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Abstract

The neutron star zoo comprises several subpopulations that range from energetic magnetars and thermally emitting
X-ray neutron stars to radio-emitting pulsars. Despite studies over the last five decades, it has been challenging to
obtain a clear physical link between the various populations of neutron stars, vital to constrain their formation and
evolutionary pathways. Here we report the detection of a burst of coherent radio emission from a known radio-
quiet, thermally emitting neutron star 2XMM J104608.7—594306 in the Carina Nebula. The burst has a distinctive
sharp rise followed by a decay made up of multiple components, which is unlike anything seen from other radio-
emitting neutron stars. It suggests an episodic event from the neutron star surface, akin to transient radio emission
seen from magnetars. The radio burst confirms that the X-ray source is a neutron star and suggests a new link
between these apparently radio-quiet X-ray-emitting sources and other transient or persistent radio-emitting
neutron stars. It also suggests that a common physical mechanism for emission might operate over a range of
magnetic field strengths and neutron star ages. We propose that 2XMM J104608.7—594306 straddles the boundary
between young, energetic neutron stars and their evolved radio-emitting cousins and may bridge these two
populations. The detection of such a radio burst also shows that other radio-quiet neutron stars may also emit such
sporadic radio emission that has been missed by previous radio surveys and highlights the need for regular
monitoring of this unique subpopulation of neutron stars.

Unified Astronomy Thesaurus concepts: Magnetars (992); Neutron stars (1108); Radio transient sources (2008);
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1. Introduction

Many questions still remain unanswered about the evolution
of neutron stars in our Galaxy. The problem is exacerbated by
the large diversity observed in the electromagnetic radiation
from these compact remnants. Among the neutron star zoo are
highly magnetized neutron stars (magnetars), X-ray dim
isolated neutron stars (XDINSs), and compact central objects
(CCOs) whose salient properties differ from the majority of the
neutron star population typically seen as rotationally powered
radio neutron stars (pulsars). Magnetars are characterized by
episodic outbursts visible in X-rays, triggering radio emission
in some cases that lasts only for a few years (F. Camilo et al.
2006; V. M. Kaspi & A. M. Beloborodov 2017). The emission
seen from magnetars is believed to be powered by the large
magnetic field energy possessed by these objects.

XDINSs, on the other hand, are radio-quiet neutron stars and
are characterized by their extremely low X-ray luminosity and
X-ray pulsed fraction when compared to the typical thermal
luminosity of neutron stars in the Galaxy. This extreme
dimness in X-rays challenges our understanding of neutron star
cooling mechanisms and emission processes, raising questions
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about the physical parameters that influence the luminosity and
thermal evolution (D. Vigand et al. 2013). Unraveling the
mysteries of XDINSs is crucial not only for the under-
standing of the diverse outcomes of stellar evolution but also
for probing the physical conditions under which neutron stars
transition from active X-ray pulsars to low-luminosity objects
(P. Beniamini et al. 2023).

CCOs are compact objects in the central regions of
supernova remnants. These neutron stars are young and hotter
than XDINSs. Intriguingly, none have been detected at radio
wavelengths (A. De Luca 2017). Most CCOs show X-ray
pulsations with a significant pulsed X-ray flux and fast spins
that one would expect from a newly born neutron star, but
unlike a nascent neutron star, the estimated magnetic fields of
CCOs are 10'! G. This is lower by at least 1 order of magnitude
with respect to the bulk of the young neutron star population,
including neutron stars with an age of the order of 10° yr. All
these attributes make CCOs stand out from the neutron star zoo
and highlight the importance of identifying their connection
with the other classes of neutron stars. The connection between
CCOs and magnetars comes from a unique neutron star called
1E 161348—5055 (N. Rea et al. 2016) that has a claimed period
of 6.7 hr and shows magnetar-like outbursts. The lack of radio
pulsations from CCOs can be attributed to unfavorable
beaming or the lack of radio emission due to their lower
magnetic fields (J. Luo et al. 2015).
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Figure 1. Radio burst from 2XMM J104608.7—594306 showing linear polarization (red), circular polarization (blue), and the polarization position angle (black
points). The pulse has been coherently dedispersed at the DM that maximizes the S/N. The bottom panel shows a dynamic spectrum of the total intensity as a function

of time and observing frequency, with horizontal excisions for RFI.

The connection between XDINSs, CCOs, magnetars, and
pulsars has been investigated in the past. Two key questions
that arise are: (1) are magnetars/CCOs, XDINSs, and pulsars
part of the same evolutionary phase of isolated neutron stars;
and (2) what is the origin of the lack of radio-emission from
these sources? Of the 7 confirmed XDINSs (F. Haberl 2007)
and 10 confirmed CCOs (A. De Luca 2017) known so far,
apart from a few instances of claimed radio detections
(V. M. Malofeev et al. 2006), none have shown confirmed
and persistent coherent radio emission in spite of several
searches for the same (V. I. Kondratiev et al. 2009; 1. Pastor-
Marazuela et al. 2023a; W.-J. Lu et al. 2024). The remarkable
similarity between the X-ray properties of XDINSs and a
persistent radio pulsar PSR J0726—2612 (M. Rigoselli et al.
2019) has led astronomers to suggest that the radio-quietness of
XDINSs and CCOs is mostly attributed to beaming, and the
combined evolution of the inclination angle of the magnetic
axis and the age of the XDINSs could explain this dearth.

Another aspect that one needs to consider for the radio
quietness of XDINSs/CCOs is intermittency and variability. A
number of radio-loud neutron stars and rotating radio transients
(RRATs; M. A. McLaughlin et al. 2006) show extreme
intermittency and variability in their radio emission. One
extreme example of this is the population of intermittent
pulsars, where the radio emission mechanism switches off for
years (M. Kramer et al. 2006). The detection of bright, sporadic
radio bursts from a Galactic magnetar SGRJ1935+42154
clearly showed astronomers that radio emission in neutron
stars can turn on only for a short time (single rotation;
C. D. Bochenek et al. 2020; CHIME/FRB Collaboration et al.
2020). This highlights the fact that finding neutron stars where
the radio emission mechanism is inactive and can turn on
briefly could provide the missing piece of the puzzle that
signals the transitionary phase in the evolution of a neutron star
between the various subpopulations. In this work, we report the
discovery of a coherent radio burst associated with a radio-
quiet X-ray bright neutron star 2XMM J104608.7—594306 that

provides evidence for such a link. The Letter is organized as
follows: In Section 2, we describe the discovery. In Section 3,
we discuss the radio properties of the burst. In Section 4,
we present the results from our analysis of archival and follow-
up X-ray observations. We discuss the implications of this
discovery in Section 5 and present our summary in Section 6.

2. Discovery

We discovered a single radio burst with the MeerKAT
radio telescope during an open-time science observation
(proposal ID: SCI-20230907-MB-01) by the MeerTRAP
instrument, a commensal fast radio transient detection system
(K. M. Rajwade et al. 2022) on UTC 2024 February 3
06:55:16.738. Notably, the burst exhibited peculiar temporal
morphology that resembles the fast rise, exponential decay (see
Figure 1), typically only seen in extragalactic gamma-ray bursts,
X-ray flares from thermonuclear bursts in accreting neutron stars,
and a few X-ray bursts from magnetars (A. C. Collazzi et al.
2015; T. D. Russell et al. 2024). The burst was polarized with a
linear polarization fraction of 30% and no evidence of circular
polarization. A search in archival MeerKAT observations at the
same observing frequency (1.284 GHz) of the same field
revealed no other bursts. The real-time detection triggered the
storage of complex channelized voltages from all available
MeerKAT antennas at the time of the burst (K. M. Rajwade et al.
2024). These data were used to create images at a 153 us
time resolution to localize the burst to R.A. (J2000)=
10"46™08:6(1.8) and decl. (J2000) = —59%43™06:8(1.4) (see
Appendix C and Figure 2). This position is consistent to within
1" of the position of the known thermally X-ray-emitting neutron
star 2XMM J104608.7—594306 in the Carina Nebula region that
is considered to share characteristics with XDINSs and CCOs
(A. M. Pires et al. 2015). At this offset, the chance
coincidence of spatial association can be ruled out at a
99.9% confidence level (see Appendix C), confirming that the
radio burst originated from 2XMM J104608.7—594306.
Thus, the radio burst corroborates the neutron star nature of



THE ASTROPHYSICAL JOURNAL LETTERS, 985:L3 (9pp), 2025 May 20

-59°15'
S 30' ¢
o
8
= 45!
9]
]
o

-60°00'

15' ¥ % |
10h48™M 45m 43m
RA (J2000)

10M48™ 45m  43m
RA (j2000)

Rajwade et al.

'10h48™ 45m  43m
RA (j2000)

Figure 2. Images of the field of 2XMM J104608.7—594306 integrated over the duration of the radio burst (left) and before the burst detection (center), and the
difference between the two images (right). The magenta circle marks the transient source identified at the time of the burst detection, and the inset at the bottom right
corner shows a zoomed-in view to display the position (in red) of the XDIN candidate 2XMM J104608.7—594306 on top of the transient source. The images have a
synthesized beam size of 43” x 9”. The black ellipse in the inset at the bottom right corner of the left panel shows the synthesized beam.

Table 1
Various Observed and Measured Properties for the Radio Pulse from
2XMM J104608.7—594306

Parameter Unit Value
MID 60343.28838817
UTC 2024 February 3 06:55:16.738
R.A. (hms) 10:46:08.6 & 1'8
decl. (dms) —59:43:06.8 & 1°4
1 (deg) 287.7337
b (deg) —0.5962
Detection center frequency (MHz) 1284
DM (pc cm ™) 98.41 +3
DM distance (NE2001/ (kpe) 1.5/2.3
YMW16)
Detection S/N 21
Beamformed S/N 125
Whge (ms) 23.14 + 0.3
wi, (ms) 5139 + 5.44
RM (rad m?) 50234+ 1.2
L/I 0.3 £0.05
Speak dy) 0.30 + 0.03
Brightness temperature (K) 10'6-10"
F (Jy ms) 7.1 +£0.9
Liagio(1284 MH2) (erg s 4.6x10%

Note. We note that for the flux calculations, we use the optimally detected
pulse width (W'g?)’;c“) as it assumes that the area under the pulse is conserved.
The burst was originally detected in the incoherent beam, and the data were
rebeamformed at the burst location, which yielded a much larger S/N. The
brightness temperature range is based on the entire burst duration and the width
of the shortest emission component.

2XMM J104608.7—594306. The dispersion measure (DM) of
the burst (98.6 £3pc cm %) translates to a distance of
1.5-2.3 kpc based on the YMWI16 (J. M. Yao et al. 2017)
and NE2001 (J. M. Cordes & T. J. W. Lazio 2002) Galactic
electron density models, respectively. This distance range is
consistent with the reported distance for 2XMM J104608.7
—594306 (A. M. Pires et al. 2012). The radio luminosity of
the burst (see Appendix D) is ~4.6 x 10*° ergs~' assuming
isotropic emission and a distance of 1.5kpc. All the
properties of the burst are shown in Table 1.

3. Burst Properties

The radio burst from 2XMM J104608.7—594306 exhibits a
drastic sharp rise and a slowly decaying profile, and at least
eight distinct emission components (see Appendix B). The
temporal structure in the burst resembles quasiperiodic
microstructure seen in single pulses from radio-emitting
neutron stars (I. Pastor-Marazuela et al. 2023b; M. Kramer
et al. 2024). Such a structure may point to a disturbance in the
magnetosphere precipitated by activity in the neutron star crust
(Z. Wadiasingh & C. Chirenti 2020). A search for Hz—kHz
periods in burst morphology did not result in any significant
detections above 2.10 (see Appendix B). To characterize the
peculiar morphology, we compute the rise time of the leading
edge. To do this, we assume the emission starts from the time
sample where the intensity is greater than 3 times the standard
deviation of the noise in the baseline. The rise time is defined as
the time between this time sample and the peak of the leading
component. Following this method, we compute a rise time of
1.1 ms. This timescale is much shorter than the rise timescale
seen in Type-I X-ray bursts and magnetar X-ray bursts
(A. C. Collazzi et al. 2015; T. D. Russell et al. 2024) but
comparable to narrow emission structures seen in radio pulses
from neutron stars (M. Kramer et al. 2024). The temporal
structure of the profile could also arise from interstellar
scattering expected from plasma in the Galaxy (L. S. Oswald
et al. 2021), but the brightest and narrowest components show
no evidence of scattering in the dynamic spectrum (Figure 1).
Hence, we do not consider scattering to be responsible for the
observed burst shape, and if there is scattering present in the
radio emission, the timescale is less than the width of the
narrowest component (1.7 ms).

The peculiar burst morphology warranted a further quanti-
fication of the observed microstructure. We first estimated the
optimal number of emission components (see Appendix B). In
order to find the optimal number of components, we fit the
burst with a combination of N Gaussian functions. For every
N, we computed the Akaike information criterion (AIC) and the
Bayesian information criterion (BIC) from the best-fit model.
The optimal number of emission components was then chosen
based on those that gave the lowest value of AIC and BIC. We
found eight to be the optimal number of components with the
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BIC value of 127.9 and the AIC value of 35.3. We do note that
the number of components is also covariant with the time
binning of the data, as the noise in the data set will affect the
number of optimal components. The time binning was chosen
as an optimal value that minimizes the trade-off between
components merging into one another and the data becoming
too noisy for a robust fit. Hence, we report the number of
components as a lower limit.

4. Multiwavelength Follow-up
4.1. Murriyang Observations

We carried out a 1hr follow-up observation of
2XMM J104608.7—594306 using the ultrawideband low
(UWL) receiver (G. Hobbs et al. 2020) at the 64 m Murriyang
(formerly known as Parkes) radio telescope on 2024 March 1
from 09:51 UTC to 10:51 UTC. The observation spans a
frequency range of 0.7-4 GHz and has 1 MHz wide channels,
sampled at a time resolution of 256 us. We performed a single
pulse search on this data set using the software TRANSIENTX '°
(Y. Men & E. Barr 2024) over a DM range of 80120 pc cm >
and a maximum pulse width of 1s. This resulted in 785
candidates above the 70 threshold. After visually inspecting
their pulse profiles and dynamic spectra, we identified all the
candidates as radio-frequency interference (RFI). We did not
find any promising candidates. Given the UWL receiver on
Parkes has a system equivalent flux density ranging from 33 to
72 Jy depending on frequency (G. Hobbs et al. 2020), our
nondetection corresponds to a fluence upper-limit of 0.28-
0.62 Jy ms assuming a burst width of 10 ms and a spectral
extent spanning the entire band. We also performed a fast
folding algorithm (FFA; V. Morello et al. 2020) search over a
period range between 10 ms—100 s and the nominal DM on the
Parkes data. We found no periodic signals of astrophysical
origin. In conclusion, we did not detect 2XMM J104608.7
—594306 in the Parkes data using both the single pulse search
and the FFA search. We estimate the flux limit of our search to
be ~10 pJy for a duty cycle of 1%.

4.2. High-energy Searches

Single radio bursts have been observed from isolated highly
magnetized neutron stars, with contemporaneous high-energy
emission in some cases (CHIME/FRB Collaboration et al.
2020; G. L. Israel et al. 2021). Hence, we carried out a search
for any associated X-ray and soft 7-ray emission consistent
with the location of 2XMM J104608.7—594306. We find no
publicly reported flare-like emission at the time of the
2XMM J104608.7—594306 radio burst from any of the all-
sky high-energy monitors such as Swift-Burst Alert Telescope
(BAT; H. A. Krimm et al. 2013), Fermi-Gamma-ray Burst
Monitor (GBM; C. Meegan et al. 2009), and INTEGRAL
(P. L. Jensen et al. 2003). 2XMM J104608.7—594306 was
visible to Fermi-GBM at the time of the burst, and we derive a
30 upper-limit of Fx <5.0 x 10 ®ergs 'cm 2 for a 0.2s
burst-like emission in the 8-100keV energy range, and a
thermal spectrum with a temperature of 10keV, properties
similar to magnetar-like emission. We also searched for
subthreshold magnetar-like bursts in Fermi-GBM in a 2 month
interval around the time of the radio burst, and we find no
credible bursts consistent with the location of

10 https://github.com/ypmen/TransientX
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2XMM J104608.7—594306. Additionally, no magnetar-like
bursting activity has ever been reported from the direction of
the source with Swift-BAT. Lastly, we searched for periodic
pulsed emission in archival X-ray data taken by the XMM-
Newton and NICER telescopes. A 3.90 (post-trial) candidate
periodicity of 18.6 ms had been reported previously for this
source (A. M. Pires et al. 2012). A confirmation linking this
candidate periodicity to neutron star’s spin period has not yet
been established, since subsequent XMM-Newton observations
were not sensitive enough due to a shorter effective exposure
time, higher background, and the very low reported pulsed
fraction of p; = 13.1% =+ 1.6% of the X-ray pulse at energies
0.36-2.25keV (A. M. Pires et al. 2015). We were also unable
to establish a periodicity in these archival and current X-ray
data sets and report an upper limit on the pulsed fraction of
14% and 15% for the NICER and XMM-Newton data sets,
respectively, in a similar energy range and a period range of
Ims to 100s. These limits are also not constraining to
conclusively exclude the 18.6 ms candidate. However, we do
note that the total duration of the radio burst (~50 ms) is much
larger than the putative periodicity, making this period unlikely
if the radio burst originates from the same region of the star.

5. Discussion

5.1. The Link between XDINSs, Magnetars, and Fast Radio
Bursts

Our observations suggest that 2XMM 104608.7—594306 is
a notable evolutionary link between neutron star populations—
either between XDINSs, magnetars, and rotation-powered
radio pulsars (similar to PSR J0726—2612; M. Rigoselli et al.
2019) or between the latter and CCOs. For instance, the
inferred blackbody temperature of 2XMM J104608.7—594306
from previous X-ray observations is similar to those of
XDINSs. An age of ~10°yr for a neutron star in the Carina
Nebula (K. Hamaguchi et al. 2009) is also broadly consistent
with XDINSs. XDINSs have always stood out as a distinct
class of middle-aged (age of a few hundred kyr) neutron stars
because of their unusually high X-ray luminosities (e.g.,
V. M. Kaspi 2010; T. Yoneyama et al. 2019) that could be
associated with magnetars and other subpopulations. Despite
striking differences in their absolute X-ray luminosity ranges,
magnetars and XDINS have similar periods, suggesting period-
freezing from field decay (M. Colpi et al. 2000). These diverse
evolutionary paths likely arise from variations in the sources’
initial dipole and crustal toroidal fields (S. Dall’Osso et al.
2012; P. Beniamini et al. 2019; A. Igoshev et al. 2025). If
2XMM J104608.7—594306 is related to XDINSs, then the
detection of its radio burst has established for the first time that
these objects are capable of producing sporadic coherent radio
emission similar to radio bursts seen from magnetars
(C. D. Bochenek et al. 2020; CHIME/FRB Collaboration
et al. 2020) and other radio-emitting neutron stars.

Figure 3 shows the location of 2XMM J104608.7—594306
in comparison to the different populations of neutron stars that
emit at X-ray and radio wavelengths. The radio burst from the
source has a similar luminosity to the average radio luminosity
of radio-emitting magnetars and, on average, is brighter than
the average luminosity of the normal radio pulsars. However,
the burst is at least 8 orders of magnitude fainter than the
brightest radio burst from SGR J1935+2154 (W. Zhu et al.
2023). We expect these bursts to be at a lower brightness due to
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Figure 3. X-ray vs. radio luminosity for various coherent radio-emitting sources. The shaded region shows the range of X-ray luminosities for XDINSs, CCOs, and
2XMM J104608.7—594306. The dashed gray lines denote constant ratios of the radio and X-ray luminosity (radio luminosity computed at 1.4 GHz). We note that the
X-ray fluxes for pulsars, XDINSs, and CCOs are the persistent X-ray fluxes reported in D. L. Kaplan & M. H. van Kerkwijk (2009), I. F. Malov & M. A. Timirkeeva
(2018), T. Prinz & W. Becker (2015), F. Haberl (2007), and A. De Luca (2017) for CCOs, while for magnetars, we use values from G. L. Israel et al. (2021),
P. Esposito et al. (2020), F. Camilo et al. (2018), and C. D. Bochenek et al. (2020), and the references therein. For pulsar, we use fluxes based on the power-law fit in
T. Prinz & W. Becker (2015) in the 0.1-2 KeV band and extrapolate them to 0.2—-10 keV. The radio luminosities for pulsars and magnetars are the period-averaged
radio luminosities (R. N. Manchester et al. 2005), i.e., based on the continuum radio flux at 1.4 GHz. Here, radio pseudoluminosity refers to the product of the average
radio flux density and the square of the distance, while the radio luminosity is calculated by multiplying the pseudoluminosity by 47 (to denote isotropic radio
luminosity). The values for SGR J1935+2154 are taken from C. D. Bochenek et al. (2020) and F. Kirsten et al. (2021).

a lower level of crust activity and magnetic free energy
available to power bursts, or a lower preexisting field twist and
magnetospheric charge density (Z. Wadiasingh & A. Timok-
hin 2019; Z. Wadiasingh et al. 2020; A. J. Cooper & Z. Wad-
iasingh 2024). The X-ray luminosity of 2XMM J104608.7
—594306, when compared with other magnetars, XDINSs, and
CCQOs, straddles the lower end of the magnetar luminosities and
is consistent with those of CCOs and XDINSs. Combining this
multiwavelength information may hint at the possibility that
2XMM J104608.7—594306 is a transitioning source in the
process of evolving between the different subpopulations of
neutron stars. This further highlights the need for regular
monitoring of radio-quiet neutron stars to confirm this
conjecture. The nondetection of any contemporaneous X-ray
burst emission at 8-100 keV implies a radio-to-X-ray flux ratio
Fr/Fx > 3 X% 1078, The most luminous radio burst from
SGR 193542154 and its contemporaneous X-ray burst resulted
in a large Fr/Fx = 2 x 107°. If, conservatively, the radio
counterpart emission energetics scale linearly with X-ray burst
energy, the Fermi-GBM nondetection cannot rule out a
contemporaneous magnetar-like hard X-ray burst with
Lx ~ 10 ergs™! from 2XMM J104608.7—594306 at the
time of the radio burst.

5.2. The CCO Radio Pulsar Link

A second possibility is that 2XMM J104608.7—594306 is a
link between CCOs and radio pulsars. CCOs (G. G. Pavlov
et al. 2004; A. De Luca 2017) are typically found in supernova
remnants (SNRs) and are about a factor of 10 to 100 younger

than the inferred ages for XDINS. Identifying an older SNR in
the crowded region of the Carina Nebula is difficult due to
interactions of the strong winds of massive stars with their
surroundings (L. K. Townsley et al. 2011) and the extinction at
optical and infrared wavelengths. Our investigation of archival
optical /IR data did not result in any obvious candidate for an
SNR in the region. However, A. M. Pires et al. (2015) reported
on a runaway-star in the Carina Nebula that may be associated
with the birth of 2XMM J104608.7—594306 1.1-1.3 x 10* yr
ago. Such an age would be consistent with an evolved CCO.
The dipolar magnetic fields of CCOs are relatively weak,
B ~ 10"°-10"'G (E. V. Gotthelf & J. P. Halpern 2007;
J. P. Halpern & E. V. Gotthelf 2010) compared to XDINSs. A
candidate X-ray absorption feature was also reported in the
XMM-Newton spectrum of 2XMM J104608.7—594306
(A. M. Pires et al. 2012). If that line is an electron cyclotron
line, it implies a magnetic field of Bey. ~ 1.5 X 10" G
(A. M. Pires et al. 2015). A relatively weak magnetic field
and the 18.6 ms candidate spin period of 2XMM J104608.7—
594306 are reminiscent of Calvera, a 59 ms thermally X-ray-
emitting neutron star that was recently associated with a faint
SNR (M. Arias et al. 2022; M. Rigoselli et al. 2024). These two
objects are currently the best candidates for the descendants of
CCOs that otherwise have proven to be rather elusive
(E. V. Gotthelf et al. 2013; J. Luo et al. 2015). The onset of
radio emission is predicted for evolved CCOs (J. Luo et al.
2015; W. C. G. Ho 2011), representing the evolution from the
CCO stage to the “normal” radio pulsar stage. The observed
radio burst of 2XMM J104608.7—594306 may be the onset of
the radio emission phase in 2XMM J104608.7—-594306.
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Figure 4. Schematic of a phenomenological model of the observed radio emission from 2XMM J104608.7—594306. Different active zones spawned at varied times
and altitudes near a magnetic pole arrive at an observer from higher altitudes and more oblique angles at later times. This can explain the observed frequency evolution
of emission and the flattening of the PPAs. The left panel denotes the emission seen at time #, while the right panel is the emission seen at time #, > f; (observer frame).

5.3. Coherent Radio Emission from X-Ray Bright Neutron
Stars

Until now, all XDINS and CCOs discovered in the Galaxy
are radio-quiet. The only connection comes from PSR J0726-
2612, a radio pulsar that also shares commonalities between its
X-ray emission and the emission seen from XDINSs (M. Rig-
oselli et al. 2019). Historically, there have been many efforts to
detect radio emission from these sources. The dearth of radio
emission, whether transient or pulsed, led some to believe that
the magnetic field in XDINSs is low enough to place them
beyond the so-called death-line, the limit in spin-period and
magnetic field beyond which radio emission is not possible
under the current framework of rotationally powered emission
theory. Based on observations of PSR J0726—2612, M. Rigos-
elli et al. (2019) claimed that the lack of radio emission is a
beaming effect rather than a genuine absence of emission from
these sources. The radio burst reported in this work clearly
shows that at least some of these X-ray isolated neutron stars
have the ability to produce transient radio emission suggesting
the possibility of a population of such bursts that are missed by
radio telescopes due to their extreme episodic behavior. The
lack of any other radio burst before or after the event followed
by a complete absence of any pulsed emission in follow-up
radio observations or the archival MeerKAT observations
(totaling 2.7 hr) suggests that the burst we discovered belongs
to a category of transient radio emission resulting from
transient episodes in the magnetosphere similar to the radio
bursts seen in other magnetars. Assuming that the bursts are
Poisson distributed in time, we compute the 99% confidence
level upper limit on the burst rate from the source of 2.4 bursts
per hour above our sensitivity limit of 0.012 Jy. Furthermore,
the shape of the burst is unique and does not share any
similarities with typical radio pulses seen from other pulsars or
RRATSs. A simple phenomenological model can explain the
shape and the observed dynamic spectrum, which shows shows

multiple components that appear at steadily lower radio
frequencies, of the radio burst (Figure 4). We represent each
of these components to distinct emission regions possibly in
motion along magnetic field lines near a pole. As the neutron
star rotates across our line of sight, the observer intercepts
emission from the different emission components decoupling at
different heights along the magnetic field line, analogous to
water blobs from a sprinkler. Different heights result in
different components gradually arriving at lower radio
frequency with time if we assume that the radio emission
follows a pulsar-like radius-to-frequency mapping. The shape
of the polarization position angle (PPA) can also be explained
under this framework, as the impact parameter relative to the
magnetic pole changes. The PPA changes rapidly for the
leading component, which could be explained by the lower
altitude being closer to a pole compared to emission from
oblique angles at higher altitudes leading to an apparent
flattening of the PPA for trailing components.

6. Summary

In summary, we report the serendipitous discovery a bright
coherent radio transient from 2XMM J104608.7—594306,
establishing its neutron star nature. The burst morphology is
unique and deviates from what is observed from the radio pulse
zoo of radio pulsars. The fast rise and an apparent exponential
decay with emergence of several polarized components suggest
a mechanism whereby a disturbance near the surface of a
neutron star resulted in the creation of coherent emission
observed near a magnetic pole. The lack of persistent pulsed
radio emission before or after the event supports the transient
nature of this event. This suggests that objects like
2XMM J104608.7—594306 are also capable of producing
these sporadic radio bursts akin to the bursts seen from the
magnetar SGR J1935+2154 (C. D. Bochenek et al. 2020;
CHIME/FRB Collaboration et al. 2020) and points to a
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common emission mechanism that operates over a range of
magnetic fields and radio luminosities. The discovery of this
burst also indicates that 2XMM J104608.7—594306 may
represent a unique evolutionary phase whereby the neutron
stars are transitioning from being magnetically (magnetars) or
thermally (CCOs/ XDINS) powered to rotationally powered
neutron stars and may point to the onset of coherent radio
emission commonly seen in pulsars.
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Appendix A
X-Ray Observations

We  triggered  prompt  X-ray  observations  of
2XMM J104608.7—594306 with the Neutron star Interior
Composition Explorer (NICER) onboard the International
Space Station (K. C. Gendreau et al. 2016). The observations
were taken on 2024 March 7 spanning a total of 260s. The
small integration times are attributed to larger Sun angle
constraints on NICER to keep the background as low as
possible. We also processed archival NICER data taken on the
source from 2017 November 18 to 25 with observation IDs
1030090101 to 1030090108. We first generated level-2 data
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products using NICERDAS as part of the HEASOFT suite.'! The
resulting lightcurves were checked for strong particle flaring at
the harder X-ray energies. These flares were visually identified
and removed to create clean good time intervals (GTIs) for the
entire NICER data set, resulting in a total integration time of
101.5 ks. We also processed archival XMM-Newton observa-
tions taken in 2010 and 2012 with observation IDs 0650840101
and 0691970101, and 91 and 88 ks exposures, respectively
(A. M. Pires et al. 2015). The observation data files were
processed using the XMM-SAS software suite'* version 21.0.0.
We performed standard cleaning and filtering to both
observations similarly (e.g., accepting only event patterns
0-12 and good X-ray events with FLAG = 0). Furthermore, we
excluded intervals of high background flaring activity as
measured from source-free full field-of-view light curve in the
energy range 10 to 15 keV binned at 100 s resolution. Finally,
we extracted source events from a circle centered at the best-fit
point-spread function location as obtained with the SAS task
eregionanalyse, having a radius of 30”, which greatly
increased the signal-to-noise compared to larger extraction
regions. We then extracted all counts in the 0.5-2.0 keV range
to look for any periodicity from the soft thermal X-ray emission
from the source. We ran an H-test (R. Buccheri 1992) on all the
timestamps in each of the GTIs to check for any period in the
range of 0.01-100s. We also ran a similar search in the
0.4-1.3keV range similar to the search performed by
(A. M. Pires et al. 2012). In both our searches, we did not
find any peak above a 3o threshold for a 0.4-1.3 keV pulsed
fraction limit of 14% after correcting for the number of trials.
For higher periods, we detect much lower frequency power due
to the observing cadence of NICER, making the search for
longer periods in these data sets challenging. We note that we
did not search for any potential drift in pulse period from the
presence of a period derivative given the short baseline of the
observations.

Similarly, we ran a period search on the two XMM-Newton
observations separately. These data have already been
thoroughly searched for periods in the range of 0.0114—-100 s
(A. M. Pires et al. 2015). We performed an H-test search for the
same periods, yet we also included spins up to 5000 s. We did
not detect any significant periodic signal in the energy range
0.2-5.0 keV and we derive a 30 upper limit of about 15%, trial-
corrected. Note the consistency in the upper limits derived with
XMM-Newton and NICER; while NICER provides a larger
raw number of counts, the soft diffuse X-ray emission around
the source substantially increases its background, which could
more easily be eliminated with XMM-Newton imaging
capabilities. We do not find the periodicity reported in
A. M. Pires et al. (2012) in both the data sets. Given the low
significance of the reported signal, our nondetection can be
attributed to differing filtering criteria, source extraction region,
and/or energy filtering.

A.l. Search for High-energy Bursts

We searched for real-time hard X-ray triggers at the time of
the radio burst detection from several high-energy, large field-
of-view instruments, namely, Swift-BAT, INTEGRAL-SPI,
and Fermi-GBM (C. Winkler et al. 2003; C. Meegan et al.
2009; H. A. Krimm et al. 2013). We do not find any plausible

" hips: / /heasarc.gsfc.nasa.gov /docs/software /heasoft/
12 https: //www.cosmos.esa.int/web/xmm-newton /sas
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candidates, nor were there any reported through online notices
(e.g., General Coordinates Network or Astronomers Telegram).
2XMM J104608.7—594306 was visible to GBM at the time of
the radio burst (see Table 1). Detectors n4 and n8 had favorable
viewing angles (<60°); hence, we used them to derive an upper
limit on a putative simultaneous hard X-ray emission. Under
the assumption of a magnetar-like burst with 0.2 s duration and
a thermal spectrum with k7T = 10keV, we derive a 30 upper-
limit of 5.0 x 10 %ergs 'cm 2 in the 10-100keV energy
range, for a luminosity Ly < 10°” ergs™' at 1.5kpc. We also
searched Fermi-GBM for any weak, subthreshold magnetar-
like bursts from the direction of the source within a 2 month
interval bracketing the radio burst, yet we do not find any.
Moreover, Swift-BAT, which is equipped with a coded mask
instrument capable of arcminute localization of the counterpart
to any hard X-ray burst never detected any short, magnetar-like
burst from the direction of 2XMM J104608.7—594306 during
its 20 yr lifetime (or about 2 yr of total exposure given the half-
coded BAT field of view). Finally, we searched the targeted
observations of the source, i.e., with NICER and XMM-
Newton, for any short bursts. While these instruments cover a
small time interval, they afford sensitivity 2 orders of
magnitude deeper, (i.e., ~5 x 107'%ergs™" cm™?) than large
field-of-view instruments. The source did not exhibit any
bursting events during these observations.

Appendix B
Quasiperiodicity Search

To determine the presence of quasiperiodicity in the burst
profile, we apply two separate techniques. First, we search for a
periodicity in the times of arrival (ToAs) of the burst
subcomponents. Following I. Pastor-Marazuela et al. (2023b)
and CHIME/FRB Collaboration et al. (2022), we fit the ToAs
as a function of component number (N) to a linear function
using a weighted least-squares minimization technique. By
introducing gaps between the subcomponents, we find the
subcomponent configuration that minimizes the reduced x>
statistic, which resulted to be N = (0, 1, 2, 3,4, 5, 8, 11). The
slope of the linear function gives the candidate period
Py, = 4.15 £ 0.08 ms. We compute the significance of this
candidate period by simulating random component spacings
from a modified Poisson distribution with an exclusion
parameter 7 = 0.2 (minimal spacing between simulated
components is 1P.). We simulate 10* distributions with eight
subcomponents each (seven component spacings), and by
comparing their reduced y? statistic we find the significance of
the candidate period Py to be 2.10. Hence, we conclude that
there is no quasiperiodicity in the emission components.
Second, we search for a period in the power spectrum of the
burst, which we generate with STINGRAY (D. Huppenkothen
et al. 2019). The power spectrum can be well fitted to a power
law with a white noise component. The lack of peaks in the
power spectrum supports an absence of periodicity in the burst
profile.

Appendix C
Localization

We imaged the full 300 ms of voltage data to obtain a list of
radio sources in the target field and matched them to the
sources in the Rapid ASKAP Continuum Survey (RACS)
catalog (D. McConnell et al. 2020). This resulted in 10 matches
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with the separations ranging from 1.5 to 4.7. We used these
matched sources to solve for a transformation matrix to shift
and rotate the MeerKAT sources to match the RACS source
positions,'® reducing the separations to 0.3—2"5 with a median
of 0.9 arcsec. We then applied the transformation matrix to the
image containing the burst and found the burst position to be R.
A.=10:46:08.6(1.8), decl.=—59:43:06.8(1.4). The uncer-
tainty was determined by adding up three components in
quadrature, a statistical component from source fitting in the
image (1.2 in R.A. and 0’4 in decl.), the absolute astrometric
uncertainty from the RACS positions (1” in both R.A. and
decl.) and the median offset of the positions after the
astrometric correction (079).

After accounting for astrometry, the position of the detected
burst coincides with a known X-ray neutron star
2XMM J104608.7—594306 to within 1” suggesting an associa-
tion with the compact object. To confirm the association, we
computed the chance coincidence probability for the radio burst
to be associated with 2XMM J104608.7—594306. Assuming a
Poisson distribution of X-ray sources within the Carina
complex, we estimate the number density of X-ray sources
using the catalog presented in P. S. Broos et al. (2011). Then,
the probability of finding an X-ray source in the region within a
radius R,

PR)e=1—eF 7, (C1)

where p is the X-ray source density. Using R ~ 1” from the
radio position uncertainty, we obtain P(R).. ~ 2.4 X 103, This
rules out a spatial chance coincidence at a confidence level
larger than 30. Another confirmation of the association comes
from the expected distance of the radio burst. We use the
publicly available electron density models of the Galaxy,
namely YMWI16 (J. M. Yao et al. 2017) and NE2001
(J. M. Cordes & T. J. W. Lazio 2002) to estimate the distance
to the source based on the measured DM. The distance estimate
(1.5 and 2.3 kpc, respectively) is consistent (within model
uncertainties) with the distance estimates published in the
literature (1.5-2.5 kpc) (A. M. Pires et al. 2012).

Appendix D
Radio Luminosity

To compute the burst luminosity, we first computed the flux
density. Since the burst is not detected at the phase center of the
primary beam, we use the treatment presented in F. Jankowski
et al. (2023) to correct for the various beam degradation effects.
Hence, for a given pulse width W, the peak flux density of the
burst,

];ys + 7;](y a-g'
ib »
GibN, besr W

where S/N is the signal-to-noise ratio, Ty, is the system
temperature, T, is the sky temperature, Gy, is the telescope
gain for the incoherent beam, N, is the number of polarizations
to be summed, [ is the efficiency factor for digitization, by is
the effective bandwidth, 7 is the beamforming efficiency, and
ajp, 18 the beam degradation factor. Using typical values for
MeerKAT from F. Jankowski et al. (2023) and a;, = 0.73, we

Speak:ﬂ S/N n (D1)

13 The code for performing the astrometric correction can be found on GitHub:
https://github.com/AstroLaura/MeerKAT_Source_Matching.
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estimate Speax Of 2.66 Jy. Then, the isotropic luminosity,
L= 952 x 108 Sy Av 4xD?ergs™!, (D2)

where Av is the bandwidth of the radio receiver in Hz, D is the
distance in parsecs, and Sy is the peak flux in Jy.
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