160W 22.48 ± 0.02 HST +WFC3/IR
2020 08 04 11:42:00 (†) 598 F125W 23.33 ± 0.07 HST +WFC3/IR
2020 08 04 11:55:03 (†) 598 F160W 22.56 ± 0.07 HST +WFC3/IR

Notes. An additional error of about 0.07 magnitudes has been added in quadrature to the K-band magnitude errors: this is the scatter in the
transformation of 2MASS reference star magnitudes from Ks to K, using Ks = K+0.002+0.026(J−K). Magnitudes are not corrected for Galactic
extinction (see Fig. 4). (†) Photometry from Chrimes et al. (2022b).

Observatory, using its rapid-response mode. Subsequent NIR
data were obtained over the following 4 years using the 8.1 m
Gemini-North’s Near-InfraRed Imager and spectrometer (NIRI)
at Mauna Kea, and the Long-slit Intermediate Resolution
Infrared Spectrograph (LIRIS) on the 4.2 m William Herschel
Telescope at the Roque de Los Muchachos Observatory. Finally,
we obtained three epochs of observations with HST/WFC3 in
October 2010, October 2012, and August 2020, as listed in
Table 1.

Ground-based data were reduced using the respective instru-
ment pipelines. Photometric calibration was performed using
the two micron all-sky survey (2MASS; Skrutskie et al. 2006),
which has also been used for astrometric calibration. The UFTI
and NIRI K-band filters are K, while the LIRIS and 2MASS
K-band filters are Ks. For UFTI and NIRI photometric cali-
bration, a small correction of 0.02 magnitudes has first been
applied to bring all 2MASS Ks-band magnitudes to K, using
Ks = K+0.002+0.026(J−K). The mean J-K value for 2MASS
field stars within 1 arcmin is 1.0±0.22. The precision of this pho-
tometric calibration is limited by uncertainties in the flat fielding
corrections, the lack of good NIR flux standards, and the scatter
in the Ks to K conversion.

We obtained three epochs of observation of SGR 0501+4516
with HST/WFC3. The first two were obtained on 19 Octo-
ber 2010 and 8 October 2012, approximately 720 days apart.
For these epochs we obtained a single orbit of observation in
the F160W (broad H band, effective wavelength 15 278 Å) fil-
ter. Each observation consisted of four dithered exposures in

2 Explanatory Supplement to the 2MASS All Sky Data Release
and Extended Mission Products: http://www.ipac.caltech.edu/
2mass/releases/allsky/doc/explsup.html

a standard box pattern, and the orientation was chosen such
that diffraction spikes from nearby bright stars did not impinge
on the source position. The third epoch was obtained on 4
August 2020, and consisted of F125W (broad J band, effective
wavelength 12 364 Å) and F160W observations, each with three
dithers (for further details, including exposure times, see Table 1
and Chrimes et al. 2022b).

The images were retrieved from the archive3 and reduced
with standard astrodrizzle (Fruchter & Hook 2002) procedures
with drizzlepac4 using a pixel scale of 0.065′′ per pixel and
pixfrac= 0.8. Since we are interested in astrometric fidelity,
we used the most up to date distortion tables and determined
shifts between each dithered image directly from sources in the
image (using tweak shifts) rather than from the pre-programmed
offsets. These images were then drizzled to a common (Gaia
DR3) reference frame and orientation, where the alignment is via
cross-correlation of stars with the same 25 Gaia Data Release 3
(DR3) sources at the epoch of each image.

A single source coincident with the position of the
X-ray counterpart to SGR 0501+4516 (Woods et al. 2008;
Camero et al. 2014; Göǧüş et al. 2010) is visible in all co-added
observations. The position of this source, referenced to 2MASS,
is RA (2000) = 05h01m06s.75, Dec (2000) = 45◦16′34′′.0, with
an error of 0.2 arcsecond in both coordinates. This is 0.10 arcsec-
onds from the centroid of the Chandra localisation (Göǧüş et al.
2010). We therefore identify this source as the NIR counterpart
to SGR 0501+4516; subsequent variability clinches this associ-
ation. For the NIRI data, the source is also detected in the indi-

3 http://archive.stsci.edu
4 https://www.stsci.edu/scientific-community/

software/drizzlepac.html

A127, page 3 of 14



Chrimes, A. A., et al.: A&A, 696, A127 (2025)

vidual 60 second exposure frames, although at a very low signif-
icance level in the J and H bands.

Photometry of the ground-based IR imaging was performed
using IRAF (Tody et al. 1986) aperture photometry routines. We
calibrated to a sequence of nearby 2MASS stars, ensuring the
accuracy of the relative photometry, our HST observations were
photometrically calibrated using the published HST zero points
for WFC3/IR. The results for the SGR counterpart are provided
in Table 1.

We additionally searched for short timescale variability, on
the timescales permitted by the individual frames (NIRI; indi-
vidual frames with exposure times of 30–60 seconds) or sub-
coadded frames (UFTI; integration times of 5 minutes). We find
no evidence of such variability: the source remains essentially
constant over periods of 15–30 minutes. However, much higher
cadence observations (<1 second) in both the optical and IR have
revealed coherent pulsations with a period of 5.7 seconds, iden-
tical to the X-ray derived period (Dhillon et al. 2011), thus con-
firming the counterpart identification.

3. Properties of the NIR counterpart of

SGR0501+4516

3.1. The IR light curve

The IR light curve of SGR 0501+4516 is shown in Fig. 2, in
addition to the X-ray light curve from Rea et al. (2009) for com-
parison. The X-ray light curve is extrapolated to a specific flux at
1 keV based on the power-law plus black body model obtained
for the outburst phase by Rea et al. (2009). T0 is defined as
August 22.53 2008 (MJD 54700.53), which is the time of the
Swift/BAT trigger. The IR light curve shows a prolonged plateau,
with a slow fading, followed by a more rapid fading. This can
be fit with a smoothly broken power law, where α1 and α2 are
the pre and post-break decay slopes defined as Fν ∝ t−α and
tb is the break time. We find tb = 6.1 ± 2.6 days, with decay
indices of α1 = 0.03 ± 0.03 and α2 = 0.34 ± 0.03. This can
be compared to the behaviour of the X-ray flux over the same
temporal baseline, which yields tb,x = 8.3 ± 0.3, with slopes of
α1 = 0.05 ± 0.05 and α2 = 0.51 ± 0.03, suggesting that the X-
ray and IR light curves are broadly tracking each other, although
the IR decay is slower than the X-ray post-break. This may sug-
gest evolution in the black-body+power-law spectrum observed
in outburst (Rea et al. 2009). At very late times, the IR light
curve appears to plateau at around m(F160W)∼ 22.5 (see Table
1), suggesting that these observations have reached a quiescent
level. Since these are F160W (H-band) observations rather than
K, we cannot directly subtract the flux. However, assuming a
power law in fν determined by F160W-F125W, we can estimate
the late-time K-band flux as approximately ∼2.2 µJy. Adopting
this as the quiescent K-band contribution at all times pushes
the IR decay closer to the X-ray decay rate, with fit parameters
tb = 7.4 ± 3.4 days, α1 = 0.04 ± 0.04, and α2 = 0.47 ± 0.07.

3.2. Spectral energy distribution

The spectral energy distribution of SGR 0501+4516 one day
after outburst is shown in Fig. 3. The XMM-Newton spectra are
those obtained from early and late observations, and have been
reduced as described in Rea et al. (2009). The figure shows the
NIR fluxes as observed, and as they would appear corrected for
a Galactic extinction of AV = 4 with a Fitzpatrick (1999) extinc-
tion law and RV = 3.1. However, since SGR 0501+4516 lies
within the Galactic disc it is not necessarily appropriate to cor-

Fig. 1. NIR image (JHK bands) of the field of SGR 0501+4516 as
imaged with Gemini/NIRI (see Table 1). SGR 0501+4516 is marked
with crosshairs and is notably redder than the surrounding field stars.
The image has dimensions 45× 36 arcsec and is oriented north up, east
left.

rect the observed fluxes for the (highest estimate) of the total
Galactic column from Schlegel et al. (1998), and the true fluxes
will lie between the two values, as demonstrated in Fig. 4.

Another estimate for the line-of-sight reddening is based
on the X-ray hydrogen column density, which was found to
be (0.89 ± 0.01) × 1022 cm−2 (Rea et al. 2009). We can con-
vert this to an extinction using AV -NH relations. For instance
the relation of Predehl & Schmitt (1995) yields AV ∼ 4.9 for
SGR 0501+4516 while Schady et al. (2008) gives AV ∼ 4.7.
These values compare with total extinction values of ∼3.4 and
∼4 from the Schlafly & Finkbeiner (2011) and Schlegel et al.
(1998) Galactic dust maps, respectively. The Bayestar 2019 3D
dust map (Green et al. 2019) yields AV ∼ 2.7 at ∼2 kpc, the
approximate distance of the Perseus arm on this line of sight. The
high AV inferred from the X-ray may suggest a relatively large
distance for the SGR (i.e. looking through much of the dust and
gas in the direction), but the inferred extinctions are in excess of
even the total sight-line extinction, so the high AV could instead
indicate a high-NH column local to the X-ray emitting region.

The counterpart has markedly non-stellar colours (Fig. 1
and Table 1), and lies well away from the stellar locus (in
common with most other magnetar NIR counterparts; see e.g.
Chrimes et al. 2022a). Between the two Gemini/NIRI epochs
on 23 August 2008 and 1 September 2008, the counterpart (in
addition to fading) showed evidence of becoming bluer in the
IR bands, specifically evolving from J − K = 2.24 ± 0.05 to
J − K = 1.99 ± 0.08.

4. Proper motion measurement

Measuring proper motions for magnetars can constrain their
space velocities and possible birth sites, both of importance
for understanding their origins. Well-spaced X-ray observa-
tions with Chandra (e.g. SGR 1900+14 and AXP 1E 2259+586;
de Luca et al. 2009; Kaplan et al. 2009b) have only yielded
upper limits for magnetars, although X-ray proper motions
are possible in principle if the motion is substantial enough
(e.g. Rigoselli et al. 2024). There are only a few measure-
ments arising from very long-baseline radio interferometry
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although such effects would have only a small impact on
the observed flux in any case.

10 7

10 6

10 5

10 4

Fl
ux

 D
en

sit
y 

[Jy
]

Outburst

1013 1014 1015 1016 1017 1018 1019

Frequency [Hz]
10 7

10 6

10 5

Fl
ux

 D
en

sit
y 

[Jy
]

Quiescence

Fig. 3. Top: Spectral energy distribution of SGR 0501+4516 from the
X-ray to the NIR as measured one day after the first outburst. The X-
ray spectra were obtained by XMM-Newton. We show NIR observations
without extinction correction (lower, red points) and with extinction cor-
rection (upper, blue points) assuming a total Galactic E(B − V) = 1.3
in that direction. The true extinction will lie between these extremes
(see Fig. 4). Bottom: K-band and X-ray spectral energy distribution
at ∼200 days. In grey are the late-time i-band flux level (Dhillon et al.
2011) and the F125W and F160W HST fluxes from the 2020 epoch. In
both panels, the X-ray data are fitted with the models from Rea et al.
(2009, cyan lines). Unabsorbed (and extrapolated) versions of these
models are shown with magenta lines.

(AXP XTE J1810-197, 1E 1547.0-5408, and Swift J1818.0-
1607; Helfand et al. 2007; Deller et al. 2012; Ding et al. 2024).
Ground-based NIR adaptive optics imaging of SGRs 1806−20
and 1900+14 have provided direct measurements of their
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Fig. 4. Visual extinction, AV , as a function of distance along the sight
line to SGR 0501+4516. The solid black line is the best-fit Green et al.
(2019) Bayestar 3D dust map extinction along the sight line. Dashed
grey lines are random draws from the Bayestar probability distribu-
tion. Also shown are the total sight-line extinctions from Schlegel et al.
(1998) and Schlafly & Finkbeiner (2011). The Bayestar flattening at
∼3.5–4 kpc corresponds to the point at which main sequence stars can
no longer be detected (and the extinction estimate becomes unreliable).
The distance to SGR 0501+4516 is unknown, but we assumed it lies at
∼2 kpc, in the Perseus spiral arm.

proper motions, strengthening suggestions of their origin in
young stellar clusters (Tendulkar et al. 2012). Similar veloc-
ity constraints have also been placed on AXP 1E2259+586
and AXP 4U0142+61 (Tendulkar et al. 2013). In the case of
AXP 1E2259+586, the proper motion makes a compelling case
for an origin in the SNR CTB 109, although in the example of
AXP 4U0142+61 it has not been possible to find an association
with either a young star cluster or a SNR. Since then, the iden-
tification of the NIR counterpart of SGR 1935+2154 with HST
(Levan et al. 2018) and subsequent epochs of observations have
enabled a NIR proper motion measurement for this object too
(Lyman et al. 2022). Tracing back the proper motion over the
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Fig. 5. Left: Offsets of SGR 0501+4516 in 2D-projected equatorial coordinates in each of the three HST epochs (note that epoch 2020.6 has
observations in two filters) with respect to the mean position across all four sets of observations. Dark and light shaded ellipses correspond to
the 1 and 3σ uncertainties, respectively. Right: Linear fits to positional offsets of SGR 0501+4516 in α⋆ and δ, including corrections for solar
and Galactic motion, as a function of time. The uncertainties on the points show the overall positional uncertainties on SGR 0501+4516 at each
epoch, including residuals from the astrometric tie to the Gaia Early Data Release 3 reference frame. The two 2020 points are from the two filters,
and the rightmost marker in the right-hand panels has been arbitrarily shifted by 0.15 years for visual clarity. The best-fit proper motions in each
coordinate are indicated, and a shaded region indicates the 1σ uncertainty on the fit.

characteristic lifetime of SGR 1935+2154 places it at the centre
of SNR G57.2+08.

SGR 0501+4516 offers a new opportunity to obtain a mag-
netar proper motion measurement. To determine its proper
motion, we used the method of Lyman et al. (2022) and the
three epochs of observations with HST, spread across a tem-
poral baseline of ten years (2010–2020; see Table 1). The
source is well detected in all three epochs with broadly consis-
tent magnitudes of m(F160W)= 22.45± 0.02, 22.48± 0.02 and
22.56± 0.07 (Vega system, statistical uncertainties only). This
corresponds to signal-to-noise ratios (SNRs) of 78, 68 and 26.
The first two observations have longer exposure times and yield
higher SNRs, allowing the centroid of the source (measured with
DOLPHOT; Dolphin 2000) in a single image to be determined to
better than 0.05 pixels (the full width at half maximum divided
by 2.3 times the S/N) or <1 mas (statistical uncertainty only, per
axis).

For a proper motion measurement we must define an astro-
metric reference frame. It is standard to do this in a relative
sense, with the use of common tie points in each image, and
indeed the moderate Galactic latitude of SGR 0501+4516 does
allow for a sufficient number of stars to be used as such. How-
ever, utilising this approach with HST will produce an alignment
that is limited by the genuine proper motions of the stars and
other effects beside the limitations of the data quality (which
is dictated primarily by instrument stability and capability to
accurately centroid sources). Instead, we followed the method
presented in Lyman et al. (2022), itself built upon that from
Bedin & Fontanive (2018). Succinctly, each image was aligned
to the Gaia absolute astrometric frame (Gaia Collaboration
2021) using the positions and proper motions of stars to deter-
mine an epoch-corrected equatorial solution. After fitting for
this alignment solution (for details, we refer the reader to
Lyman et al. 2022), the positions of stars could be freely con-
verted between coordinate systems, including onto each HST
image’s (X, Y) pixel coordinate plane.

Two residual effects in the position of stars remain at this
point owing to solar motion and Galactic rotation. A simple
model of the Galaxy’s rotation, including the Sun’s position and
peculiar motion is used to remove this effect (see Lyman et al.
2022). Finally, stars are robustly cross-matched between epochs,

with the RMS residual on these cross-matches giving our align-
ment uncertainty. The Gaia-HST offset uncertainties (68th per-
centiles) are 9.2, 3.7, 5.7, and 3.1 mas for the four epochs in
chronological order. The total uncertainty on the source posi-
tion in a given epoch is therefore given by the quadrature sum of
the centroid and astrometric alignment uncertainties. The shift-
ing coordinates of SGR 0501+4516 within the absolute frame set
by Gaia then provides our proper motion constraints. The results
of this analysis are shown in Fig. 5.

Our results show that, after correction for Galactic
and solar motion, SGR 0501+4516 has a transverse pecu-
liar motion (i.e. with respect to its local standard of rest)
of µα cos(δ) = 4.14 ± 0.65 and µδ = −3.48 ± 0.44 mas yr−1. At
a distance of 2 kpc, this equates to a tangential velocity
of 51 ± 14 km s−1, although the somewhat unconstrained dis-
tance to the source also adds a significant source of addi-
tional uncertainty. We show this in Fig. 6 for a reason-
able distance bounds, and how the inferred velocity com-
pares with the broader populations of magnetars and pulsars.
SGR 0501+4516’s tangential velocity of 51 ± 14 km s−1 is a low
value for pulsars and similar to the transverse velocity of mag-
netar Swift J1818.0-1607 (Ding et al. 2024), which is convinc-
ingly associated with a radio-detected SNR based on a common
distance and Swift J1818.0-1607’s past trajectory (Ibrahim et al.
2023; Ding et al. 2024). The peculiar transverse velocity of
SGR 0501+4516 places it among the slowest ∼10% of pulsars
(e.g. Hobbs et al. 2005), although we cannot rule out a larger
radial component.

5. The birthplace of SGR0501+4516

In Fig. 7 we show the extrapolated vector of the SGR proper
motion, and its plausible birth sites for ages of 10 kyr, 50 kyr and
1 Myr. In each case we examined broadband optical/IR imaging
(from our HST imaging, DSS, and the WFCAM Galactic Plane
Survey; Lucas et al. 2008), Hα imaging from the INT/WFC Pho-
tometric Hα Survey of the Northern Galactic Plane (IPHAS;
Drew et al. 2005; Greimel et al. 2021) and 1.4 GHz (Canadian
Galactic Plane Survey; Taylor et al. 2003) radio observations
(unfortunately SGR 0501 lies outside the MeerKAT Galactic
plane survey footprint; Anderson et al. 2025). It is important
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Fig. 6. Cumulative distribution of the nine magnetar peculiar transverse
velocities, including SGR 0501+4516, measured so far. These measure-
ments are for XTE J1810-197 (VLBI; Helfand et al. 2007), 1E 1547.0-
5408 (VLBI; Deller et al. 2012), SGRs 1806-20 and 1900+15 (NIR;
Tendulkar et al. 2012), AXPs 1E 2259+586 and 4U0142+61 (NIR;
Tendulkar et al. 2013), SGR 1935+2154 (NIR; Lyman et al. 2022),
Swift J1818.0-1607 (Ding et al. 2024, VLBI), and SGR 0501+4516
(this work). Multiple draws from each magnetar’s velocity probability
distribution are made, assuming Gaussian uncertainties on the veloc-
ities. The same process is applied to the pulsar distribution in grey
(data from Verbunt et al. 2017). SGR 0501+4516, whose velocity range
for distances between 1 and 3 kpc is indicated by the shaded band, is
the joint-slowest magnetar yet discovered, at least in projection, and is
among the slowest ∼10% of pulsars with similar measurements.

to note that age estimates for SGR 0501+4516 (∼10–20 kyr;
Camero et al. 2014) are already at the lower end of the 104–
106 yr range shown in Fig. 7. This means that the region con-
taining the likely birth site is commensurately smaller.

5.1. Association with supernova remnant HB9

The position of SGR 0501+4516 is close to the Galactic
SNR HB9, whose centre lies roughly 80′ from the SGR.
Gaensler & Chatterjee (2008) suggested that the two could both
be remnants of the same progenitor. It is then reasonable to
ask what is the probability of finding SGR 0501+4516 so close
(in projection) to a known SNR by chance. Taking the Galac-
tic SNR catalogue of Green (2019), we selected all SNRs
within ±5 deg of the Galactic plane and ±45 deg of the Galactic
anti-centre in longitude. There are 13 SNRs in this portion of the
sky, or ∼0.01 SNRs deg−2. Taking the offset of SGR 0501+4516
to HB9, we can use a probability of chance alignment argument,
where Pchance = 1 − eΣπr

2
, Σ=SNRs deg−2 and r is the offset in

degrees (Bloom et al. 2002). In this case, Pchance ∼ 0.05, so the
simple proximity of SGR 0501+4516 and HB9 on the sky does
not offer strong support for their association.

HB9 lies at an estimated distance of ∼1 kpc, and a suggested
age of tSNR = 4000−7000 years (Leahy & Tian 2007). This age is
somewhatyounger than thecharacteristicageofSGR 0501+4516.
While uncertainties in both ages might suggest that such an asso-
ciation should be considered, our measured proper motion vec-
tor rules out an association with HB9 at high significance. It
lies in the wrong direction, and even if it did not, with a pro-
jected velocity of ∼50 km s−1, the magnetar could only reach

such a large projected angular offset in a lifetime of ∼106 years.
This is much longer than the plausible age of the SNR and
of the estimated age of SGR 0501+4516. For SGR 0501+4516
to reach an 80 arcmin offset within the age of the SNR,
it would need a kick velocity of several thousands of km s−1.

A physical association between SGR 0501+4516 and HB9
is therefore ruled out by both the magnitude and direction of
the proper motion. It is interesting to note that HB9 appears to
contain a different NS (pulsar PSR B0458+46). This might point
to a core-collapse origin for that SNR, and hence recent star-
formation nearby SGR 0501+4516.

However, there are two arguments for pulsar PSR B0458+46
also being physically unassociated with HB9. First, its inferred
age is much greater than that of the HB9 SNR (Leahy & Tian
2007); second, distance estimates for HB9 place it at ∼1 kpc (in
or in front of the Perseus arm), while the latest distance esti-
mates for PSR B0458+46 place it well behind the Perseus arm
(>2.7 kpc; Jing et al. 2023). Therefore, HB9 and PSR B0458+46
may only be co-located in projection. In the absence of any other
candidate NS in HB9 and the lack of potential massive star birth
sites nearby (see the remainder of this section), it is possible
that HB9 is a supernova Ia remnant, and the tension between
SGR 0501+4516 as a product of massive star core-collapse and
its environment remains.

5.2. Stellar clusters and stars with overlapping past
trajectories

The positional uncertainty of SGR 0501+4516 at any time t in
the past is roughly an ellipse, whose ellipticity and orientation is
set by the uncertainties on the position and proper motion, and
whose size increases linearly with time. In the left-hand panel
of Fig. 7, there are numerous stars in the field of view, but rela-
tively few along the possible past trajectory of SGR 0501+4516,
and none of these appear to reside in obvious bright clusters.
Given the excellent point spread function of our HST observa-
tions (∼0.1′′) it is unlikely that these stars are masking a compact
stellar cluster, which we would expect to observe.

At a distance of 1.5–4 kpc and extinctions up to AV ∼ 3,
O or B stars would have NIR apparent magnitudes of .16
(Chrimes et al. 2022a), so our HST observations should there-
fore be able to detect any young star-forming regions or clus-
ters, but none appear to be present. The characteristic age and
proper motion of SGR 0501+4516 mean that a host cluster
should be visible and in close proximity (if present). Indeed,
there are no O-stars (with Teff & 30 000 K) within a few
degrees of SGR 0501+4516 in the StarHorse Gaia catalogue
of Anders et al. (2019). Young clusters have been suggested
as the birthplaces of SGR 0526-66, SGR 1900+14, SGR 1806-
20, and CXOU J1647-45 (Klose et al. 2004; Vrba et al. 2000;
Bibby et al. 2008; Clark et al. 2014), but, if the age estimate is
broadly correct (it is likely to be an upper limit; see Sect. 6.1),
we can confidently rule out such a scenario for SGR 0501+4516.

In the case of CXOU J1647-45, located in the cluster Wester-
lund 1, there is also a runaway star (space velocity > 30 km s−1;
Blaauw 1961) that has been linked with the magnetar progeni-
tor system. Runaway stars can be produced either dynamically
(i.e. they are ejected from a cluster through dynamical interac-
tions; Poveda et al. 1967; Gies & Bolton 1986) or through ejec-
tion by the supernova of a binary companion (e.g. Eldridge et al.
2011; Sana et al. 2014; Renzo et al. 2019; Chrimes et al. 2023).
We therefore searched for stars in Gaia whose past trajecto-
ries intersect the past trajectory of SGR 0501+4516 within the
last 20 kyr (age estimates for SGR 0501+4516 are in the range
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Fig. 7. Possible range of past trajectories of SGR 0501+4516 based on the proper motion as measured with HST. Left: HST/WFC3 F160W image
of the field surrounding SGR 0501+4516. The possible past trajectories of SGR 0501+4516 are indicated by the light green transparent lines.
These are random draws from the RA and Dec proper motion distribution, defined by their best-fit values and uncertainties (assuming these are
Gaussian), multiplied by an age of τ ∼ 10 kyr. Middle: Same but for a wider field of view and IPHAS Hα imaging. The past trajectory over
105 years is shown in red, and the trajectory of 104 years (same as in the left panel) is shown in green. A dashed circle with radius 15 kyr ×
5.4 mas yr−1 is also shown. Right: Wide-field 1.4 GHz image from the Canadian Galactic Plane Survey. The trajectory over 1Myr is shown in light
blue (105 again in red), demonstrating that SGR 0501+4516 and SNR HB9 are not physically associated. In each case, the field of view of the
previous panel is shown. As discussed in the text, there is no evidence of any region of intense star formation within this area that might have given
rise to the progenitor star of SGR 0501+4516. The dark points on the radio image are compact sources, the vast majority of which are believed to
be extragalactic (Leahy & Roger 1996).

10–20 kyr; Camero et al. 2014). For this, we made use of Gaia
DR3 (Gaia Collaboration 2023), evolving the positional uncer-
tainty ellipses of stars within 0.5 deg of SGR 0501+4516 back
in 100 equal time-steps over 20 kyr. We only considered sources
with a proper motion and parallax measurement, and whose dis-
tance lies in the range 1 < d/kpc < 3.

We determined if SGR 0501+4516 is spatially consistent
with each Gaia star at each time-step by calculating the value
of a 2D, elliptical Gaussian distribution, corresponding to the
probability of finding the object at that position, at each posi-
tion across the 0.5 deg × 0.5 deg area considered. The ellipsoidal
region of positional uncertainty is rotated with respect to the pro-
jected RA α⋆ and Dec δ axes (where α⋆ = α× cos(δ)) according
to the Gaia pmra_pmdec_corr parameter, where the rotation
is defined as θc = cos−1(pmra_pmdec_corr). The probabil-
ity density function for a source with best-fit coordinates (α⋆, δ)
and uncertainties (σα⋆ , σδ) at projected equatorial coordinates
(α⋆, δ) is then given by

pstar(α⋆, δ) = (2πσα⋆σδ)
−1

× exp(−(A(α⋆ − α⋆)2 + B(α⋆ − α⋆)(δ − δ) +C(δ − δ)2)),
(1)

where

A =
cos2(θc)

2σ2
α⋆

+
sin2(θc)

2σ2
δ

,

B =
−sin2(2θc)

4σ2
α⋆

+
sin2(2θc)

4σ2
δ

,

C =
sin2(θc)

2σ2
α⋆

+
cos2(θc)

2σ2
δ

. (2)

The product of each star’s and SGR 0501+4516 ’s probability
density function is calculated, and then integrated across the
whole area, such that the total probability P of SGR 0501+4516

and any given Gaia star being spatially coincident at each time-
step is given by

P =

∫ α⋆,max

α⋆,min

∫ δmax

δmin

pstar(α⋆, δ) × psgr(α⋆, δ)dδdα⋆. (3)

In Fig. 8 we show the two Gaia sources whose separations from
SGR 0501+4516 at some point in the last 20 kyr yield a proba-
bility of being spatially coincident of 10−5 or greater. The prob-
ability of these objects being associated with SGR 0501+4516
never exceeds ∼10−3. The peculiar transverse velocities (calcu-
lated with Gaia distances from the parallax and proper motions)
and G-band magnitudes are shown in the right-hand panel of
Fig. 8, overlaid on Binary Population and Spectral Synthesis
(BPASS; Eldridge et al. 2017; Stanway & Eldridge 2018) pre-
dictions for unbound companions to the first supernova in a
binary (Chrimes et al. 2023). The absolute magnitudes are cor-
rected for the line-of-sight extinction, at the inferred distance of
each object, using the Bayestar 3D dust map (Green et al. 2019),
the effective wavelength of the Gaia G filter, assuming RV = 3.1,
and a Fitzpatrick extinction law (Fitzpatrick 1999). We again
emphasise that on this sight line, the maximum distance and
extinction (∼4 kpc with AV ∼ 3) mean that effectively all OB
stars should be brighter than Gaia’s G ∼ 21 limiting magnitude.

Although the two objects in the right-hand panel of
Fig. 8 have distances and past trajectories consistent with
SGR 0501+4516, the lack of an obvious SNR or stellar clus-
ter associated with SGR 0501+4516 puts their nature as poten-
tial runaways associated with SGR 0501+4516 into doubt. To
further verify this, we rotated the proper motion vector of
SGR 0501+4516 by 90, 180, and 270 deg and repeated the anal-
ysis. Objects whose past trajectories intersect SGR 0501+4516
under these conditions are shown in the left-hand panel of Fig. 8
by grey lines. The ‘real’ matches, shown in colour, do not stand
out from the population of random past associations. This is con-
sistent with the low association probabilities we calculated for
the two objects of .10−3. Hence, we cannot confidently identify
any likely runaway candidate associated with SGR 0501+4516
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Fig. 8. Left: Product of overlapping elliptical 2D Gaussians, representing the positional uncertainty of SGR 0501+4516 and Gaia sources in the
vicinity, as a function of time. Only sources with 1D radial separations with more than 3σ significance are shown. We find two Gaia objects
that meet this criterion (orange and blue). The grey lines are Gaia matches found when the SGR proper motion vector is rotated by 90, 180, and
270 degrees. The ‘real’ matches are not obviously distinct from the false or random matches. Right: Two ‘real’ matches, with their extinction-
corrected absolute magnitudes (based on their best parallax distances and extinction at that distance in the Bayestar 2019 dust map) plotted against
their peculiar transverse velocity. Their Gaia DR3 IDs are labelled. Binary population synthesis predictions for the properties of stars ejected by
the supernova of a binary companion are shown with the grey shading (Chrimes et al. 2023), where each contour moving from dark to light grey
bounds 10% more of the probability.

nor any clear SNR or cluster of origin. This is a stronger state-
ment that can be made for objects closer to the Galactic centre,
where even bright stars and star formation can be missed due to
high extinction, and numerous smaller star-forming regions are
likely present.

5.3. Association with other supernova remnants and
star-forming regions

We next considered the possibility that we have missed other
SNRs or star-forming regions that are plausibly associated with
SGR 0501+4516.

In addition to HB9, another SNR, G160.1-1.1, is worth
consideration. Only a small arc is visible (see Fig. 10 of
Gerbrandt et al. 2014), but if extrapolated into a circle, the radius
would be large enough to reach SGR 0501+4516. The faint neb-
ulosity at (160◦, 1◦) in the right-hand panel of Fig. 7 might
plausibly be associated with G160.1-1.1. However, the proper
motion of SGR 0501+4516 does not trace back to the centre
of this SNR either, and SGR 0501+4516 would have to be far
older (and the SNR far older, given the slow proper motion of
SGR 0501+4516) than estimated for this scenario to work. We
therefore deem it unlikely that G160.1-1.1 is associated with
SGR 0501+4516.

The wider field around SGR 0501+4516 is notable for two
star-forming complexes, Sh217 and Sh219. They appear to lie
at much larger distance that HB9, probably in the outer arm at
∼5 kpc, suggesting that there is some massive star formation at
these distances. However, both of these regions have larger pro-
jected offsets from the location of SGR 0501+4516 than HB9,
and are offset in directions well away from the proper motion
vector. We therefore rule these out as the origin of the SGR.

SGR 0501+4516 lies close to the Galactic plane, in the
region surveyed by both IPHAS (Drew et al. 2005) and the
UKIRT Infrared Deep Sky Survey (UKIDSS) Galactic Plane
Survey (GPS; Lucas et al. 2008). This offers the opportunity to
survey the environs of SGR 0501+4516 at higher resolution, and
to greater depth than is possible via the Digital Sky Survey (DSS)

or 2MASS. In addition, the Hα survey is ideal for locating star-
forming regions or SNRs that could be the birthplace of a SGR.
We show the past trajectory of SGR 0501+4516 overlaid on
IPHAS Hα imaging, in Fig. 7. Within a giant molecular cloud the
density can be of order 102−103 cm−3, compared to typical ISM
densities of order 1 cm−3. In such cases, the SNR rapidly sweeps
up its own mass and hence is confined within a small volume, as
it cannot expand significantly during the free streaming phase.
For example, the compact supernovae remnants observed in M82
are thought to be only 0.6–4 pc in radius (Chevalier & Fransson
2001). This corresponds to ∼60–400 d−1

2 kpc
′′. Inspection of the

available imaging shows no sign of such a cluster or compact
SNR within the region constrained by the observed limits on the
proper motion combined with the spin-down age.

It is possible, of course, that the progenitor star of
SGR 0501+4516 was not in a cluster at the time of its explosion.
Under the most popular variants of models for SGR produc-
tion this seems unlikely, since the progenitor is expected to be
a massive star (e.g. the suggested progenitor masses for magne-
tars are in the range ∼15–50 M⊙; Muno et al. 2006; Bibby et al.
2008; Davies et al. 2009; Borkowski & Reynolds 2017), which
is unlikely to travel large transverse distances in its short lifetime
(although see e.g. Eldridge et al. 2011). In any case, even if the
progenitor exploded outside a cluster, we would expect to easily
locate the associated SNR. The ISM density within the Galactic
disc is sufficiently high to produce a bright shock, though low
enough to enable the SNR to grow to a moderate size in ∼20 kyr,
as is the case for HB9.

6. Interpretation

We conclude that with the available data, there is no sign of
either a SNR or a young cluster consistent with the birth site
of SGR 0501+4516. SGR 0501+4516 is at an unusual Galactic
location with respect to most other magnetars, lying in the Galac-
tic anti-centre direction, towards the Perseus arm at ∼2 kpc and
the Outer arm at ∼5 kpc. Only SGR 0418+5729, 1E 2259+586,
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and 4U 0142+61 have a comparable location within the Galaxy
(van der Horst et al. 2010). However, 1E 2259+586 has a robust
SNR association (Tendulkar et al. 2013), SGR 0418+5729 has
a much older characteristic age of 36 Myr (Olausen & Kaspi
2014), and 4U 0142+61 likely lies more distant and behind
higher extinction. SGR 0501+4516 therefore remains one of the
youngest, likely nearest and least attenuated magnetars in the
Galactic population, yet it lacks a clear birth site or associated
SNR. This makes SGR 0501+4516 the best known candidate for
a magnetar formed in a process other than massive star core-
collapse, or might suggest that it had an otherwise unusual pro-
genitor and/or an age that is much older than expected. We exam-
ined each of these possibilities in turn.

6.1. Uncertainties on the age of SGR 0501+4516

One possibility is that SGR 0501+4516 is much older than
its characteristic age implies. The characteristic age relies on
measurements of the period derivative at the current time.
To provide an accurate measurement of the age, it requires
that spin down has proceeded in a relatively uniform man-
ner, and that the initial period was much smaller than the
currently observed one. It is possible that, associated with
outburst activity, a magnetar exhibits a period of accelerated
spin-down, resulting in a larger value of Ṗ than magnetic
braking alone would generate and causing the characteristic
age of the NS to be underestimated. If this is the case, the
true age of the magnetar may be an order of magnitude larger
than the characteristic age. However, even within the region
traversable by SGR 0501+4516 in the past several tens of
megayears, there are only two SNRs (HB9 and G160.1-1.1),
both of which appear inconsistent with the proper motion vector
as discussed above, although at ages of 105 years SNRs can
become extremely diffuse and essentially invisible to observa-
tions, particularly if overlapping in projection with bright
structures (such as HB9). Interestingly, Helfand et al.
(2007), exploiting the well-determined proper motion of
AXP XTEJ1810-197, found no compelling candidate birth sites
for an age of less than ∼105 yr (although several SGRs, e.g.
SGR 1806-20 and SGR 1900+14, were born in nearby bright
clusters, as noted above). In these cases, the high ISM pressure
inside the clusters could confine, and effectively mask, the
presence of a SNR, explaining the lack of an apparent associa-
tion. Indeed, if the lifetimes of magnetars can be significantly
longer than the canonical 104 years, this would help ameliorate
concerns over the rate of magnetar production (given that ∼30
confirmed or candidate magnetars are now known).

By contrast, the AXP 1E 2259+586 lies within the SNR
CTB 109, but has a characteristic age approximately 20 times the
SNR age, suggesting that sometimes the characteristic age can
significantly overestimate the age of the magnetar (e.g. because
the magnetic field has decayed with time, and magnetic brak-
ing was stronger at earlier times). Although deviations between
P/2Ṗ and true ages may plausibly operate in both directions,
recent works favour the interpretation that magnetar (and pul-
sar) characteristic ages are typically overestimates of their true
ages (Beniamini et al. 2019; Mondal 2021; Prasanna et al. 2022;
Rigoselli et al. 2024).

6.2. SGR0501+4516 as the product of a low-ejecta mass
supernova

If the true age of SGR 0501+4516 is instead comparable to its
characteristic age, and it did form in a core-collapse event, then

a low supernova ejecta mass could explain the lack of a bright
SNR (as well as the low peculiar velocity). As discussed in
Sect. 5, the ISM density on the sight line to SGR 0501+4516
is broadly conducive to producing moderately large, moderately
bright SNRs such as HB9. High ISM densities would confine
the SNR (making it bright but small in extent), low ISM densi-
ties allow a remnant to rapidly expand, but the surface bright-
ness will be low. If SGR 0501+4516 did form in a supernova at
the approximate location implied by the left panel of Fig. 7, the
apparent lack of a SNR there may be due to a low ejecta mass
(e.g. Tauris et al. 2015), producing a remnant that is smaller,
fainter and more rapidly fading than a typical core-collapse
SNR. Low ejecta masses can be produced by stripped (or ultra-
stripped) stars, which are likely produced through stripping by a
binary companion, and may explode as electron capture super-
novae (Nomoto 1987). Such a scenario could produce small natal
kicks (e.g. Bray & Eldridge 2016). Progenitor masses for mag-
netars based on the ages of associated stellar clusters and SNR
modelling yield a wide range of ∼15–50 M⊙ (Muno et al. 2006;
Bibby et al. 2008; Davies et al. 2009; Borkowski & Reynolds
2017). The seemingly low natal kick velocity and lack of other
massive stars and clusters in the vicinity of SGR 0501+4516
makes a similar interpretation for this object challenging.

6.3. SGR0501+4516 as the product of a binary neutron star
merger

Magnetars can also emerge from the merger of two low-
mass NSs in a binary system when the remnant mass post-
merger falls below the Tolman-Oppenheimer-Volkoff limit,
MTOV, which defines the maximum mass a non-rotating NS
can have while remaining stable against gravitational collapse
(Oppenheimer & Volkoff 1939). If the mass of the newly formed
NS is below this threshold, the remnant can reach hydrostatic
equilibrium without requiring additional support from rapid rota-
tion or magnetic fields to counteract gravitational forces.

General relativistic magnetohydrodynamic simulations by
various independent groups have demonstrated that, when two
NSs merge, the resulting magnetic field can be amplified by
several orders of magnitude. This amplification is driven by
a combination of magnetic winding due to differential rota-
tion and instabilities such as the Kelvin-Helmholtz instability
and magneto-rotational instabilities (Giacomazzo & Perna 2013;
Kiuchi et al. 2015; Giacomazzo et al. 2015; Ciolfi et al. 2017;
Palenzuela et al. 2022; Aguilera-Miret et al. 2023; Kiuchi et al.
2024). If the merger remnant has a low enough mass to remain
stable, it is therefore very likely to acquire a magnetic field in
the magnetar range. The remnant may also receive a recoil kick
through anisotropic mass loss and gravitational wave emission
(Kulkarni et al. 2023).

Magnetars formed through the binary NS merger channel are
expected to reside outside of star-forming regions due to the
long delay times often associated with binary NS mergers and
the kicks imparted by supernovae to each progenitor NS in the
binary. These characteristics align with observed properties of
short gamma-ray bursts, which are frequently found in low star-
formation regions and are known to be associated with binary
NS mergers (see e.g. Berger 2014 for a review).

If SGR 0501+4516 is indeed a stable, highly magnetised NS
resulting from the merger of two NSs, an interesting question is
the expected contribution of such merger products to the over-
all magnetar population. The fraction of binary NS mergers that
produce a stable NS remnant is highly sensitive to both the NS
mass function and the equation of state (EoS) of NS matter. Stud-
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ies by Piro et al. (2017), assuming a Gaussian distribution for the
NS mass function based on the observed Galactic NS population,
surveyed the remnant populations for several representative EoS
models. They found that the fraction of mergers producing stable
NSs could range from negligible in an EoS like H4 (Lackey et al.
2006) to a few percent in a stiffer EoS like APR4 (Akmal et al.
1998), and even the majority of cases for very stiff EoS models
like SHT (Shen et al. 1998, 2011). Thus, the discovery of a stable
magnetar from a binary NS merger could provide constraints on
the EoS if this magnetar population can be accurately identified
and quantified.

6.4. SGR 0501+4516 as the product of accretion- or
merger-induced collapse

A final alternative is that SGR 0501+4516 formed via
the accretion- or merger-induced collapse of a magnetic
white dwarf (WD; e.g. Nomoto et al. 1979; Nomoto & Kondo
1991; Fryer et al. 1999; Levan et al. 2006; Yoon et al. 2007;
Metzger et al. 2008; Tauris et al. 2013; Ruiter et al. 2019;
Ablimit 2022; Cheong et al. 2025). This could occur via mass
transfer within a binary, or the merger of two WDs, at least one
of which is magnetic and with an ONeMg composition. In these
scenarios, when the mass of the WD exceeds the Chandrasekhar
mass, it undergoes collapse to a NS. In the most simple model,
it is assumed that the magnetic flux is conserved during collapse
(BR2 = constant, where B is the magnetic field strength and R the
radius), and hence, for a change in radius of a factor of 500–1000
(typical for a WD and NS) the increase in the magnetic field
strength can be a factor of 106. Highly magnetic WDs, with B-
fields of 108−109 G, could then become magnetars (Levan et al.
2006).

This channel is appealing for SGR 0501+4516 since it is
likely that minimal mass is ejected in such a merger (e.g.
Fryer et al. 1999). The mean mass of a WD is ∼0.5−0.6 M⊙
(e.g. Sidharth et al. 2024), and so the majority of WD-WD sys-
tems that exceed the Chandrasekhar mass may well do so only
marginally. In this case the majority of the mass is likely to
remain in the newly formed NS, leading to low mass ejection
and energy, and hence a faint remnant. Thus, in this model
the lack of either a SNR or a young cluster can naturally be
explained. Furthermore, the low peculiar transverse velocity
of SGR 0501+4516 is comparable with the peculiar velocities
of WDs (Raddi et al. 2022; Mikkola et al. 2022). This is the
qualitative expectation in an accretion or merger-induced col-
lapse scenario, where low ejecta masses (fractions of a solar
mass; e.g. Cheong et al. 2025) would likely produce weak natal
kicks.

It is reasonable to wonder if the rates of such channels are
plausible. Estimates for the core-collapse magnetar formation
rate, based on the observed Galactic population size and their
characteristic ages, can be as high as >50% of all core-collapse
NSs born as magnetars (Gullón et al. 2015; Beniamini et al.
2019). However, such estimates are heavily influenced by obser-
vational biases and are highly uncertain. On the WD-WD side,
up to ∼20% of high-mass WDs are thought to be merger prod-
ucts, and the total Galactic rate of WD-WD mergers (of all
masses) is estimated at ∼0.1 yr−1 (Cheng et al. 2020). However,
to produce a magnetar through this channel, we also required
(i) that the final mass exceeds the Chandrasekhar mass, (ii)
that the chemical composition is conducive to neutronisation
rather than a runaway thermonuclear reaction, thus avoiding
a type Ia supernova, and (iii) that the progenitor WD was
magnetic. Mergers of WD binaries above the Chandrasekhar

mass are expected at the level of 10−3 yr−1 (Nelemans et al.
2001; Levan et al. 2006). Since &10% of WDs are magnetic
(Hollands et al. 2017), and assuming that these more massive
WDs have the ONeMg composition required for neutronisation
rather than thermonuclear runaway, the Galactic rate of magne-
tars from merger-induced collapse is therefore around 10−4 yr−1.
Estimates for magnetar formation from the single-degenerate
AIC channel are similar, or slightly lower (3×10−5 yr−1; Ablimit
2022). Taking the lower end of the core-collapse magnetar for-
mation rate (∼10−3 yr−1 Beniamini et al. 2019), and the esti-
mated rate of magnetars from merger and accretion-induced col-
lapse (AIC; ∼10−4 yr−1), we could plausibly expect as many
as 10% of Galactic magnetars to have a non-core-collapse
origin.

Although these rates are uncertain, they suggest that under the
assumption that some WD-WD merger leads to collapse to a NS,
rather than a type Ia supernova, it is reasonable to expect a non-
negligible fraction of SGR and AXPs to originate via this route,
and that locating objects such as SGR 0501+4516 would not be
unexpected in these circumstances. Currently only two magnetars
out of a Galactic population of ∼30 objects – SGR 0501+4516
and potentially 4U 0142 – are known to have young characteris-
tic ages and relatively clear sight lines, and so it is surprising that
no birth site has been identified. Out of these, SGR 0501+4516
is the nearest and least attenuated, and thus offers the best
constraint.

6.5. Other evidence of delayed magnetar formation channels

An intriguing observation is that a subset of fast radio
bursts (FRBs) has been detected in galaxies with no appar-
ent star formation activity, similar to the environment of
SGR 0501+4516. FRBs are widely believed to be associ-
ated with magnetars, particularly following the observation
of FRB-like bursts from Galactic magnetar SGR 1935+2154
(Margalit & Metzger 2018; Margalit et al. 2019; Bochenek et al.
2020; CHIME/FRB Collaboration 2020; Mereghetti et al. 2020;
Kirsten et al. 2021). Observationally, around 5% of FRBs
have been linked with ancient stellar populations (by resid-
ing in massive quiescent galaxies, and in one case a globu-
lar cluster; Kremer et al. 2021; Kirsten et al. 2022; Gordon et al.
2023; Sharma et al. 2023; Eftekhari et al. 2025; Shah et al.
2025). A longer radio flash has also been linked with a
(possibly magnetar-driven) compact-merger gamma-ray burst
(Rowlinson et al. 2024; Sarin et al. 2024). This suggests that
at least a fraction of these sources may have formed through
delayed channels such as binary NS mergers or WD AIC, rather
than recent star formation events. As the sample sizes for both
FRBs and SGRs continue to grow, comparative analysis of mag-
netars across formation channels will provide insights into their
population fractions, potentially enabling further constraints to
be placed on the mechanisms producing these highly magnetised
objects.

7. Conclusions

We have presented NIR observations of the counterpart of
SGR 0501+4516, demonstrating that the NIR flux of the counter-
part broadly follows the X-ray variability. Additionally, the long
temporal baseline of our HST observations enabled us to mea-
sure the proper motion of the SGR, which corresponds to a low
transverse peculiar velocity. The direction of the proper motion
vector rules out an association with the nearby SNR HB9, and
there is no star formation or reasonable alternative SNR located
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close to the SGR. This suggests that (i) SGR 0501+4516 is
much older than typically anticipated for a magnetar, in con-
trast with recent modelling that indicates that SGR spin-down
ages are overestimates, (ii) that the progenitor was a massive
star but had a low supernova ejecta mass, or (iii) that it formed
via a route that does not (directly) involve massive star core-
collapse. SGR 0501+4516 therefore represents the best candi-
date currently known for a Galactic magnetar formed through the
merger of two low-mass NSs or through the AIC of a magnetic
WD.
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