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Recently several long-period radio transients have been discovered, with strongly polarised
coherent radio pulses appearing on timescales between tens to thousands of seconds 2. In
some cases the radio pulses have been interpreted as coming from rotating neutron stars
with extremely strong magnetic fields, known as magnetars; the origin of other, occasionally
periodic and less well-sampled radio transients, is still debated®>. Coherent periodic radio
emission is usually explained by rotating dipolar magnetic fields and pair production mech-
anisms, but such models do not easily predict radio emission from such slowly-rotating neu-
tron stars and maintain it for extended times. On the other hand, highly magnetic isolated
white dwarfs would be expected to have long spin periodicities, but periodic coherent radio

emission has not yet been directly detected from these sources. Here we report observations



of a long-period (21 minutes) radio transient, which we have labeled GPM J 1839—10. The
pulses vary in brightness by two orders of magnitude, last between 30 and 300 seconds, and
have quasi-periodic substructure. The observations prompted a search of radio archives, and
we found that the source has been repeating since at least 1988. The archival data enabled

1

constraint of the period derivative to <3.6 x 107'® ss~!, which is at the very limit of any

classical theoretical model that predicts dipolar radio emission from an isolated neutron star.

We monitored the Galactic Plane using the Murchison Widefield Array (MWA; see Methods)
to detect “slow” transients within 48 hours of observation. From this search, we discovered the
transient source GPM J 1839—10, initially with two significant detections of 30-s wide pulses on a
single night. As monitoring continued, we made several further detections, and also commenced
a continuous monitoring campaign with the MWA, and follow-up observations with the Australia
Telescope Compact Array, Parkes/Murriyang Radio Telescope, the Australia Square Kilometer

Array Pathfinder, and MeerKAT.

Interferometric observations with MeerK AT constrained the (J2000) position to RA=18"39™02.500,
Dec= —10°31'49737, with an uncertainty of 015, while the high time resolution (3.9-ms) observ-
ing mode enabled a detailed view of the pulse structure, and an accurate calculation of the dis-
persion measure: 273.5+£2.6 pccm 3. Using the YMW 16 Galactic free electron density model?,
this corresponds to a distance of 5.7+2.9 kpc for the line-of-sight towards GPM J 1839—10. Over
a typical pulse, the degree of linear polarisation varies from 10-100 % with a generally flat phase

angle. We observe bursts of duration 0.2—4 s in which this angle switches by 90°, resembling the



orthogonal polarization modes (OPMs) commonly seen in neutron star pulsars® (Fig. 1). Quasi-
periodic oscillations are seen in many pulses, reminiscent of pulsar single-pulse microstructure,
but two to three orders of magnitude larger in scale than expected (see Methods for more details

on pulse polarisation and substructure).

Searches of archival data yielded further detections as far back as 1988 by the Very Large
Array (VLA), the VLA Low-band Ionosphere and Transient Experiment (VLITE), and the Giant
Metrewave Radio Telescope (GMRT). Fig. 2 shows the accumulated light curves from all obser-
vations, with maximum flux densities ranging from 0.1 to 10Jy. The pulse widths range between
30 and 300s, and can appear anywhere within a ~400-s wide window. The morphologies and
brightnesses of the observed pulses change dramatically with time, sometimes disappearing below
detectability, even for the very sensitive MeerKAT observations. Depending on telescope sensitiv-
ity, this nulling fraction is 50-70 %. No persistent radio source was detected down to a 30 limit of

60 1Jy beam ™! using MeerKAT UHF data integrated outside of the pulse activity windows.

We measured the arrival times for all the detected pulses spanning nearly 34 years, and
using standard pulse timing methods (see Methods), we derive a period P of 1318.195740.0002s.
Despite the wide variation of pulse arrival times within the pulse phase, this large time lever arm
also enables an estimation of the spin-down rate P, constraining it to be <3.6 x 1073 ss7! (1-0

limit).

Fig. 3 shows the radio flux density spectrum of a typical bright pulse; the radio luminos-

ity of a pulsar-like source generating this pulse is 10?® ergs~! (see Methods). This luminosity



is larger than the available spin-down luminosity in the neutron star case, similar’ to GLEAM-
X J162759.5—523504.3. However, this discrepancy has previously been seen in magnetar single

radio pulses®.

Coherent radio emission from rotating neutron stars has been explained by efficient pair
production in the magnetosphere triggered by an accelerating region in the polar cap. Previous
emission models have considered curvature radiation or inverse Compton scattering photons as
the source of pairs; dipolar, multipolar and twisted magnetic fields”®; and vacuum gap or space-
charge-limited flows’. Considering all these effects, there is a range of parameters (known as
“death valley”) below which pair production is no longer an efficient mechanism and coherent
radio emission is no longer expected. In Fig. 4 we plot the period derivative as a function of the
spin period for different classes of isolated neutron stars'®'2, To encompass the largest parameter
range, we have overplotted several “death valleys” considering a few extreme cases (see Methods).
GPM J 1839—10 falls at the very edge of the most generous death-line. Based on our constraints

on P, a classical coherent radio pulsar emission from a rotating neutron star is barely viable.

The long-lived activity of GPMJ1839—10 is extremely puzzling. The radio activity of
the P =18.18-minute transient GLEAM-XJ 162759.5—523504.3 was short-lived, persisting for
only three months (with no detected nulling episodes) in eight years of observations, with no fur-
ther detections in archival data or recent monitoring®. This led to the postulation that the radio
emission could have been powered by a temporary rearrangement of its magnetic fields, pre-

ceded by an (unobserved) high-energy outburst, similar to canonical magnetar radio emission'?.



PSR J0901—-4046, a postulated ultra-long period neutron star pulsar with a rotational period of
~76s, has been continuously active since its discovery, but its well-constrained P places it above
the death lines for several pulsar emission mechanism models' (see also Fig 4). In contrast,
GPM ] 1839—10 has been active for at least three decades, although with a 50-70% nulling frac-
tion. This new source has neither a short enough period to be explicable by canonical radio pulsar
emission nor a short enough activity window for its radio emission to resemble a typical magnetar

outburst.

An observation with XMM-Newton simultaneous to the ASKAP observation did not detect
X-ray emission from the position of GPMJ 1839—10. Extended Data Fig. 1 shows the limits
on the persistent luminosity in the soft X-rays assuming both thermal and non-thermal spectral
shapes. For a reasonable range of parameter values, the derived values lie in the range (0.1 —
1.5) x 10%%ergs™!. Two very bright radio pulses were recorded by ASKAP during the X-ray
observation, with no X-ray counterparts (see Extended Data Fig. 2). We derived limits on the
X-ray luminosity during the bright radio pulses of the order of < 2 x 1033 ergs~! (see Methods).
These limits are orders of magnitudes below those measured for magnetar-like X-ray bursts. These
results rule out a direct connection between these radio bursts and magnetar-like X-ray events, as
in the case of SGR 1935+2154!*. GPM J 1839—10 was also observed in the infrared K ,-band with
the Espectrégrafo Multiobjeto Infra-Rojo (EMIR) mounted on the 10 m Gran Telescopio Canarias
(GTC). A faint source was marginally detected at Ky = 19.7 £ 0.2 (see Extended Data Fig. 3).
However, the present data does not allow us to firmly conclude whether the source is single or

blended, or if it is truly associated with the radio source.



There are several alternatives to the neutron star (radio pulsar or magnetar) interpretation.
A rotating and highly-magnetic isolated white dwarf, with its larger moment of inertia'®, could
produce pulsar-like radio emission. However, it is perhaps surprising that no close-by highly-
magnetic white dwarfs have been observed to produce such emission. The only known white dwarf
pulsar emitting in radio, AR Sco, has a P =2 min spin period and a binary companion in a 3.5-hr
orbit ', However, this radio emission, partly produced by the interaction with the companion star,
is three orders of magnitude less luminous than the emission from GPMJ 1839—10. A highly-
magnetic rotating proto-white dwarf (or “sub-dwarf™) is a possibility, and it could potentially be
obscured by its red giant progenitor'’; both obscured and unobscured cases could be tested with
further optical and IR observations. Low-frequency radio emission has also been detected from

18,19 and brown dwarf binaries?°, with modulations on both rotational

star — exoplanet interactions
and orbital periods. However, such emission is significantly circularly polarised, and is around

eight orders of magnitude less luminous than the emission observed from GPM J 1839—10.

The detection of GPM J 1839—10 and GLEAM-XJ 162759.5—523504.3 confirms that ultra-
long period radio sources are not staggeringly rare, and there will be many opportunities in up-
coming Galactic plane surveys to find further examples. Correlation of the observed population
with predicted spatial distributions may yield further insights. Higher-frequency radio observa-
tions will be less affected by scattering, but if the radio flux density spectrum of these sources is
identical, then detecting them beyond 1.4 GHz will be extremely challenging. Classical coherent
radio emission mechanisms involving an accelerating potential gap and subsequent pair-production

do not seem viable to explain GPM J 1839—10 (see Rea et al. in prep for further discussion, in-



cluding the magnetic white dwarf scenario). Intriguingly, the persistence of GPM J 1839—10 over
three decades indicates that there may be many more long-lived sources, some of which may await
discovery in existing archives. Sources similarly active for decades, but with smaller pulse win-
dows, would yield better constraints on P, and thus even stronger tests of models of coherent radio

emission from astrophysical sources.
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Figure 1: Polarisation properties of the brightest pulse observed with MeerKAT, in the observation
starting at UTC 2022-07-20 19:12:33. Panel (a) shows the Stokes I flux density, circular polarised
intensity Stokes V, and linear polarised intensity P; panel (b) shows their ratio, i.e. the fractional
polarisation; and panel (c) shows the polarisation position angle, derived from the PTUSE data at
65 ms resolution. For clarity, in the bottom two panels, only data where the errors are less than
100 % are shown. In the third panel, the grey line shows the typical (arbitrary) position angle of

the polarisation, while the red dotted line shows orthogonal (£90°) angles.
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Figure 2: 78 representative pulses of GPMJ 1839—10 aligned according to its measured period
P (and P set to zero). Flux densities are normalised to the peak of each pulse for readability;
barycentric and dispersive corrections have been applied. The observation start times in UTC are
listed on the left or right of each detection. The observations were drawn from many observing
programmes in various archives and therefore some pulses are not fully sampled. Dashed grey
vertical lines indicate the ~400-s wide window in which pulses have been observed to appear. The

color range spans 88 MHz (cyan) to 500 MHz (nfhagenta) and the detections span 33.9 years.
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Figure 3: Broadband radio flux density spectrum of a typical bright pulse. The data are constructed
using pairs of contemporaneous or same-frequency observations taken by the MWA, ASKAP, and
Parkes (black points). The blue line shows a curved spectrum (Equation 1 in Methods) fitted to
these points. The brightest pulse observed by MeerKAT is shown with green squares and has been

scaled by a single factor to align it with the rest of the data; these points are not used in the fit.
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Methods

MWA The Murchison Widefield Array is a low-frequency radio telescope operating in the Murchi-

2425 A Galactic Plane Monitoring programme (project code

son region of Western Australia
G0080) was executed during the 2022-A semester, with observations at 185-215 MHz covering
|b| < 15° and 284° < [ < 73°, for 30 min integration on a bi-weekly cadence (Hurley-Walker et
al. in preparation will describe the survey in full). Following the detection of GPM J 1839—10,
Director’s Discretionary Time observations (code D0038) were used to monitor the evolution of
the source every ~48 hr from 2022-07 until 2022-09. The observations were 5 min long and in
five 30.72-MHz bands iterating through 72-231 MHz, yielding a resolution of 5'—45” and snapshot

1

noise levels of 150-25 mJy beam™". Initial images were formed from the relevant GOO80 point-

ings and all DO038 observations using the GaLactic and Extragalactic All-sky MWA — eXtended

14



(GLEAM-X) pipeline®®, and placing a mask at the location of GPM J 1839—10 to avoid including
it in the deconvolution model. Subsequently, the data were re-imaged with the continuum sources
subtracted, on a 4-s time cadence. If GPM J 1839—10 was detected, the model-subtracted imaging
was repeated forming small images around GPM J 1839—10 at an 0.5-s time cadence and with
384 x80kHz, 192x160kHz, 96 x320 kHz, or 48 x640 kHz channels for central frequencies at 88,
118, 154, or >180 MHz respectively, in order to avoid dispersion smearing within the channels.
Dynamic spectra were formed by measuring the (primary-beam-corrected?’) flux density at the

location of GPM J 1839—10 in each time/frequency voxel.

Parkes On UTC 2022-07-17 (2459778 BID-TDB), we ran commensal observations of GPM J 1839—10
with the MWA and the 0.7-4.0 GHz receiver®® of the CSIRO Parkes ‘Murriyang’ telescope. Dy-
namic spectra were recorded in filterbank format (32-bit float) using the Breakthrough Listen data

recorder? 3!

, with 0.5 MHz spectral resolution and 100 ps time resolution. Due to strong radio
interference at lower frequencies, and decreasing pulse S/N at higher frequencies, we selected
the band 1.090-2.365 GHz for further analysis. Before observing GPM J 1839—10, we observed
calibrator source PKS 1934—638 and applied standard position-switching techniques® to deter-
mine the system temperature, using a log-polynomial flux model for PKS 1934-63833. We used
off-pulse spectra when pointing toward GPM J 1839—10 to account for the additional system tem-
perature contribution from the Galactic plane, then fit a 7-order polynomial to describe the system
temperature across 1.090-2.365 GHz. To calibrate pulses from GPM J 1839—10, we divided the

uncalibrated on-pulse spectra by the mean off-pulse spectra, then applied the system temperature

correction detailed above. Before analysis, bands with known radio interference were then flagged,

15



and data were downsampled to 0.1 s.

Data from GPMJ 1839—10 were also recorded in 8-bit PSRFITS format using the standard
Parkes signal processor, Medusa. However, as Medusa applies automatic gain correction (AGC) on
similar timescales to the GPM J 1839—10 pulse length, detection of pulses in these data is difficult.
We note that AGC and red noise introduced by receiver gain fluctuations are confounding factors
that may explain why objects similar to GPM J 1839—10 have not been found previously in data

from single-dish pulsar surveys.

MeerKAT MeerKAT is a large radio interferometer operated from the South African Radio As-
tronomy Observatory**. Observations were made under project code DDT-20220718-NH-01 com-
prising four hours of time on source at UHF (500-1060 MHz); the correlator ran with 1-MHz
channels and 2-s integration. The data were also recorded by the Accelerated Pulsar Search User
Supplied Equipment (APSUSE) and the Pulsar Processor (PTUSE) simultaneously. The intensity
data of seven beams were recorded on the APSUSE as filterbank format with a time resolution of
~30 ps and 1024 frequency channels. The PTUSE recorded the full polarization data of the central
beam as PSRFITS search-mode data, which has a time resolution of ~ 15 us and 1024 frequency
channels. Unfortunately, due to low position accuracy at the time of observing, none of the coher-
ent beams were directly on-source, causing lower signal-to-noise, baseline variation, and artificial

frequency steepening in the high time resolution data (the correlator data were unaffected).

The observatory calibration solutions were used to calibrate the correlator data, RFI flag-

ging was performed with AOFlagger®, and imaging was performed with WSCLEAN>®. Similarly

16



to the MWA imaging, a mask was placed at the location of GPMJ 1839—10 and a deep image
was formed of all the data. The position of the source was measured to be RA=18"39™02.007,
Dec= —10°31'49”37, with a 1-0 uncertainty of 0’ 15. Within the pulse window of the source, the
data were re-imaged with the deep model subtracted, on a 2-s cadence, across 76 frequency chan-
nels spanning 568—-1053 MHz. Dynamic spectra were formed by measuring the flux density of
GPMJ 1839—10 in each time/frequency voxel. Data outside of the pulse window was re-imaged,
cleaning down to 3 x the local RMS noise o, and down to 1o on any pixel previously found to con-
tain flux density (auto-threshold 3, auto-mask 1). No persistent radio source was detected down to
a 3-o limit of 60 pJy (at a central frequency of 812.5 MHz). Polarisation mesaurements were made

of the first pulse using the brightest pixel at the location of the source in each Stokes parameter.

For the high time resolution data, we firstly searched for single pulses on the PTUSE data
with TRANSIENTX?’. We used two sets of search parameters: (1) To search for narrow pulses, we
used a maximum search width of 100 ms and a DM range from 0 to 500 pc cm~3; (2) To search
for wide pulses, we used a maximum search width of 10s and the same DM range with the data
downsampled to 10 ms. As a result, a dozen of pulses with pulse width larger than 100 ms and a
~30ms pulse were detected within the two 120-s long pulses at UTC 2022-07-20T19:12:33 and
2022-07-20T19:35:43. We then chopped the data with the time spans that contained pulses in the
two periods and formed PSRFITS fold-mode data for further investigation. The data recorded on
the PTUSE was already calibrated®; we performed RM synthesis on the chopped data with RMFIT
in PSRCHIVE®, which gave the RM estimation of —531.83 4= 0.14 and —532.2 4 2.2 rad m? in

two bursts, respectively, as shown in Extended Data Fig. 5 . It should be noted that the pulsed
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emission lasted for ~ 120s in the first period, so the data is strongly affected by the baseline
variation. However, the baseline variation does not affect RM synthesis, because it can be viewed
as a DC component in the RM spectrum. Due to this effect, we only measured the total intensity I,
linear polarized intensity L, circular polarized intensity V and position angle (PA) — e.g. Extended

Data Fig. 6 shows a ~25-ms duration pulse.

To increase S/N, we downsampled the APSUSE data to ~ 3.9 ms, and removed the base-
line in the data of the central beam based on the baseline variation of the data in other beams,
which yields the dynamic spectrum of the ~ 120 s pulse shown in Extended Data Fig. 7. The
“DM Phase” structure maximisation algorithm* is applied to these data, estimating a DM of

273.542.5 pccm 3. All subsequent analysis uses this DM for de-dispersion.

ASKAP The source was observed with the ASKAP radio telescope*! as part of a target-of-opportunity
observation within the Variables and Slow Transients survey (VAST) *>. ASKAP was pointed at
(RA=18"39™0250, Dec= —10°31'49"5) using a closepack36 footprint *' with 0.9 degree pitch
(spacing between beams) with a central frequency of 1367.5 MHz and a bandwidth of 144 MHz
(288 MHz was observed but the lower half of the band is discarded as a result of GNSS-based
RFI). This places beams 15 and 21 closest to the target source. Observations were performed un-
der the alias AS113_65 and fell within scheduling blocks 43636 (starting 2022-09-03 07:35:02, 2
hours total) and 43703 (starting 2022-09-04 12:02:43, 5 hours total) for the first observing epoch
and 44023 (starting 2022-09-14 07:33:25, 6 hours total) for the second epoch. The first two obser-
vations were concatenated (7 hours total) to improve convergence of deconvolution (as complex

structures from the Galactic Plane caused problems with the limited sampling of the (u, v)-plane).
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Each observation was calibrated and imaged using the default ASKAPsoft pipeline . The
flux density scale, bandpass, on-axis leakage, and initial gain calibration are derived from obser-
vations of PKS 1934—638. The ASKAPsoft pipeline produces calibrated visibilities, Stokes I and
Stokes V images, and Stokes I source catalogues for each observation. All data products are made
available through the CSIRO ASKAP Science Data Archive *** under scheduling blocks 43696

(first epoch with concatenated observations) and 44023 (second epoch).

For polarisation investigations, the deconvolution model was subtracted from the visibility
data using the ASKAPsoft tool contsub. The visibility data was then phase-shifted to the loca-
tion of the source and averaged across all baselines to produce dynamic spectra for each of the
instrumental polarisations. These were then converted to Stokes I, Q and U. Rotation measure
synthesis and cleaning was then performed using the RMsynthld and RMcleanld scripts from
RM-tools*®. At the Stokes I peak (2022-09-14 11:08:18.485) we find a peak polarised intensity of
13.0 & 1.2 mJy beam ! RMSF~! at a Faraday Depth of —532.7 4= 17.3rad m~—2 with an associated
Stokes I peak of 361.84-2.2 mJy beam ™! (a fractional polarisation of 3.5 %). For integration imme-
diately following the Stokes I peak (2022-09-14 11:08:28.438) we find a peak polarised intensity
of 61.8 £ 1.3 mJy beam ! RMSF~! at a Faraday Depth of —531.3 4.0 rad m~? with an associated

Stokes I peak of 102.7 & 2.2 mJy beam ™! (a fractional polarisation of ~60%).

ATCA The Australia Telescope Compact Array (ATCA) performed observations of the position
of GPMJ 1839—10 on 2022-07-17 under proposal identification C3451. The observations were
conducted using the 4 cm dual receiver with frequencies centred at 5.5 and 9 GHz, each with a

2 GHz bandwidth. The array was in the hybrid configuration H214. Removing antenna CAO06,
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which provided ~ 4 km baselines, the longest baseline with the remaining 5 antennas was 247 m,
resulting in a resolution of ~ 45 arcsec. These data were processed using the radio reduction soft-
ware Common Astronomy Software Applications (CASA) package 4, version 5.1.2 using standard
techniques. Flux and bandpass calibration was performed using PKS 1934-638, with phase cali-

bration using interleaved observations of 1829-106.

The observations were scheduled to be simultaneous with MWA and Parkes observations
between 2022/07/17 09:42:58.4 and 2022/07/17 15:42:19.6 UT, totalling ~4 h on source. No per-
sistent radio source was detected at the position of GPM J 1839—10 at 5.5 GHz with a 30 upper
limit of 0.1 mJy beam~'. Assuming a DM of 273.5 pc cm~3, then the pulse detected by MWA at
2022/07/17 12:53 at 185 MHz (Fig. 1) would have arrived 33 s earlier at 5.5 GHz. Based on the
observed pulse width seen by the MWA, we extracted a 150-s integration between 2022/07/17
12:52:30 and 12:55:00, yielding a 30 upper limit of 0.6 mJy at 5.5 GHz. Scaling this limit by the
ratio between the flux density of the MWA observed 185 MHz burst and the expected flux density
in the formed spectrum at 185 MHz (a factor of ~10), we arrive at a 3o upper limit of 6 mJy at

5.5 GHz.

VLITE The VLA Low-band Ionosphere and Transient Experiment (VLITE) *** is a commensal
instrument on the NRAO VLA that records and correlates data across a 64 MHz bandwidth at a
central frequency of ~340 MHz. VLITE operates on up to 18 antennas during nearly all regular
VLA operations since 2017-07-20, accumulating roughly 6000 hours of data per year. All VLITE
data are processed through an automated VLITE calibration and imaging pipeline*®, producing

final calibrated visibility data sets and self-calibrated images. These VLITE images and associated
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META data are then passed through the VLITE Database Pipeline (VDP)* to populate a Structured

Query Language (SQL) database containing cataloged sources.

We searched VDP for archival images where GPM J 1839—10 lies within 2° of the pointing
center of VLITE observations taken in the VLA A and B configurations. We note that the half-
power radius of the VLITE primary beam response is ~ 1.25° but the system is sensitive to sources
well beyond this. We identified 86 VLITE data sets recorded between 2017-11-02 and 2022-06-
29 that matched the search criteria. For this paper, we concentrated primarily on A configuration
observations which provide the highest angular resolution (~5"”) and sensitivity (few mJy beam~!

at the field center), re-imaging 42 data sets, but also included a further 11 observations from B-

configuration (resolution ~20") in an effort to expand the detected burst time range.

Among the 53 data sets identified above, there are no targeted observations of GPM J 1839—10,
rather the target position ranges from 1.1° to 2.0° degrees away from the phase center of the VLITE
observations. For each VLITE data set, the self-calibrated visibilities were first phase-shifted to
the position of GPM J 1839—10 using the tool chgcentre and then WSCLEAN>® was used to pro-
duce a time series of images of the target down to 2-s intervals (i.e., the data integration time)
for A configuration and 6-s intervals for B configuration. The primary-beam corrected noise in
the 2s snapshot images at the position of GPMJ 1839—10 (i.e. far out from the VLITE phase
center) is on average 204 mJy beam™! (A-configuration) while the primary-beam corrected noise
(again far out from the VLITE phase center) in the 6-s snapshots is on average 160 mJy beam™!

(B-configuration). GPMJ 1839—10 was detected by VLITE in four datasets from 2022 (one in

2022-04 and three in 2022-05), one dataset from 2021-02, and one pulse was split across two
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observations on 2018-04-21 (Fig. 1).

GMRT The archives of Giant Metrewave Radio Telescope were searched for data in which GPM J 1839—10
would lie within the field-of-view. PSR J1835—1020, 47/3 away, was observed in P-band on 2015-
01-03 and 17, each in three 20-25-min scans with 2-s integrations. The spectral bandwidth was
split into 256 channels each 130.2083 kHz wide, covering 33.333 MHz with a central frequency
of 322.6 MHz. Detections were also found in observations using 16.8-s integrations on 2007-
11-17 and 29, and 2007-12-14 toward G21.5—0.9, 1°4 away, and on 2002-05-12 and 13 toward
GS 022—-02, 99 away, in ~1 hr scans in 2007, and in 8 x 10-min scans about 1 hr apart in 2002.
The spectral bandwidth of each observation comprised 64 125-kHz channels spanning 8 MHz, at a

central frequency of 240 MHz.

Calibration and imaging was performed in the Astronomical Imaging Processing System
(AIPS®!). The amplitude and phase calibrations were performed using 3C286, J 1830-360, and
J1822-096. The field was self-calibrated on a widefield image of 19 facets covering an aperture
1° in radius. Both a deep image comprising all data and single-integration snapshots with an
inner (u,v) cut of 2kA (2017), 1kA (2007), and 0.5kA (2002) were created. The flux density
scale was adjusted to match the deep-field measurements of the flux densities of sources in the
field to catalogue values’?, and correction factors 2.25, 1.0, and 1.61 were applied to the 2015,
2007, and 2002 snapshot images. The RMS noise of the 2-s snapshot images was typically 25—
50 mJy beam~! before corrections for primary beam attenuation, and the resolution was 20”1 x 776.
Correction factors of 2.29 (2015), 4.10 (2007), and 1.02 (2002) were applied for the primary beam

attenuation at the source location.
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VLA The archives of the Very Large Array were searched in a similar fashion, finding two
~325MHz, 10-s resolution observations of target “G21”, 1°3 away. One observation was taken
on 2001-04-28 in B-config over 07-15h in 9x30-min scans at 321.6 and 327.5 MHz (with 31
channels spanning 3.03 MHz bandwidth for each IF), while another was taken on 2001-08-31 in
C-config via 3x 1-hr scans from 02-05h at 327.5 MHz with 3.03 MHz bandwidth. A third 10-s
resolution observation of target ”20-20”, 2°0 away, was made in D-config on 1988-09-23 and 24,
consisting of three 20-min, single channel, 3.1 MHz wide scans at 327 and 333 MHz. The data
were processed in AIPS, using the amplitude and phase calibrators 3C286, 3C48, 1822-096, and
1828+487. Similar processing steps were performed as with the GMRT, performing faceted self-
calibration on a widefield image and subsequently imaging the snapshot images with an inner (u, v)
cut of 0.1-1 kA. The RMS of the 10-s snapshot images before corrections for primary beam atten-
uation was typically 50 mJy beam™! (B-config), 100 mJy beam ! (C-config), and 125 mJy beam !
(D-config), and the resolution of the images was ~30” x 15" (B-config), ~90” x 60” (C-config),

and ~400” x 200”. Correction factors of 2.0 (2001) and 6.0 (1988) were applied for the primary

beam attenuation at the source location.

XMM-Newton The XMM-Newton satellite observed the field of GPM J 1839—10 on 2022-09-
14, starting at 04:18:59 UTC and ending at 12:20:55 UTC (Id. 0913991101; satellite revolution

#4169). The observation lasted ~28.9 ks, completely overlapping the ASKAP observation.

The EPIC-pn™ was configured in the Large Window mode, whereas both MOS instruments>*
operated in Full frame mode. The data were processed and analysed using the Science Analysis

System®® (SAS; v. 20.0). Visual inspection of the time series for the entire field of view in selected
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energy bands revealed the presence of strong background flares. These were removed from the
data by applying ad hoc intensity thresholds on the time series, resulting in effective on-source

exposures of ~17.6 ks for the EPIC-pn and ~22.6 ks for both EPIC-MOS cameras.

No X-ray emission is detected at the position of the radio source. We adopted an aperture
radius of 20" for the source photons and an annular region centred on the source with inner and
outer radii of 20” and 40" to estimate the background level, and computed a 3-0 upper limit on
the net count rate of 0.002 countss™! in the 0.3-10keV energy band. This upper limit was then
converted into luminosity limits by assuming an absorbed blackbody model or an absorbed power-
law model for the X-ray spectral shape. We adopted the absorption column density estimated in
the direction of the source using the HI4pi survey over a 0.1 deg? around the source position:
Nu ~ 5.5 x 10*! cm™2. We evaluated the limits on the source X-ray luminosity by varying the
blackbody temperatures in the range k7" = 0.1 — 0.9keV in steps of width AT = 0.02keV
for the first model, and the power-law photon index in the range I' = 1 — 4 in steps of width
AT = 0.1 for the second model, and assuming a distance of 5.7 kpc. Extended Data Fig. 1 shows
the interpolation curves that best approximate the limits thus obtained. The allowed parameter
space on these planes, taking into account uncertainties in the value of the source distance, is

indicated using shaded regions.

We also performed a dedicated search for X-ray emission during the two time windows in
which the radio brightness at the source position measured in the simultaneous ASKAP observa-
tions was at least three times larger than the RMS noise of the image. Again, no X-ray emission

was detected in either time window. The inferred 3-0 upper limits on net count rate were 0.07
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and 0.08 counts s™! (0.3—-10keV) during the first and the second radio flaring event, respectively.
Assuming an absorbed power-law spectrum with the above-mentioned Ny and I' = 2, these values

convert into X-ray luminosities of Lx pjare1 < 1.8 X 1033 ergs~! and Lx rlare2 < 2.0 X 1033 ergs—.

We note that an X-ray source is detected near the position of GPM J 1839—10, with a net
EPIC-pn count rate of 0.02820.002 counts s~ over the 0.3-10keV energy range. Its position, cal-
culated with a maximume-likelihood source detection pipeline, is R.A. = 1838™577343, Decl. =
—10°29"25"6 (J2000.0; the uncertainty on the position is 0.4” at a confidence level of 10). This
is ~2.6 arcmin away from the nominal position of GPMJ 1839—10, ruling out a possible asso-
ciation between this X-ray source and the radio source. Following the naming convention for
newly discovered X-ray sources, we denote it as XMMU J183857.4—102926. For the sake of
completeness, we have performed a spectral analysis of the X-ray emission from this source. The
background-subtracted EPIC-pn spectrum is well described by an absorbed power-law model with
Ny = (1.7+£0.5) x 102cm 2 and I' = 1.2 + 0.2 (reduced chi squared of x? = 0.48 for 11
degrees of freedom). Its X-ray flux is 3.5705 x 107¥ ergcm=2s7! (0.3-10keV), after correcting
for absorption effects. The inferred Ny value is larger than the expected Galactic value along the
~2)36

direction of the source (Ny ga = 7.5 x 10** cm , pointing to either an intrinsically absorbed

Galactic source or an extra-galactic source.

Six images with a duration of 4—4.5 ks were collected fully overlapping with the X-ray data
using the Optical/UV Monitor telescope’’ on board XMM-Newton, each using a different filter.
The UV W2 filter (effective wavelength of 212 nm) was in place during the epochs when the two

flares were detected in the radio observation. No emission was detected from the position of
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GPMJ 1839—10 in any image, down to the following 5-0 limiting magnitudes: V' > 19.8 mag,

U > 20.6mag, B > 21.0mag, UVW1 > 20.2mag, UV M2 > 19.2magand UVW?2 > 18.3 mag.

Grantecan The Espectrégrafo Multiobjeto Infra-Rojo (EMIR>®) mounted on the Naysmith-A fo-
cus of the 10.4-m Gran Telescopio Canarias observed the field of GPM J 1839—10 twice in October
2022. The first observation began on October 25 at 19:48:52 UTC and lasted ~1.5 hr, while the
second one began on October 26 at 19:26:56 UTC and lasted ~1.4 hr. Both observations were car-
ried out in service mode under clear sky and dark Moon conditions. Each night, 480 frames each
with an exposure of 3 s were acquired in the Ks filter (central wavelength of 2.16 ym and full width
at half maximum of 0.312 pm), using the standard seven-point dither pattern. The EMIR images
were processed with custom software to produce the final stacked image, shown in Extended Data

Fig. 3.

The stacked image was reduced and analyzed using IRAF’s DAOPHOT/ALLSTAR tool.
First, we checked the astrometric solution of the working image by comparing the centroids of the
fitted stars with their positions in the Gaia DR3 catalog. We then transformed the ALLSTAR cata-
log (in XY coordinates) into a WCS catalog using the IRAF task WCSCTRAN. The average differ-
ence between the EMIR pipeline astrometric solution and the Gaia DR3-based solution was -0.03

arcseconds (-0.01 pixels) and -0.02 arcseconds (-0.01 pixels) in the region near GPM J 1839—10.

We then ran DAOPHOT/ALLSTAR using a quadratic PSF model of bright stars (FWHM =
4 pixels) to perform forced photometry at the image position of GPM J 1839—10, obtained from

the improved Gaia DR3 astrometric solution. We repeated this process several times to check the
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robustness of the fit. The differences between the optical fitted positions and the radio positions
were found to be within 0.61 pixels and 0.52 pixels in the X and Y image coordinates, respec-
tively, corresponding to (/11 and 0”10 in RA and DEC. The optical source is therefore found at:

RAJ2000)= 18h39m01.992s and DEC(J2000)=-10d31m49.60s at a significance level of 4.10.

We also performed an additional check by subtracting the image obtained with the PSF-fitted
stars from the original image, resulting in negative values at the position of GPM J 1839—10. The
instrumental magnitude at that position is 19.23+0.20. However, the sharpness parameter, which
measures how well the PSF fits the object, was highly negative (sharpness = -3), indicating that the

source is either extended or blended.

The K;-band photometry, calibrated using 2MASS stars in the EMIR field of view, gives for
the detected source a magnitude of K,=19.73+0.2 (measured) £0.12 (calibration). Based on a
distance of 5.742.9 kpc derived from DM measurements, and correcting for interstellar reddening
in the K, band (Ax=0.683; *°), the absolute magnitude of the source is calculated to be K, =
5.3755. If the optical source is a single star on the main sequence, it would be of spectral type

ranging from mid K — mid M .

Pulse polarisation and substructure Polarisation was detectable with both ASKAP and MeerKAT.
The rotation measure (RM) was derived from the two highest S/N ~30-ms bursts observed by
MeerKAT as —531.83 4 0.14 and —532.2 4+ 2.2rad m2, as shown in Extended Data Fig. 5. The
degree of linear polarization of the fine-timescale structure is ~100% (Extended Data Fig. 6).

Analysis of the correlator data over the same full ~120-s pulse (Fig. 1) yields consistent results,
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with peak RMs in each timestep typically —533 + 2radm™2. A weak (<10 %) circular polarisa-
tion component is also detected in several timesteps of this pulse, and several others observed with

ASKAP and MeerKAT.

In the high S/N pulse shown in Fig. 1, the polarisation position angle is generally flat. The
high-time resolution data reveals sudden jumps of 90° in polarisation phase angle, lasting from 0.2—
4s. The secondary mode is also typically coincident with weaker Stokes I. These mode switches
resemble the orthogonal polarization modes (OPMs) common in pulsars®. Although the origin of
OPMs in pulsars is still debated®!, their presence in radio pulses from GPM J 1839—10 could imply

a neutron-star-like emission mechanism.

The MeerKAT data at 3.9 ms (Extended Data Fig. 7) reveals fine pulse substructure, with
features as narrow as the time resolution. Quasi-periodic oscillatory (QPO) features are seen in
many of the pulses. We performed an autocorrelation lag analysis on well-resolved pulses, finding
a range of characteristic timescales, with almost every pulse exhibiting particularly significant
oscillations at ~50s (see Extended Data Fig. 8). We extended this to a cross-correlation analysis
between pulses separated by one or two periods, and found some morphological correlation; lags
of zero and ~50s were particularly preferred, but this was not always consistently observed. In
pulsars, the first non-zero lag peak indicates the characteristic separation between sub-pulses®.
The features we see are on scales of ~15-75 milliperiods, one to two orders of magnitude larger
than observed in pulsar microstructure®, i.e. they do not follow the linear trend between QPO scale
and period observed in canonical pulsars. However, the observed changes in burst structure and

fluence (Fig. 2, Extended Data Fig. 9) point to highly dynamic emission environments, temporal
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modulations of which could potentially cause the QPO features that are seen.

Period and Period Derivative The light curves from all telescopes were de-dispersed to 273.5 pc cm >

and the timestamps shifted to reflect the arrival time of a zero-DM signal. Since many of the
archival detections were made serendipitously in observations that were not set up to specifically
observe this source, not all pulses had complete sampling across the on-pulse region. Because of
these incomplete pulses, the wide (30-300 s) on-pulse region, the diversity of morphology of the
pulses, we estimated the time of arrival (TOA) of each pulse by smoothing the light curves with a
conservatively wide Gaussian kernel (o = 300 s) and defining the TOA to be the peak time bin of

the smoothed signal.

The uncertainties on the TOAs are critical for the timing analysis, and since the pulses have
features within a £200 s window, the noise budget is dominated by this “jitter”. To determine its
size, we use the 2022 data where the light curves are fully sampled. For each pulse, we measured
the offset between the measured (barycentred, de-dispersed) TOA and its expected arrival time in
the case of a perfect pulse. We plotted a histogram of these residuals and found a roughly Gaussian
distribution, measuring a standard deviation of 38 s. For fully-sampled light curves, we assign this
value as the error of the TOA; for those light curves truncated by observation length or where only

one or two peaks are detected due to S/N, we double the error to 76 s.

The TOAs were then compiled and passed into PINT pulsar timing package® for timing
analysis. PINT corrects for various timing errors associated with each individual telescope systems

(e.g., clock errors) and its location at the time of observation. Among these timing corrections, only
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the barycentric correction (arising from the location of the Earth in its orbit using DE436 ephemeris

for the Solar System barycenter) was found to be significant relative to the TOA uncertainty.

We performed a brute-force grid search for the spin frequency, f, and first spin frequency
time derivative, f, using PINT’s gridding utilities. First, we fit the TOAs using PINT’s Downhill
Weighted Least-Squares fitting algorithm where we froze all parameters except f, which results in
reasonably flat residuals and a reduced x? score of y? ., = 1.18. Using this initial fit as a starting
point, we searched a spin-frequency range corresponding to =750, where o is the uncertainty
in f from the initial fit. This amounted to search the range f = 0.75861265 + 0.00000216 mHz
with 150 linearly-spaced sample points. We assumed that the spin frequency derivative was zero
initially, but searched between f = 0 & 3.78 x 10~'7Hzs~! with 300 linearly spaced sample
points. The search range for this parameter was determined by fitting both f and f to the data and
extracting the resulting uncertainty on f, which was ~ 5x 107" Hzs ™!, and inflating that value by
a factor of 75 as in the case of f. Note that PINT performs a F-test when adding new parameters to
the timing model and determined that, with our current data, any improvement in the model from

adding fis very likely spurious, therefore we can only treat the result as a limit.

For each grid cell that samples the spin frequency and frequency derivative pair (f;, 1), we
compute the difference in x? scores, Ax? = x? — x?.... The minima of this Ayx? grid indicate the
nominal best solution(s) for the inclusion of f in the timing model. The minimum reduced y? in
the grid is x?.; = 1.12 (i.e. adding f to the model did not significantly improving the timing).
Confidence intervals are then computed by comparing the y? difference to that expected from a >

distribution with 2 parameters (degrees of freedom). Extended Data Fig. 4 shows the results, with

30



the 3-, 2-, and 1-0 confidence intervals indicated with ellipses. The best-fit f 18 consistent with
zero, so we are only able to derive lower limits on f. To select the most conservative upper limits
on the period derivative P, we use the minimum value of f along each of the the 3-, 2-, and 1-0

contours.

Radio spectrum The brightness and morphology of the pulses of GPMJ 1839—10 vary strongly
pulse-to-pulse. We thus endeavoured to make several simultaneous measurements of the same
pulse at widely separated frequencies. Two key measurements were: a pulse detected at 200—
231 MHz and after delay by the ISM, in the following observation at 72-103 MHz; and a pulse
detected at both the MWA and Parkes, at 200-231 MHz and 1345-1520 MHz. Additionally, the
bandwidths of the MeerKAT and ASKAP telescopes were sufficient for deriving in-band spectral
index measurements across 584—1043 MHz and 1295-1440 MHz, respectively. Assuming that the
shape of the radio spectrum is constant, and only the brightness varies, we scaled the MWA-Parkes
pair to match the MWA-MWA pair via the common measurement at 200-231 MHz. We also scaled

the ASKAP data to match the Parkes data at the common frequency of 1400 MHz.

We used the scipy implementation of the Levenberg-Marquardt least-squares fit of a model

of the form

measuring o« = —3.17 + 0.06 and ¢ = —0.56 £ 0.03. The flux density at 1 GHz for this particular
dataset is 148-+3 mJy, but the pulses can be brighter, fainter, or not appear at all (see Supplementary
Table and Extended Data Fig. 9). The reduced-y? of the fit is 0.35. The MeerKAT data did not

overlap in time or frequency with any other observations so could not be used in the fit, but was
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scaled by an arbitrary factor (of 13.8). After this scaling, it shows good agreement with the fitted

SED, implying that the form of the spectrum does not change dramatically over time.

Radio luminosity calculation Assuming that the pulses of GPMJ 1839—10 are produced via
some form of pulsar-like beam intersecting our line-of-sight, we can use geometric arguments to
convert the measured flux density to a radio luminosity. For a circular beam with an opening angle

that may have some frequency dependence, p(v), the total luminosity is
Lsz/mfﬁgq&m4 (2)

with distance d = 5.7 kpc. For the fitted log-parabolic spectrum (Equation 1), the largest contri-
bution to the flux density is from the frequency range ~10 MHz < v < 1 GHz. If we assume the
beam solid angle over this frequency range can be approximated by a power law with index [, the

luminosity can be expressed

_ 2 vo\#
L-@MQmm/<Mm)A$W, 3)

where 2] gp, 1s the beam solid angle scaled to 1 GHz.

Since contributions from frequencies outside the specified range are negligible for the spec-

trum (1), we can integrate over all frequencies to obtain a reasonable estimate of the total luminos-

ity,

1 2
L ~ 47d*S g, GHZ\/geXp [_%} ; 4)

where «, ¢, and S gy, are the fitted spectrum parameters defined above.

Obtaining an accurate luminosity requires knowledge of the beam geometry parameters (€2
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and (3)® which are currently only loosely constrained by the observed pulse duty cycle. However,
if we adopt a pulsar-like radius-to-frequency mapping and allow the beam opening angle to be
governed by a dipolar magnetic field configuration, then a typical value® for the power law index
is f = —0.26. In this case, the luminosity is of order L ~ €, gy, x 10® ergs~!. More detailed
beam models®”-%® that can place further constraints on the beam scale factor O ¢y, are not likely

to change this estimate by more than an order of magnitude.

Error on the distance estimate To convert the dispersion measure (DM) into a distance, we use
a model of the Galactic electron density, YMW16*. Their overall model has a relative distance

error 2 —
K2

TD" derived from 189 pulsars for which distances are known: D,, is the model distance
based on the observed DM and D; is the independently determined distance (e.g. by parallax).
For their sample, the root-mean-square of the relative distance error is 0.398. From version 1.65
of the Australia Telescope National Facility Pulsar Catalogue'®, we extracted data for the five
pulsars with independently-measured distances within 10° of GPM J 1839—10. For these pulsars,
we found that the root-mean-square of the relative distance error is 0.462. Thus we conclude that
169

there is a ~45 % error on the estimated distance of 5.7 kpc. The NE 2001 electron density mode

produces a distance estimate of 4.8 kpc, i.e. indistinguishable within the measured error.

Pulsar P-Pdot diagram and Death Valley In Fig. 4 we report a P — P diagram comparing
different isolated radio pulsar classes. Grey arrows show upper limits on P for those sources
having only an upper limit on their measurements. Data to produce these plots were collected
from a large number of publications!>'%-12:21=23 " In this manuscript we assume for neutron stars

a radius of Ryg = 12km radius and Myg = 1.4M,, (compatible with recent measurements’®’?).
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For all pulsars we derive their surface magnetic field at the pole (see Fig 4 color bar) using their P

and P measurements via the classical dipolar loss formula:
|3c3I PP
B=\———.
2m2 R6

Radio emission from pulsars is typically interpreted in terms of pair production in the magne-
tosphere that begins immediately above the polar caps ’. Since the first formulations of this model,
it was clear that there should be a limiting period and magnetic field for which a radio pulsar can
no longer produce pairs, and radio emission should then cease. The parameter space in the P — P
diagram where radio emission should start quenching is called “death valley” ®°. It comprises a
large variety of death lines depending on the magnetic field configuration (i.e. dipolar, multi-polar,
twisted, etc.), seed y-ray photons for pair productions (i.e. curvature or inverse Compton pho-
tons), the pulsar obliquity or the assumed stellar radius and moment of inertia. These parameters
might well differ from pulsar to pulsar, but all classical formations of death-lines are expected to
lie within the so-called “death valley”. In Fig. 4 we report the “death valley” for pulsars reporting
explicitly five of the death lines, three as calculated by ® (the numbers 1, 2, and 4 in this work)
and two by ° (labelled by these authors as III and III'). We assume different parameters: a pure
dipole scenario, a dipole with curved field lines, and a twisted magnetic spot at the polar cap in the

extreme case where the B field strength at the surface is 10 times stronger than the dipolar field.
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Extended Data Figure 1: 3-0 upper limits on the persistent X-ray luminosity at the position of
GPM J 1839—10 as a function of the assumed spectral shape. The shaded region is for distances in

the 3-8 kpc range.

45



125 -

100 |

75

Radio flux density (mJy)

15

XMM-Newton/EPIC
net count rate (10~3 counts s
(6}
1

0.44 0.45 0.46 0.47 0.48 0.49
Epoch (BMJDtpg - 59836)

Extended Data Figure 2: Simultaneous radio (ASKAP) and X-ray (XMM-Newton) observations
of two bright radio pulses detected on 2022-09-14. The dotted line is the 30 upper limit on the net

count rate derived considering the whole observation (see Methods).
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Extended Data Figure 3: Gran Telescopio Canarias EMIR image of the field around

GPM J 1839—10 in the K ,-band. The black circle represents the source positional error of 015.
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Extended Data Figure 4: The explored search space in f and f for the pulses recorded from
GPMJ 1839—10. Contours show the confidence intervals derived from the timing analysis (see
Methods). The reduced y? values are shown in greyscale. The central marker shows the best-fit
f =0.000758612(7)Hz and f = 5 x 10720, The arrow markers show limits on f; the 1-o limit is

shown as an upper limit on P in Fig. 4.
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Extended Data Figure 5: The RM synthesis results of two bursts in the first two pulses detected
by MeerKAT, at UTC 2022-07-20T19:12:33 and 2022-07-20T19:35:43. The vertical shaded area
represents the measured errors of the RMs. The RM estimations yield from the plot in two periods

are —531.83 + 0.14 and —532.2 + 2.2 rad m 2, respectively.
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Extended Data Figure 6: The polarization profile of a 30-ms burst observed with MeerKAT
PTUSE. The RM is —531radm~2. The top panel shows the measurements of the position angle
(PA) at different pulse phases. The middle panel shows the total, linearly polarized, and circularly
polarized flux densities as a function of time, represented by the black line, the red line and the
blue line, respectively. The bottom panel shows the dynamic spectrum of the burst. The start time
of the plot is UTC 2022-07-20T19:35:43.228133. The apparent steep spectrum is not intrinsic to

the source, but due to the misalignment of the coherent beam.
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Extended Data Figure 7: Dynamic spectrum of the 2022-07-20T19:12:33 pulse detected with the
APSUSE instrument on MeerKAT. The time resolution is 3.9 ms and the frequency resolution is
8.5MHz. Strong interference signals have been removed in the 950-MHz band and at the band
edges below 577 MHz and above 1065 MHz. The data are shown a) before de-dispersion and b)

after de-dispersion.
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Extended Data Figure 8: Auto-correlation (lag) analysis of three high-signal-to-noise pulses ob-
served with the MWA (left and right panels) and MeerKAT (middle panel). The top row shows the
de-dispersed, frequency-integrated light curves as a function of time from the start of each observa-
tion, shown in the panel titles. The light curves have been normalised for readability; observational
parameters, peak flux densities, and fluences for these pulses are reported in the Supplementary
Information Table. The bottom row shows the auto-correlations over the range of timescales well-
sampled by each light curve. To indicate the range of observed behaviours, some of the lag peaks

are marked with grey vertical lines.
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Extended Data Figure 9: Histogram of flux densities and fluences of detected pulses, using the data

provided in the Supplementary Table. The values were scaled to a common frequency of 1 GHz

via Equation 1 in Methods.
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