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Short review: galactic ultra-long 
period magnetar (ULPM) 
candidates



RCW 103 with Chandra and XMM–Newton 4447

Figure 1. RGB Chandra image of RCW 103, with red, green, and blue colours corresponding to the energy ranges 0.5–1.2, 1.2–2.0, and 2.0–7.0 keV,
respectively. The image has been smoothed using a Gaussian with a radius of 3 pixels. North is up and east is to the left. An obvious artefact is the ‘crosshairs’
shape almost through the centre that is due to the chip gaps from one of the data sets.

Figure 2. Chandra X-ray broad-band (0.3–10 keV) image overlaid with radio contours from the Molonglo Observatory Synthesis Telescope. 10 contours are
shown in logarithmic scale ranging in levels from 0.05 to 1.7 counts per pixel.
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Galactic ULPM candidates - 1E 161348–5055 in RCW 103
1E 161348–5055 - The magnetar CCO in RCW 103
Pulsating (P ~ 6.7 hr) central compact object in SNR RCW 103: 

1. Millisecond duration short X-ray bursts - similar to magnetars

2. Long-term outbursts and non-thermal hard X-ray emission

3. Proper motion ~ 170 km/s from Chandra imaging – Wide binary would have been disrupted

4. Companion hotter than M7 ruled out by HST observations – close binary should have been detected


Magnetar-like phenomenology

RCW 103  - Braun+2019

Credit: De Luca et al. 06, 08, Esposito et al. 11, D’Ai et al. 16, Rea 
et al. 16, Tendulkar et al. 17, Borghese et al. 18, Braun et al. 
2019 

Isolated magnetar nature of 1E 161348 seems most 
compatible with observations!
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Galactic ULPM candidates - 1E 161348–5055 in RCW 103
1E 161348–5055 - The magnetar CCO in RCW 103
Pulsating (P ~ 6.7 hr) central compact object in SNR RCW 103: 

1. Millisecond duration short X-ray bursts - similar to magnetars

2. Long-term outbursts and non-thermal hard X-ray emission

3. Proper motion ~ 170 km/s from Chandra imaging – Wide binary would have been disrupted

4. Companion hotter than M7 ruled out by HST observations – close binary should have been detected


Magnetar-like phenomenology

RCW 103  - Braun+2019

Credit: De Luca et al. 06, 08, Esposito et al. 11, D’Ai et al. 16, Rea 
et al. 16, Tendulkar et al. 17, Borghese et al. 18, Braun et al. 
2019 

See Alice Borghese’s talk!



Persistent Hard Tail of The Ultra-long Period Magnetar in RCW 103
Rea+2016, De Luca+2006, D’Ai+2016 and earlier works

10–20 pixels. Only the observation ∼20 minutes before the
BAT trigger, which yielded a severe pile-up, had to be
extracted excising the inner 3.5 pixels of the extraction region.

We analyzed the Swift-BAT data of the burst (trigger
700791, obs ID: 00700791000). The T90 duration of the event
(the time during which 90% of the burst counts were collected)
was 0.009±0.001s, and its total duration was ∼10 ms. These
durations were computed by the Bayesian blocks algorithm
BATTBLOCKS on mask-weighted light curves binned at 1 ms in
the 15–150 keV (Scargle 1998), where essentially all the
emission is contained. For the burst only, mask-tagged light
curves, images, and spectra were created. We extracted a
15–150 keV sky image and performed a blind source detection
over the whole duration of the burst: a single, point-like source
was detected at high significance (14.5σ) at the best-fit
coordinates � � � n a ´R.A. 16 17 29. 62, decl. 51 03 07. 9h m s , with
an uncertainty radius of 1.5arcmin (1σ, including a systematic
error of 0.25arcmin; Tueller et al. 2010). This position is
consistent with a single known X-ray source: 1E 161348–5055
(see Figure 1). No other X-ray source was detected within the
burst error circle in the XRT data, with a 3σ 0.5–10 keV
detection limit of <0.003 countss−1. Together with the
exceptionally high flux of 1E 161348–5055 at the epoch of
the burst, this strongly points to the CCO in RCW 103 as the
origin of the burst.

2.2. Chandra

After the burst trigger, 1E 161348–5055 was observed with
the Advanced CCD Imaging Spectrometer spectroscopic array
(ACIS-S; Garmire et al. 2003) on board the Chandra X-Ray
Observatory, starting on 2016 June 25 at 09:20:07 until
22:00:38UT, for an on-source exposure time of 44.2 ks (obs
ID: 18878). The ACIS-S was configured in continuous
clocking (CC) mode with FAINT telemetry format, yielding
a readout time of 2.85 ms at the expense of one dimension of
spatial information. The source was positioned on the back-
illuminated S3 chip.

We analyzed the data following the standard analysis
threads9 with the Chandra Interactive Analysis of Observations

software (CIAO, v.4.8; CALDB v.4.7.2). We accumulated the
source photon counts within a box of dimension 3×3 arcsec2

centered on the position of the CCO. The background was
estimated by collecting photons within two rectangular regions
oriented along the readout direction of the CCD, symmetrically
placed with respect to the target and both lying within the
remnant, whose spatial extension is ∼9 arcmin in diameter
(Frank et al. 2015). The average source net count rate was
3.352±0.009 countss−1, which guarantees no pile-up issues
in the data set.
We have also analyzed all archival Chandra observations

pointing at <30″ from our target (24 observations from 1999
September 26 until 2015 January 13; see Figure 2). Photons
from TE mode observations were extracted from a 2″ circular
region, and the background from an annulus with radii 4″–10″.
These observations were used for the timing and spectral long-
term analysis (see below). When necessary, we corrected for
pile-up effects by using the model of Davis (2001).

2.3. NuSTAR

The NuSTAR (Harrison et al. 2013) observed
1E 161348–5055 starting on 2016 June 25 at 06:46:47UT
until June 26 at 18:42:50UT, for a total on-source exposure
time of 70.7 ks (obs ID: 90201028002), simultaneously with
the Chandra observation (Section 2.2). The data were
processed using version 1.6.0 of the NuSTAR Data Analysis
Software (NUSTARDAS; using version 59 of the clock file to
account for NuSTAR clock drifts caused by temperature
variation). We used the tool NUPIPELINE with default options
for good time interval filtering to produce cleaned event files,
and we removed time intervals corresponding to passages
through the South Atlantic Anomaly. We ran the NUPRODUCTS
script to extract light curves and spectra and generated
instrumental response files separately for both focal plane
modules (FPMA and FPMB). We collected the source counts
within a circular region of 40″ radius around the CCO position.
The background subtracted source count rate in the 3–79 keV
was 0.27±0.03 counts s−1. We checked that a 30″ extraction
region gives consistent results. Background was estimated from
two 60″ circular regions in the same chip, one inside and one
outside the ghost-rays-contaminated area. We verified that the

Figure 3. Left: period determination for the longest available archival X-ray observations, with the superimposed light curve binned at 1 ks bin−1. Middle: energy-
dependent, folded light curve for the simultaneous Chandra (black) and NuSTAR (blue) observations soon after the 2016 burst. Right: simultaneous spectral fit of the
Chandra (black) and NuSTAR (light and dark blue) data with two absorbed blackbodies and a power-law component. The background spectrum is also plotted in the
middle panel.

9 See http://cxc.harvard.edu/ciao/threads/pointlike.
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This existence of this object is one of the major reasons to believe ULPMs are real and common 
(besides new radio candidates…) 

P = 6.67 hr

See Beniamini, Wadiasingh, & Metzger (2020)



Galactic ULPM candidates - PSR J0901-4046
PSR J0901-4046 (formerly MTP0013)

P ~ 76 s pulsar, well-measured Pdot ~ 2x10-13 —> Bpole ~ 2x1014 G 

1. Pulsar radio characteristics: high polarization fraction, PPA swings, 

variability in single pulses of flux and polarization

2. Very stable in timing — unusually stable for a magnetar

3. Only 328 pc away (YWM16) — implies many more exist

4. Lx < 1030.5 erg/s

5. harmonic spaced QPOs at O(10) Hz– consistent with the existence of 

NS crust, unlikely to be magnetospheric Alfvenic modes


ARTICLESNATURE ASTRONOMY ARTICLESNATURE ASTRONOMY

Extended Data Fig. 7 | MeerKAT image of the PSR J0901!−!4046 region at 1.28 GHz. The left hand panel shows the image with the pulsed emission 
included, and the right hand panel shows the same field following the removal of the integration times containing pulses. No persistent radio source is 
associated with PSR J0901!−!4046 to a 3σ limit of 18 μJy beam−1. The diffuse shell-like structure that surrounds PSR J0901!−!4046 is partially visible, 
possibly the supernova remnant from the event that formed the neutron star.

NATURE ASTRONOMY | www.nature.com/natureastronomy
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several sub-pulse components of varying widths and amplitudes, 
these are more chaotic within and between subsequent pulses.

In some of the bright pulses we measure a quasi-periodicity in 
the sub-pulse components, which at times appear to be harmoni-
cally related between pulses (Extended Data Fig. 2). In some others 
we see multiple quasi-periods within a single rotation, as seen in 
Extended Data Fig. 3. Overall, the quasi-periods are common across 
the UHF- and L-band observations. We observe the width of the 
sub-pulse components in PSR J0901-4046 to be exactly half of the 
quasi-period. The shortest and longest quasi-periods we measure 
are 9.57 ms (104 Hz) and 338 ms (2.96 Hz), respectively (Extended 
Data Fig. 4). Similar quasi-periodic features have been observed in 
fast radio bursts (FRBs)4. Radio observations of the magnetar XTE 
J1810-197 following its 2018 outburst revealed a persistent 50-ms 
periodicity imprinted on the pulse profile5. The most commonly 
seen quasi-period across all observations is ~76 ms (13 Hz), which 
is about equal to P/1,000. This quasi-period follows the spin-period 
scaling seen in corresponding values of the micropulses in normal 
pulsars6. This scaling can be most easily associated with the emis-
sion of beamlets making up the wider sub-pulses7, suggesting that 
the periodicities are caused by a temporal or angular mechanism 
rather than the motion of the beamlets in the polar cap region. 
Alternatively, this quasi-period could be related to sub-pulses or 
drifting sub-pulses. Each of the sub-pulses or dense, isolated ‘sparks’ 
(that is, pair-production sites) are theorized to have a correspond-
ing plasma column, which radiates and generates the observed 
sub-pulses, which may then rotate around the magnetic axis. Such 
quasi-periodic oscillations are also theorized in models of FRBs, 
where they are due to magneto-elastic axial (torsional) crustal 
eigenmodes originating close to the neutron star surface8. The 
eigenfrequencies of these oscillations are expected to depend most 
strongly on the neutron star mass and the crust equation of-state8. 

These local crustal oscillations can create Alfvén waves that propa-
gate to larger heights in the magnetosphere, thereby producing an 
oscillating parallel electric field E∣∣ in the charge-starved region to 
produce the observed coherent radio emission9.

Ultimately, it is unclear what causes the quasi-periodicity in PSR 
J0901-4046. Global magneto-elastic axial (torsional) oscillations 
are a tempting explanation, but the persistence of our periodicities 
would require repeated triggers and/or very long damping times. 
The observed periodicities and frequencies, however, may be con-
sistent with models proposed for magnetars, and the similarity with 
the periodic feature of the radio-loud magnetar XTE J1810-197 
is intriguing. We note that PSR J0901-4046’s position in the P–Ṗ 
parameter space is offset from the known magnetar population. We 
also note that PSR J0901-4046 may differ in other physical quanti-
ties (such as in its mass) that we cannot access from our observa-
tions but that are likely to play a role in the seismic properties of 
neutron stars. Hence, differences in the behaviour compared with 
other neutron stars or magnetars may not be unexpected. It has 
been proposed10 that bright coherent radio bursts can be produced 
by highly magnetized neutron stars that have attained long rotation 
periods (few 10s to a few 1,000s of seconds), called ultra-long-period 
magnetars (ULPMs). Recently, a source, GLEAM-X J162759.5-
523504.3, with a period of ~20 minutes in the radio has been discov-
ered and is speculated to be a member of this class11. X-ray-isolated 
neutron stars are nearby cooling neutron stars with spin periods 
in the range 3.4−11.3 s (ref. 12) and are characterized by thermal, 
soft X-ray, emission. They are believed to be old, strongly magne-
tized neutron stars, despite their non-detection in the radio so far13.  
A few X-ray-isolated neutron stars lie above the low-twist death line 
in Fig. 1, implying possible ULPM origins. Interestingly, PSR J0901-
4046 also falls in the parameter space (Fig. 1) where these ULPMs 
are expected to exist. PSR J0901-4046 could potentially be an old 
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Fig. 2 | Gallery of the pulse morphology types of PSR J0901-4046. The morphological type is given in the title for each panel. The top panels are pulses 
observed in the UHF band, while the bottom panels are pulses observed in the L band.
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PSR J0901-4046. No known pulsars are located within 2 degrees of  
this sky location.

A total of 6 L-band (856–1,712 MHz) and 1 ultra-high-frequency 
(UHF) band (544–1,088 MHz) observations were performed 
between September 2020 and May 2021, during which we detect 
single pulses from every rotation of the source. The L-band data 
have resulted in the timing solution shown in Table 1. Despite the 
large jitter in the pulse shapes of single pulses, we obtain remark-
ably stable pulse profiles over the various epochs due to the high 
signal-to-noise (S/N) ratios. Using 29 times of arrival (ToAs), typi-
cally 2 per epoch, over 7.4 months, we measure timing residuals with 
a low root mean square (r.m.s.) of 5.7 ms (Extended Data Fig. 1).  
When compared with the pulse period, the fractional accuracy of 
~7 × 10−5 is comparable with the most-accurately timed millisecond 
pulsars. We do not find any evidence of timing noise or covariance of 
spin parameters with position. PSR J0901-4046 has a best-fit disper-
sion measure (DM) of 52 ± 1 pc cm−3 and average half-power pulse 
widths of ~300 ms at both L- and UHF-bands, suggesting no evidence 
for radius-to-frequency mapping. We measure pulse-averaged peak 

flux densities of 89.3 ± 2.7 mJy beam−1 and 169.3 ± 14 mJy beam−1 at 
the L band and UHF band, respectively, with a period-averaged flux 
density of 408 ± 5 μJy beam−1 at the L band. The measured DM cor-
responds to distances of approximately 0.3 and 0.5 kpc according to 
the YMW16 (ref. 2) and NE2001 (ref. 3) Galactic electron density 
models, respectively. The period (P = 75.88 s) and period deriva-
tive (

Ṗ = 2.25× 10

−13 s s−1; pulsar spin-down rate) correspond to 
a characteristic age, surface magnetic field strength and spin-down 
luminosity of 5.3 Myr, 1.3 × 1014 G and 2.0 × 1028 erg s−1, respectively, 
assuming a dipolar magnetic field configuration (Fig. 1). This dis-
covery confirms the existence of ultra-long-period neutron stars.

Results
Single-pulse analyses of the radio emission from PSR J0901-4046 
reveal remarkable and unusual spectro-tempo-polarimetric proper-
ties, quite unlike anything seen in known radio pulsars. We notice 
that the pulse shape is variable both inter-epoch and intra-epoch, 
but some features persist. Overall, the single pulses studied over six 
epochs can be grouped into seven different types, namely: normal, 
quasi-periodic, spiky, double-peaked, partially nulling, split-peak 
and triple-peaked, as shown in Fig. 2. Although magnetars  
are sometimes seen to emit wide, bright radio pulses that comprise 

Table 1 | Pulsar timing and model parameters for PSR J0901-
4046, including measured quantities and derived quantities 
from the timing analysis over the span of this observing 
campaign

Variable Value

Data and model fit quality
Modified Julian date (MJD) range 59119.0 to 59343.6 (7.4!months)
Number of TOAs 29
Weighted r.m.s. timing residual 5.7!ms
Measured quantities
Right ascension (J2000) 09!h!01!min!29.249!s!±!1.0″
Declination, δ (J2000) −40°!46′!02.984″!±!1.0″
Pulse frequency, ν 0.013177739873!±!9.9!×!10−12!s−1

First derivative of pulse frequency, ν̇ −3.9!±!0.2!s−2

Pulse period, P 75.88554711!±!(6!×!10−8)!s
Period derivative, Ṗ (2.25!±!0.1)!×!10−13!s!s−1

Dispersion measure, DM 52!±!1!pc!cm−3

Full-width at half-maximum, W50  
(L band)

299!±!1!ms

Full-width at half-maximum, W50 
(UHF band)

296!±!4!ms

Spectral index, α −1.7!±!0.9
Rotation measure, RM −64!±!2!rad!m−2

Fractional linear polarization 12.2!±!0.2%
Fractional circular polarization 21.0!±!1.9%
Inferred quantities
Distance (YMW16), d1 328!pc
Distance (NE2001), d2 467!pc
Characteristic age, c 5.3!Myr
Surface dipole magnetic field  
strength, B

1.3!×!1014!G

Spin-down luminosity, Ė 2.0!×!1028!erg!s−1

Period-averaged radio luminosity,  
L1,400 at d2

89!μJy!kpc2

X-ray Luminosity, LX (0.5–10!keV) at d2 ≲3.2!×!1030!erg!s−1

Uncertainties in parentheses as 1σ errors on the last significant quoted digit
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Fig. 1 | P–Ṗ diagram based on the Australia Telescope National Facility 
(ATNF) pulsar catalogue. The various sub-classes of pulsars are 
represented by the markers in the legend (XINS: X-ray-isolated neutron 
star; SNR: supernova remnant; RRAT: Rotating radio transient). The 
longest-spin-period radio pulsars and the white dwarf binary system AR 
Sco are highlighted in red. The red arrow represents the upper limit on the 
period derivative for GLEAM-X J162759.5-523504.3. Lines of constant  
age (in years) and magnetic field (in Gauss) are shown as dotted and 
dashed (top left to bottom right) light grey lines, respectively. Lines of 
constant energy (in erg s-1) are shows as dashed (bottom left to top  
right) light grey lines. The lower-right corner of the figure represents the 
‘death valley’ with various death lines (dark grey lines) from the literature, 
where sources below these lines are not expected to emit in the radio.  
The solid death line represents equation (9) in ref. 22. In dot-dashed and 
dashed are the death lines modelled on curvature radiation from the 
vacuum gap and space-charge-limited flow models, as shown by  
equations (4) and (9), respectively, in ref. Sources above the low-twist 
death line are potential ULPMs.
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Credit: Caleb et al. 2022



Galactic ULPM candidates - GCRT J1745–3009

GCRT J1745–3009
 The Galactic “burper”. A P ~ 77 minute source discovered serendipitously by VLA

1. 10 minute wide “pulses” 

2. Tbrightness >> 10^12 K for D > 70 pc

3. Optical observations rule out M type / brown dwarf nearby counterpart

4. If period is spin – cannot be rotation powered – suggestive of a magnetar origin


Credit: Hyman et al. 05,Kaplan et al. 08,  Spreeuw et al. 09
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A powerful bursting radio source
towards the Galactic Centre
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Transient astronomical sources are typically powered by compact
objects and usually signify highly explosive or dynamic events1.
Although high-time-resolution observations are often possible in
radio astronomy2, they are usually limited to quite narrow fields
of view. The dynamic radio sky is therefore poorly sampled, in
contrast to the situation in the X-ray and g-ray bands in which
wide-field instruments routinely detect transient sources3. Here
we report a transient radio source, GCRT J1745–3009, which was
detected during a moderately wide-field monitoring programme
of the Galactic Centre region4,5 at 0.33GHz. The characteristics of
its bursts are unlike those known for any other class of
radio transient. If located in or near the Galactic Centre, its
brightness temperature (,1016 K) and the implied energy
density within GCRT J1745–3009 vastly exceed those observed
in most other classes of radio astronomical sources6, and are
consistent with coherent emission processes7 that are rarely
observed. We conclude that it represents a hitherto unknown
class of transient radio sources, the first of possibly many new
classes that may be discovered by emerging wide-field radio
telescopes8.
GCRT J1745–3009 is located approximately 1.258 south of the

Galactic Centre and is notable for a series of,1-Jy bursts, each with
a duration of ,10min, and occurring at apparently regular inter-
vals of 1.27 h. The variability of GCRT J1745–3009 is shown in the
light curve of Fig. 1, and the average burst light curve is shown in
Fig. 2. The light curves appear to be similar in shape, although the
missing data during the first, second and third bursts hinders a
comprehensive comparison. GCRT J1745–3009 is located near the
supernova remnant, SNR 359.1–00.5 (ref. 9), and other prominent
sources10,11, as shown in Fig. 3. GCRT J1745–3009 was detected in
2002 using the Very Large Array radio telescope operating at a
frequency of 0.33GHz.
GCRT J1745–3009 is not detected between bursts with a 5j upper

limit of 75mJy, determined by imaging the entire observation with
the bursts removed. We also do not detect the source in 0.33GHz,
,1-h Galactic Centremonitoring observations made earlier in 2002
and afterwards in 2003; the 5j upper limit for detection in a bursting
state is,250mJywith 5-min integrations, and in a quiescent state is
,50mJy. Images made from three 6-h observations in 1996 and
1998 have similar upper limits, and the combination of these
images12 has a 15-mJy upper limit for quiescent emission.
The magnitude of errors in radio astronomical images typically

increases with distance from the centre of the image. GCRT J1745–
3009 is located only 14 0 from the image centre compared to the,38
field of view, and therefore, together with its detection at multiple
frequencies around 0.33GHz and in both circular polarizations, we
consider the evidence that the source is real to be very strong. The
bursts show no significant frequency dependence and nomolecular-
linemasers are known to emit near 0.33GHz; the lack of a frequency

dependence therefore suggests that GCRT J1745–3009 is not a
maser.

GCRT J1745–3009 is unresolved in our observation. If we
constrain its size to be less than ct, with c the speed of light in
vacuum and t < 2min taken to be the decay time of the ,1-Jy
bursts, then the energy density within the source as measured by the
brightness temperature is ,1012 K (D/70 pc)2, where D is the
distance to the source. If the transient source is at the Galactic
Centre, ,8.5 kpc distant, its brightness temperature far exceeds
1012 K, the upper limit for incoherent synchrotron radiation6

produced by relativistic electrons gyrating in a magnetic field, and
therefore its emission is probably coherent.

In principle, GCRT J1745–3009 could be located,70 pc from us,
in which case it could be either a coherent or an incoherent emitter.
Known and hypothesized classes of ‘local’ (D , 70 pc) sources that
show flare activity include dwarf M-type (dMe) stars, brown dwarfs
and extrasolar planets. dMe flare stars emit coherent bursts pro-
duced through electron cyclotron maser emission. The bursts from
flare stars show some similarities to the light curve of GCRT J1745–
3009 but, in contrast, they are detected in only one circular
polarization at low frequencies (for example, at 0.43GHz for AD
Leo and YZ Canis Minoris)13. Bursts of such highly circularly
polarized radio emission are also predicted, by analogy to the
giant planets in our Solar System, from extrasolar giant planets14,15.
However, no detections have been made in searches for such
emission from known extrasolar planets at 0.33GHz and 1.5GHz,
at sensitivity limits comparable to or better than what we report
here16. We conclude that GCRT J1745–3009 is not likely to be a dMe
flare star or an extrasolar planet.

Brown dwarfs also emit flares, apparently as a result of processes
involving high magnetic fields17. Four infrared sources detected in

 

 

 

 

 

 

 

 

Figure 1 The five detected bursts from the radio transient source, GCRT J1745–3009.

The observation is continuous, with the time axis folded at multiples of 77.13min. a, The
first interval of the observation, beginning at 20 h 50min 00 s on 30 September 2002

(TAI). b, The second interval. c, The third interval. d, The fourth interval. e, The fifth
interval. The points connected by the heavy line are the detections in 30-s samples with

typical error bars of 0.15 Jy shown. The arrows are 3j upper limits for nondetections

between bursts; no evidence of quiescent emission is found. Fluctuations of nearby

sources are consistent with the noise level. The dashed vertical line is positioned at the

fitted peak (see Fig. 2) of the fourth burst as a reference. Note that several gaps in the

data, including during the first three bursts, are due to radio-frequency interference or

when the phase calibrator was imaged. No anomalous behaviour is seen for the calibrator.

The 0.33-GHz, 7-h observation was obtained with the CnB-configuration (,40 arcsec

resolution) of the Very Large Array. The bandpass consists of 31 97-kHz-wide channels

for each of two intermediate frequencies (321.56 and 327.50MHz). Both circular

polarizations were imaged, but linear polarization measurements are not available for this

observation. No circular polarization was detected (15%, 5j upper limit).
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Galactic ULPM candidates - GLEAM-X J162759.5–523504.3

GLEAM-X J162759.5–523504.3
P ~1091 sec, Pdot < 10^-9 radio transient

1. Close to 100% linear polarization

2. Rapid (~0.5 s) variability suggesting compact object with 

brightness temperature > 10^16 K

3. Cannot be a rotation powered NS

4. Orders of magnitude more luminous than radio WDs

5. 2% duty cycle

6. Beyond pulsar death-line for standard pulsar field strength

7. WD disfavored (Beniamini, Wadiasingh+2023, Rea+2024)

Credit: Hurley Walker et al. 2022
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of 60 µJy beam−1 using MeerKAT ultra-high-frequency data integrated 
outside the pulse-activity windows.

We measured the arrival times for all the detected pulses span-
ning nearly 34 years and, using standard pulse-timing methods (see  
Methods), we derive a period P of 1,318.1957 ± 0.0002 s. 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 ≲3.6 × 10−13 s s−1 (1σ limit).
Figure 3 shows the radio flux density spectrum of a typical bright 

pulse; the radio luminosity of a pulsar-like source generating this pulse 
is 1028 erg s−1 (see Methods). This luminosity is larger than the available 
spin-down luminosity in the neutron star case, similar2 to GLEAM-X 
J162759.5–523504.3. However, this discrepancy has previously been 
seen in magnetar single radio pulses6.

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 
fields7,8; and vacuum-gap or space-charge-limited flows9. 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 stars10–12. To encompass the largest parameter range, 
we have overplotted several ‘death valleys’ considering a few extreme 
cases (see Methods). GPM J1839–10 falls at the very edge of the most 
generous death line. On the basis of our constraints on P

.
, a classical coher-

ent radio pulsar emission from a rotating neutron star is barely viable.
The long-lived activity of GPM J1839–10 is extremely puzzling. The 

radio activity of the P = 18.18-min transient GLEAM-X J162759.5–523504.3 

was short-lived, persisting for only three months (with no detected 
nulling episodes) in 8 years of observations, with no further detections 
in archival data or recent monitoring2. This led to the postulation that 
the radio emission could have been powered by a temporary rearrange-
ment of its magnetic fields, preceded by a(n unobserved) high-energy 
outburst, similar to canonical magnetar radio emission13. PSR J0901–
4046, a postulated ultra-long-period neutron star pulsar with a rota-
tional period of about 76 s, has been continuously active since its 
discovery, but its well-constrained P

.
 places it above the death lines for 

several pulsar-emission-mechanism models1 (see also Fig. 4). By con-
trast, GPM J1839–10 has been active for at least three decades, although 
with a 50–70% nulling fraction. 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 obser-
vation did not detect X-ray emission from the position of GPM J1839–10. 
Extended Data Fig. 1 shows the limits on the persistent luminosity in the 
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Fig. 1 | Polarization properties of the brightest pulse observed with 
MeerKAT, in the observation starting at 19:12:33 UTC 20 July 2022.  
a, The Stokes I flux density, circular polarized intensity Stokes V and linear 
polarized intensity P. b, Their ratio, that is, the fractional polarization.  
c, Polarization PA, derived from the PTUSE data at 65-ms resolution. For clarity, 
in b and c, only data in which the errors are less than 100% are shown. In c, the 
grey lines show the typical (arbitrary) PA of the polarization, whereas the 
dashed red lines show orthogonal (±90°) angles.
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Fig. 2 | Seventy-eight representative pulses of GPM J1839–10 aligned 
according to its measured period P (and ̇P  set to zero). Flux densities are 
normalized 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 approximately 400-s-wide 
window in which pulses have been observed to appear. The colour range spans 
88 MHz (cyan) to 500 MHz (magenta) and the detections span 33.9 years.
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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) × 1032 erg s−1. Two very bright radio pulses were recorded 

by the 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 on the order of <2 × 1033 erg s−1 (see  
Methods). These limits are orders of magnitudes below those measured 
for magnetar-like X-ray bursts. These results rule out a direct connec-
tion between these radio bursts and magnetar-like X-ray events, as in 
the case of SGR 1935+2154 (ref. 14). GPM J1839–10 was also observed 
in the infrared Ks band with the Espectrógrafo Multiobjeto Infra-Rojo 
(EMIR) mounted on the 10-m Gran Telescopio Canarias (GTC). A faint 
source was marginally detected at Ks = 19.7 ± 0.2 (see Extended Data 
Fig. 3). However, the present data do 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 inertia15, could produce 
pulsar-like radio emission. However, it is perhaps surprising that no 
close-by highly magnetic white dwarfs have been observed to pro-
duce 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-h orbit16. However, this radio emission, partly produced by the 
interaction with the companion star, is three orders of magnitude less 
luminous than the emission from GPM J1839–10. A highly magnetic 
rotating proto-white dwarf (or ‘subdwarf’) is a possibility and it could 
potentially be obscured by its red giant progenitor17; both obscured 
and unobscured cases could be tested with further optical and infrared 
observations. Low-frequency radio emission has also been detected 
from star–exoplanet interactions18,19 and brown dwarf binaries20, 
with modulations on both rotational and orbital periods. However, 
such emission is markedly circularly polarized and is around eight 
orders of magnitude less luminous than the emission observed from  
GPM J1839–10.
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Fig. 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, the ASKAP and the Parkes radio telescope 
(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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Fig. 4 | Spin period P against period derivative P ̇ for neutron stars and long- 
period radio transients. ̇P  for GPM J1839–10 is the 1σ upper limit (see Extended 
Data Fig. 4). We report all pulsars isolated by the Australia Telescope National 
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compact objects (triangles)11,12. The long-period radio transients are shown with 

grey circles. The colour bar reflects the surface dipolar magnetic field at the 
pole assuming spin-down owing to dipolar losses (see Methods). The dashed 
lines correspond to the theoretical death lines for a pure dipole8,9, dotted lines 
for a twisted dipole8,9 and solid lines for the twisted multipole configuration8. 
The shaded region is the death valley for neutron stars considering all these 
different lines (see text and Methods for details).

Credit: Hurley Walker et al. 2023
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Extended Data Fig. 6 | The polarization profile of a 30-ms burst observed 
with MeerKAT PTUSE. The RM is −531 rad m−2. The top panel shows the 
measurements of the 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, red and blue lines, respectively. The bottom 
panel shows the dynamic spectrum of the burst. The start time of the plot is 
19:35:43.228133 UTC 20 July 2022. The apparent steep spectrum is not intrinsic 
to the source but because of the misalignment of the coherent beam.

Extended Data Fig. 7 | Dynamic spectrum of the 19:12:33 20 July 2022 pulse 
detected with the APSUSE instrument on MeerKAT. The time resolution is 
3.9 ms and the frequency resolution is 8.5 MHz. Strong interference signals 
have been removed in the 950-MHz band and at the band edges below 577 MHz 
and above 1,065 MHz. The data are shown before de-dispersion (a) and after 
de-dispersion (b).
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Extended Data Fig. 2 | ASKAP deep image centered on SGR 1935+2154. The data span 6 hours with a median rms of 42 µJy/beam. The position of ASKAP J1935 + 2148 
places it 5′

.

6 from SGR 1935 + 2154, and the DM = 145.8 ± 3.5 indicates that it is in the foreground.
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single observation indicating intermittency, potential nulling where 
the pulsed emission temporarily ceases or becomes undetectable, or 
drastic variations in flux density. Using epochs 1 to 17 in Extended Data 
Table 1, we estimate the source to be in a quenched or quiescent state 
~40–50% of the time, at MeerKAT and ASKAP.

Observationally, ASKAP J1935+2148 appears to show three emis-
sion states:

 (1) The strong pulse mode consisting of 15 bright, tens-of-seconds- 
wide and highly linearly polarized pulses as seen with ASKAP

 (2) The weak pulse mode characterized by two faint, hundreds-of- 
milliseconds-wide and highly circularly polarized pulses as seen 
with MeerKAT

 (3) The completely nulling or quiescent mode as seen with both 
telescopes
We consider two possible scenarios for the observed differences 

in properties of the ASKAP and MeerKAT bursts.
In the first scenario, the ASKAP pulses could span only a small 

fraction (that is a few hundreds of milliseconds) of the shortest pos-
sible time resolution of 10 s. This scenario would imply that the source 
produces only subsecond-duration pulses. In Fig. 1, we see the flux 
densities of detections from 10 s ASKAP images to gradually rise and 
fall, resulting in an almost Gaussian-like pulse profile. This distribution 
of the flux densities makes it unlikely for the burst to be composed of 
several consecutive millisecond-duration pulses. However, it remains 
possible for subsecond-timescale structure to be superimposed on the 
broader emission envelope.

measure (RM) of +159.3 ± 0.3 rad m−2 calculated using the RM synthesis 
method1. In comparison, the RM and DM of SGR 1935+2154 are approxi-
mately +107 rad m−2 and approximately 330 pc cm−3, respectively2. 
The RM of ASKAP J1935+2148 is consistent with the contribution from 
the smoothed Galactic foreground3 and with those of nearby pulsars 
(https://www.atnf.csiro.au/research/pulsar/psrcat/), precluding the 
presence of a substantial RM imparted at the source.

Following the discovery, we conducted simultaneous beamformed 
and imaging follow-up observations at 1,284 MHz with the MeerKAT 
radio interferometer (Methods). Two pulses were detected in both the 
beamformed and imaging data in two independent observations 
(Extended Data Table 1). The initial estimate of period allowed us to 
predict the times of arrival (ToAs) of future pulses at the same rotational 
phase of ASKAP J1935+2148, and the MeerKAT pulses are observed to 
arrive within 319 ms of the predicted times (that is, within 10−4 of a 
period). The ToAs of all the ASKAP and MeerKAT detections were used 
to determine a phase-connected timing solution with a period P of 
3,225.313 ± 0.002 s (Methods and Fig. 1), and an upper limit on the 
period derivative, ̇

P  of ≲(1.2 ± 1.5) × 10−10 s s−1 with a 1σ error. The loca-
tion of ASKAP J1935+2148 in the P − ̇

P  parameter space, which is fre-
quently used to classify different sorts of pulsars, is consistent with 
other known long-period sources (Extended Data Fig. 1). 
ASKAP J1935+2148 is seen to reside in the pulsar death valley where 
detectable radio signals are not expected, challenging currently 
accepted theories of radio emission via spin-down (Extended Data 
Fig. 1). The radio properties of ASKAP J1935+2148 are presented  
in Table 1.

A first single pulse was detected by the MeerTRAP real-time 
detection system (Methods) on 3 February 2023 with a DM of 
145.8 ± 3.5 pc cm−3 and a width of ~370 ms (Extended Data Table 1), 
which is ~135 times narrower than the brightest ASKAP pulse. Contrary 
to the ASKAP duty cycle of 1.5%, the narrow width of the MeerKAT 
pulse results in a duty cycle of only 0.01%. The average DM inferred 
distance based on the NE20014 and YMW165 Galactic electron density 
models places ASKAP J1935+2148 at a distance of 4.85 kpc (Table 1). 
The detection is accompanied by weak pre- and post-cursor pulses, 
as seen in Fig. 2. The data recorded to disk with the PTUSE backend 
(Methods) did not reveal a broader underlying emission envelope 
similar to the wide pulse widths seen in the ASKAP detections. The 
corresponding MeerKAT 2-s-resolution image (the shortest possi-
ble timescale) revealed a single 9 mJy detection, which is ~26 times 
fainter than the brightest ASKAP pulse. The pulse was localized to 
right ascension ( J2000) 19 h 35 min 05.175 s ± 0.3″ and declination 
( J2000) +21° 48′ 41.504″ ± 0.6″, which is consistent with the ASKAP 
coordinates. Throughout the paper, the flux densities quoted for 
the MeerKAT data are from the images as the beamformed data are 
only polarization and not flux calibrated. Unlike the ASKAP pulses, 
our MeerKAT detection revealed a substantial circular polarization 
fraction exceeding 70%, coupled with a linear polarization fraction 
of ~40%. We did not find evidence for Faraday conversion (Meth-
ods). In addition to being spatially coincident, the measured RM of 
+159.8 ± 0.3 rad m−2 agrees with that measured for the ASKAP detec-
tions, giving us added confidence that despite the drastically different 
pulse widths, the ASKAP and MeerKAT detections were produced by 
the same object.

The second MeerKAT detection was made on 8 May 2023 with a 
flux density of 2.9 mJy averaged over 2 s (Extended Data Table 1). This 
burst was also ~370 ms wide and highly circularly polarized with no 
broader emission envelope, but the lack of sufficient signal to noise 
precluded a reliable RM estimation. Both MeerKAT pulses are vis-
ible across the whole 856 MHz band with a spectral index estimate 
of α ≈ −1.2 ± 0.1 at 1,284 MHz. Such variations in spectral indices have 
been observed in both pulsars and radio magnetars showing different 
emission states6,7. Combining all the ASKAP and MeerKAT observations 
(Extended Data Table 1), we see that the source is not detectable in every 
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Fig. 1 | Light curves of the ASKAP and MeerKAT detections. The y axis is 
the pulse number. The peak flux densities of these detections are reported 
in Extended Data Table 1. The different colours represent the dates of the 
observations. Pulse detections within an observation represent consecutive 
rotations of the source. Although different in terms of radio properties, the 
MeerKAT detections appear to arrive in phase with the ASKAP detections.
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Low Resolution Imaging Spectrometer at the Keck telescope in Hawaii 
(Extended Data Fig. 4). The calibrated spectrum is a red continuum 
devoid of discernible emission or absorption lines. The combination 
of the VLT magnitudes and the spectral characteristics suggests that 
it is an L/T-dwarf star. Gaia Data Release 1 parallaxes for known L and 
T dwarfs give J-band absolute magnitudes MJ in the range 10 < MJ < 16 
(ref. 23), which implies a distance of less than 0.5 kpc for an apparent 
magnitude of J = 18.4. Because at 4.85 kpc such a star would be unde-
tectable, we conclude that PSO J293.7711+21.8119 is a foreground star 
that is unlikely to be associated with ASKAP J1935+2148.

The observed period and emission of ASKAP J1935+2148 could be 
explained by a rotating magnetic white dwarf (MWD) emitting coherent 
radio emission like a neutron-star pulsar24. MWDs can be either isolated 
or in interacting binaries. There are ~600 known isolated MWDs with 
surface dipole magnetic fields up to 109 G and ~200 in interacting 
binaries with magnetic fields up to a few 108 G (ref. 25). Although radio 
emission from isolated MWDs has never been detected, despite 
searches for possible counterparts in large-area radio surveys (for 
example, refs. 26,27), we now entertain this possibility and derive the 
parameters that would be required to explain the radio emission of 
ASKAP J1935+2148. If ASKAP J1935+2148 is an isolated rotation-powered 
MWD, the measured P and upper limit on ̇

P  would yield a surface 
magnetic-field strength and spin-down luminosity of a few 1010 G and 
a few 1031 erg s−1, respectively, for a dipolar magnetic-field configura-
tion, a magnetic inclination angle of 90° and a moment of inertia of 
1050 g cm2. Even though the currently known isolated MWDs have mag-
netic fields below 109 G, it is theoretically possible for MWDs to have 
surface fields of up to a few 1013 G (refs. 28,29). In this case, 
ASKAP J1935+2148 would be the first MWD discovered to possess such 
a high magnetic field.

The radius of the source can be related to rotational period and 
magnetic-field strength to estimate the minimum radius of the source30 
(Methods and Extended Data Fig. 5). Even under the most conservative 
assumptions, we can rule out an isolated MWD origin if we presume 
that the magnetic field cannot exceed 109 G, which is the maximum 

measured in an MWD. Similar considerations can also be applied to 
GLEAM-X J162759.5−523504.3 and GPM J1839−10, and we conclude that 
it is highly unlikely that the radio emission from these sources can be 
interpreted in terms of an isolated rotation-powered MWD. However, 
coherent and highly polarized radio emission has been detected in 
cataclysmic variables26,31, which are close binary systems containing a 
white dwarf primary accreting matter from a low-mass M-dwarf com-
panion. In all detection cases, the radio emission appears to arise from 
the lower corona of the magnetically active M-dwarf and is attributed 
to the electron cyclotron maser instability. The problem here is that the 
radio luminosities of cataclysmic variables, in the range 1021–1025 erg s−1 
(ref. 26), would be too low to explain the emission of ASKAP J1935+2148. 
Hence, it is also highly unlikely that a cataclysmic variable could be 
responsible for the radio emission of ASKAP J1935+2148.

Assuming a neutron-star origin, the period and upper limit on the 
period derivative correspond to a surface magnetic-field strength and 
spin-down luminosity of a few 1016 G and a few 1026 erg s−1, respectively, 
for a dipolar magnetic-field configuration, a magnetic inclination 
angle of 90° and a moment of inertia of 1045 g cm2. It is unclear why 
a neutron-star magnetar would still possess such a large magnetic 
field at this stage of its evolution, but explanations have been pro-
vided either in terms of the magnetic field’s structure (for example, 
refs. 32,33) or as due to a fall-back accretion disk (for example, ref. 34). 
Similar to GLEAM-X J162759.5−523504.312 and GPM J1839−1013, the 
observed radio luminosity of ASKAP J1935+2148 is much larger than the 
inferred spin-down luminosity, suggesting that alternative emission 
mechanisms must be involved to explain the radio emission of these 
long-period radio transients.

Achieving the observed duty cycle of approximately ~1% in 
ASKAP J1935+2148 necessitates a high degree of beaming, implying 
the generation and acceleration of relativistic particles—a phenom-
enon that is generally more easily accommodated in neutron stars 
than in white dwarfs. Remarkably, the isolated intermittent pulsar 
PSR J1107−5907, with P ≈ 253 ms, shows the same three distinct emission 
states as ASKAP J1935+214835. The emission in both PSR J1107−5907 and 
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Fig. 2 | The dynamic spectra and polarization pulse profiles of 
ASKAP J1935+2148 from the MeerKAT beamformed data. Left: a bright 
detection on 3 February 2023. Right: a weaker detection on 8 May 2023. The data 
have a time resolution of 2.4 ms and are de-dispersed to a DM of 145.8 pc cm−3and 
corrected for an RM of +159.3 rad m−2. Top: the polarization position angle (PA; 
for values of linear polarization greater than three times the off-pulse noise), 
which is observed to be flat across the main pulse profile in the left panel. The 
insufficient signal-to-noise ratio during the detection on 8 May 2023 prevented 

robust measurements of polarization position angles. Middle: the Stokes 
parameter pulse profiles for ASKAP J1935+2148 at 1,284 MHz where black 
represents the total intensity, magenta represents linear polarization and blue 
represents circular polarization. The flux density is in arbitrary units as the data 
are not flux calibrated. The arrows indicate the positions of the pre- and post-
cursor bursts for the detection on 3 February 2023 (left). Bottom: the dynamic 
spectra where the backwards sweeping striations across the observing band in 
the left panel correspond to ~50 Hz radio-frequency interference.
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Extended Data Fig. 1 | P − ̇

P  diagram showing the spin-period against the 
period derivative for neutron stars as reported in the ATNF pulsar catalog, 
and published long period transients. Lines of constant age and magnetic field 
for neutron stars are shown as dotted and dashed lines respectively. The lower 
right region of the figure bounded by the various death lines represents the 

‘death valley’ where sources below these lines are not expected to emit in the 
radio. The solid death line represents Equation 9 in37. In dot-dashed and dashed 
are the death lines modeled on curvature radiation from the vacuum gap and 
SCLF models as shown by Equations 4 and 9 respectively in38.
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In the second scenario, it is likely that there are different emis-
sion modes at play. The source was undetectable with ASKAP in all 
follow-up observations post 5 November 2022, until the first MeerKAT 
observation on 3 February 2023 with its five times better sensitivity. 
The MeerKAT pulses that would have been undetectable at ASKAP are 
analogous to the ‘quiet’ pulse mode in PSR B0823+26, and the ‘dwarf 
pulse’ mode in PSR B2111+468. The pulses in these modes are generally 
undetectable in lower-sensitivity and/or low time-resolution observa-
tions such as with ASKAP. These weak pulses potentially exist between 
the nulling or quenched states of ASKAP J1935+2148. The location of the 
source at the edge of the supernova remnant in Extended Data Fig. 2 
makes it is difficult to determine exactly what background emission to 
subtract. Therefore, we are unable to confirm the presence of persistent 
continuum radio emission that might be indicative of a wind nebula in 
either the MeerKAT or ASKAP data (Methods).

Collectively, the pulse widths, spectra and polarization proper-
ties of the ASKAP and MeerKAT detections suggest different physi-
cal coherent processes even though they occur at roughly the same 

rotational phase. Coherent radio emission from rotating neutron stars 
is efficiently generated by the creation of electron–positron pairs in the 
magnetosphere. The rotational spin-down creates an electric potential 
at the polar cap, causing pair production. Such charged plasma can emit 
radio waves that can be attributed to curvature radiation and inverse 
Compton scattering, and diverse magnetic-field configurations in 
emission models, including dipolar, multipolar and twisted fields along 
with vacuum gaps and space-charge-limited flows9,10. Magnetically 
powered neutron stars, however, generate coherent radio emission 
through decaying magnetic fields11. Extended Data Fig. 3 shows the 
manifestation of the physics underlying coherent and incoherent 
emitters, and indicates a coherent emission mechanism (brightness 
temperatures between 1014 K and 1016 K) being responsible for both 
the ASKAP and MeerKAT detections of ASKAP J1935+2148.

When comparing with other known long-period sources, 
ASKAP J1935+2148 appears to be similar to GLEAM-X J162759.5−523504.312 
and GPM J1839−1013 albeit with a period that is four times longer but 
with a duty cycle not too dissimilar. GLEAM-X J162759.5−523504.3 was 
active for only three months, while GPM J1839−10 has remained active 
for over three decades12,13. Despite searches across radio data from the 
Giant Metrewave Radio Telescope (GMRT), Very Large Array (VLA) and 
VLA Low-band Ionosphere and Transient Experiment (VLITE) spanning 
2013 to 2023, no pulses from ASKAP J1935+2148 were detected. We note 
that ASKAP J1935+2148 shares similarities with the Galactic Centre radio 
transient (GCRT), or ‘Burper’, GCRT J1745−3009. At the time of its discov-
ery, GCRT J1745−3009 showed 10-min-wide pulses with a periodicity of 
77 min (ref. 14), but subsequent observations revealed narrower and 
weaker pulses spanning 2 min (ref. 15). Varying circular polarization 
was also found in one of the pulses16. The similarities in the periods and 
the different emission states imply that ASKAP J1935+2148 could be a 
bridge between GCRT J1745−3009, GLEAM-X J162759.5−523504.3 and 
GPM J1839−10.

Owing to the proximity of SGR 1935+2154, there are numerous 
archival high-sensitivity X-ray observations at the position of 
ASKAP J1935+2148 (Methods and Extended Data Table 2). We focused 
on observations with the Chandra X-ray Observatory and Neil Gehrels 
Swift Observatory17. Using a combination of the more sensitive Chandra 
observations, we did not detect any X-ray source at the location of 
ASKAP J1935+2148. For an average DM inferred distance of 4.85 kpc 
(Table 1), this corresponds to a luminosity limit of about 
4 × 10

30

d

2

4.85

erg s

−1 (Methods) for a blackbody spectral model and a 
power-law spectral model for non-thermal emission from a neutron 
star. This is below the X-ray luminosities of most but not all 
rotation-powered pulsars and magnetars18,19 and is comparable to the 
X-ray luminosities of other long-period radio transients 
(≤1032−33 erg s−1)12,13. We also searched for flaring activity in 
ASKAP J1935+2148 using Swift, with 291 individual visits using the X-ray 
Telescope20 lasting 5–2,600 s from December 2010 to December 2022 
for a total exposure time of 302.4 ks (exposure corrected). We see no 
sources in the summed dataset at the position of ASKAP J1935+2148 
(Methods). The repeated visits with Swift allow us to rule out any flaring 
behaviour during this period.

Archival 300 s exposures in the J, H and Ks bands (1.2 µm, 1.6 µm 
and 2.1 µm) with the Very Large Telescope (VLT) using the near-infrared 
HAWK-I21 imager showed a source within the conservative 1.5″ 
ASKAP error radius of ASKAP J1935+2148 (Fig. 3). This source with 
J = 18.4 ± 0.1 mag, H = 17.3 ± 0.1 mag and Ks = 17.1 ± 0.1 mag (Vega) is cata-
logued as PSO J293.7711+21.8119 in Data Release 2 of the Pan-STARRS1 
(Panoramic Survey Telescope and Rapid Response System; PS1) 3π 
survey22. We compute the chance of finding a source randomly (drawn 
from the background) in the Ks image, which has the highest source 
density, with magnitude brighter than or equal to this value to be 5% 
(that is ~2σ association) given the crowded nature of the field. However, 
to confidently rule out the association, we obtained a spectrum of 
PSO J293.7711+21.8119 in the 3,200–10,000 Å wavelength range with the 

Table 1 | Measured and derived radio quantities for 
ASKAP J1935+2148 from the ASKAP and MeerKAT 
observing campaigns

Parameter ASKAP MeerKAT

Centre frequency 887.5 MHz 1,284 MHz

Bandwidth 288 MHz 856 MHz

Imaging time resolution 10 s 2 s

Beamformed time 
resolution

– 38.28 µs

Typical widths, W 10–50 s ~370 ms

Linear polarization fraction, 
L/I

>90% ~40%

Circular polarization 
fraction, V/I

<3% >70%

Inband spectral index, α +0.4 ± 0.3 −1.2 ± 0.1

Rotation measure, RM +159.3 ± 0.3 rad m−2 +159.1 ± 0.3 rad m−2

Peak flux density of 
brightest pulse, Sν

234.7 mJy 9 mJy

Radio luminosity, Lν 1.8 × 1030 erg s−1 2.1 × 1029 erg s−1

Imaging timescale 10 s 2 s

Epoch October 2022 to 
February 2023

February 2023 to 
August 2023

Dispersion measure, DM – 145.8 ± 3.5 pc cm−3

Right ascension (J2000) 19 h 35 min 05.175 s ± 0.3″

Declination (J2000) +21° 48′ 41.504″ ± 0.6″

Period 3,225.309 ± 0.002 s

Period derivative ≤(1.2 ± 1.5) × 10−10 s s−1

Distance (YMW16), d1 4.3 kpc

Distance (NE2001), d2 5.4 kpc

Neutron-star surface dipole 
magnetic-field strength

≤a few ×1016 G

White-dwarf surface dipole 
magnetic-field strength

≤a few ×1010 G

Spin-down luminosity 
(white dwarf), ̇

E

≤1.4 × 1031 erg s−1

Spin-down luminosity 
(neutron star), ̇

E

≤1.4 × 1026 erg s−1

Uncertainties are 1σ errors on the last significant quoted digit. The best-fit coordinates in 
the table are from the MeerKAT localization and the quoted beamformed time resolution 
corresponds to the best time resolution of all the backend instruments used (see Methods for 
more details).
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In the second scenario, it is likely that there are different emis-
sion modes at play. The source was undetectable with ASKAP in all 
follow-up observations post 5 November 2022, until the first MeerKAT 
observation on 3 February 2023 with its five times better sensitivity. 
The MeerKAT pulses that would have been undetectable at ASKAP are 
analogous to the ‘quiet’ pulse mode in PSR B0823+26, and the ‘dwarf 
pulse’ mode in PSR B2111+468. The pulses in these modes are generally 
undetectable in lower-sensitivity and/or low time-resolution observa-
tions such as with ASKAP. These weak pulses potentially exist between 
the nulling or quenched states of ASKAP J1935+2148. The location of the 
source at the edge of the supernova remnant in Extended Data Fig. 2 
makes it is difficult to determine exactly what background emission to 
subtract. Therefore, we are unable to confirm the presence of persistent 
continuum radio emission that might be indicative of a wind nebula in 
either the MeerKAT or ASKAP data (Methods).

Collectively, the pulse widths, spectra and polarization proper-
ties of the ASKAP and MeerKAT detections suggest different physi-
cal coherent processes even though they occur at roughly the same 

rotational phase. Coherent radio emission from rotating neutron stars 
is efficiently generated by the creation of electron–positron pairs in the 
magnetosphere. The rotational spin-down creates an electric potential 
at the polar cap, causing pair production. Such charged plasma can emit 
radio waves that can be attributed to curvature radiation and inverse 
Compton scattering, and diverse magnetic-field configurations in 
emission models, including dipolar, multipolar and twisted fields along 
with vacuum gaps and space-charge-limited flows9,10. Magnetically 
powered neutron stars, however, generate coherent radio emission 
through decaying magnetic fields11. Extended Data Fig. 3 shows the 
manifestation of the physics underlying coherent and incoherent 
emitters, and indicates a coherent emission mechanism (brightness 
temperatures between 1014 K and 1016 K) being responsible for both 
the ASKAP and MeerKAT detections of ASKAP J1935+2148.

When comparing with other known long-period sources, 
ASKAP J1935+2148 appears to be similar to GLEAM-X J162759.5−523504.312 
and GPM J1839−1013 albeit with a period that is four times longer but 
with a duty cycle not too dissimilar. GLEAM-X J162759.5−523504.3 was 
active for only three months, while GPM J1839−10 has remained active 
for over three decades12,13. Despite searches across radio data from the 
Giant Metrewave Radio Telescope (GMRT), Very Large Array (VLA) and 
VLA Low-band Ionosphere and Transient Experiment (VLITE) spanning 
2013 to 2023, no pulses from ASKAP J1935+2148 were detected. We note 
that ASKAP J1935+2148 shares similarities with the Galactic Centre radio 
transient (GCRT), or ‘Burper’, GCRT J1745−3009. At the time of its discov-
ery, GCRT J1745−3009 showed 10-min-wide pulses with a periodicity of 
77 min (ref. 14), but subsequent observations revealed narrower and 
weaker pulses spanning 2 min (ref. 15). Varying circular polarization 
was also found in one of the pulses16. The similarities in the periods and 
the different emission states imply that ASKAP J1935+2148 could be a 
bridge between GCRT J1745−3009, GLEAM-X J162759.5−523504.3 and 
GPM J1839−10.

Owing to the proximity of SGR 1935+2154, there are numerous 
archival high-sensitivity X-ray observations at the position of 
ASKAP J1935+2148 (Methods and Extended Data Table 2). We focused 
on observations with the Chandra X-ray Observatory and Neil Gehrels 
Swift Observatory17. Using a combination of the more sensitive Chandra 
observations, we did not detect any X-ray source at the location of 
ASKAP J1935+2148. For an average DM inferred distance of 4.85 kpc 
(Table 1), this corresponds to a luminosity limit of about 
4 × 10

30

d

2

4.85

erg s

−1 (Methods) for a blackbody spectral model and a 
power-law spectral model for non-thermal emission from a neutron 
star. This is below the X-ray luminosities of most but not all 
rotation-powered pulsars and magnetars18,19 and is comparable to the 
X-ray luminosities of other long-period radio transients 
(≤1032−33 erg s−1)12,13. We also searched for flaring activity in 
ASKAP J1935+2148 using Swift, with 291 individual visits using the X-ray 
Telescope20 lasting 5–2,600 s from December 2010 to December 2022 
for a total exposure time of 302.4 ks (exposure corrected). We see no 
sources in the summed dataset at the position of ASKAP J1935+2148 
(Methods). The repeated visits with Swift allow us to rule out any flaring 
behaviour during this period.

Archival 300 s exposures in the J, H and Ks bands (1.2 µm, 1.6 µm 
and 2.1 µm) with the Very Large Telescope (VLT) using the near-infrared 
HAWK-I21 imager showed a source within the conservative 1.5″ 
ASKAP error radius of ASKAP J1935+2148 (Fig. 3). This source with 
J = 18.4 ± 0.1 mag, H = 17.3 ± 0.1 mag and Ks = 17.1 ± 0.1 mag (Vega) is cata-
logued as PSO J293.7711+21.8119 in Data Release 2 of the Pan-STARRS1 
(Panoramic Survey Telescope and Rapid Response System; PS1) 3π 
survey22. We compute the chance of finding a source randomly (drawn 
from the background) in the Ks image, which has the highest source 
density, with magnitude brighter than or equal to this value to be 5% 
(that is ~2σ association) given the crowded nature of the field. However, 
to confidently rule out the association, we obtained a spectrum of 
PSO J293.7711+21.8119 in the 3,200–10,000 Å wavelength range with the 

Table 1 | Measured and derived radio quantities for 
ASKAP J1935+2148 from the ASKAP and MeerKAT 
observing campaigns

Parameter ASKAP MeerKAT

Centre frequency 887.5 MHz 1,284 MHz

Bandwidth 288 MHz 856 MHz

Imaging time resolution 10 s 2 s

Beamformed time 
resolution

– 38.28 µs

Typical widths, W 10–50 s ~370 ms

Linear polarization fraction, 
L/I

>90% ~40%

Circular polarization 
fraction, V/I

<3% >70%

Inband spectral index, α +0.4 ± 0.3 −1.2 ± 0.1

Rotation measure, RM +159.3 ± 0.3 rad m−2 +159.1 ± 0.3 rad m−2

Peak flux density of 
brightest pulse, Sν

234.7 mJy 9 mJy

Radio luminosity, Lν 1.8 × 1030 erg s−1 2.1 × 1029 erg s−1

Imaging timescale 10 s 2 s

Epoch October 2022 to 
February 2023

February 2023 to 
August 2023

Dispersion measure, DM – 145.8 ± 3.5 pc cm−3

Right ascension (J2000) 19 h 35 min 05.175 s ± 0.3″

Declination (J2000) +21° 48′ 41.504″ ± 0.6″

Period 3,225.309 ± 0.002 s

Period derivative ≤(1.2 ± 1.5) × 10−10 s s−1

Distance (YMW16), d1 4.3 kpc

Distance (NE2001), d2 5.4 kpc

Neutron-star surface dipole 
magnetic-field strength

≤a few ×1016 G

White-dwarf surface dipole 
magnetic-field strength

≤a few ×1010 G

Spin-down luminosity 
(white dwarf), ̇

E

≤1.4 × 1031 erg s−1

Spin-down luminosity 
(neutron star), ̇

E

≤1.4 × 1026 erg s−1

Uncertainties are 1σ errors on the last significant quoted digit. The best-fit coordinates in 
the table are from the MeerKAT localization and the quoted beamformed time resolution 
corresponds to the best time resolution of all the backend instruments used (see Methods for 
more details).
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GLEAM-X J1627 and PSR J0901-4046 age limits
Various arguments all imply these are old objects

• Source density


• Spin-down age


• Timing stability (PSR J0901-4046 is as stable as >>100 kyr old pulsars)


• Cooling age based on models or empirical distributions and X-ray limits


• Proper motion and galactic offset (GLEAM-X object)



Various arguments all imply these are old objects

• Source density


• Spin-down age


• Timing stability (PSR J0901-4046 is as stable as >>100 kyr old pulsars)


• Cooling age based on models or empirical distributions and X-ray limits


• Proper motion and galactic offset (GLEAM-X object)

GLEAM-X J1627 and PSR J0901-4046 age limits



Galactic ULPM characteristics 9

Figure 3. Minimum distance between the Sun and ULPM candidates, as-
suming the later are born with rate A and have a characteristic lifetime of
)Age. Candidates’ birth locations and velocities are randomized as described
in §4.2. The numbers shown are median estimates of 3min, averaged over
many realizations with the same underlying properties. The top panel depicts
results for sources initially distributed throughout the Galaxy and the lower
panel for sources being born in the Galactic plane.

on the timing properties), suggesting an exceedingly stable magne-
tospheric state. This provides valuable information about the age of
the NS. Assuming that increasing stability with age is universal, a
relative timing stability (over 7 months) and glitch size constraint of
⇠ �a/a . 10�6 implies an age & 100 kyr from the known glitch ac-
tivity distribution of young rotation-powered pulsars (Espinoza et al.
2011; Fuentes et al. 2017; Basu et al. 2022).

5.3 Source density age limits

A conservative limit on the local Galactic formation rate is given by
the CCSN rate, §# < §#ccSNe ⇡ 17±2 kyr�1. Given this birth rate and
our estimates for # , the number of ULPM candidates in the Galaxy
(§4), we can estimate the typical lifetime of a given object as g ⇡

#/ §# & 1.2+0.8
�0.9 Myr for PSR J0901–4046 (g ⇡ #/ §# & 38+44

�28 kyr
for GLEAM-X J1627). These numbers are slightly modified if the
systems are only born in the plane, in which case we find g ⇡

#/ §# & 0.8+2.7
�0.6 Myr for PSR J0901–4046 (g ⇡ #/ §# & 35+33

�27 kyr
for GLEAM-X J1627).

5.4 Cooling age limits

An independent limit on the age comes from the X-ray flux limits
which can be translated to e�ective cooling luminosity and surface
temperature upper limits (see Appendix F for details).

Relating the luminosity and temperature to the age of the NS,
depends on various uncertain physical inputs, such as the NS mass,
equation of state, the existence or lack of superfluidity and super-
conducitivity, the composition of the core and the envelope and the
magnetic field structure throughout the star. Nonetheless, a data-
driven comparison can be made with other NSs with measured ther-
mal luminosities and age estimates. Such a comparison is shown in
Figure 4. The left panel shows the derived X-ray upper-limits on the
bolometric thermal luminosity of the three long period pulsars. The
right panels shows how these pulsars’ upper-limits on the bolometric
thermal luminosities compare with other pulsars of various classes
(e.g., magnetars, RPPs, XINs, CCOs). Based on the cooling curves
(adapted from Viganò et al. 2013), we find that GLEAM-X J1627 is
likely to have an age g & 105 yr. The upper-limits on the thermal lu-
minosities of PSR J0901–4046 and PSR J0250+5854 are consistent
with their inferred characteristic ages, but they could be as young as
g⇡1 Myr and still remain undetected in X-rays.

5.5 Proper motion

The most nearby supernova remnants to GLEAM-X J1627 are
RCW 103, Kes 32, and G332.0+00.2 (Green 2019). The first hosts
a known NS remnant (§2.3). The other two have angular o�sets of
2.72� and 2.84�, respectively. Considering the distance to GLEAM-
X J1627, this corresponds to a physical o�set of⇠60 pc. The Earth’s
proximity to GLEAM-X J1627 implies that a nearby SNR would have
remained detectable unless it was extremely old. Combining this with
the fastest space velocities of observed pulsars (⇠ 2000 km s�1), we
conservatively estimate a minimum kinematic age of & 3⇥104 yr. In-
deed 60 pc is also the approximate o�set between GLEAM-X J1627
and the Galactic plane (see Table 1). Another possibility is that
GLEAM-X J1627 formed in a young (i.e., < 10 Myr) stellar cluster.
The nearest cluster to GLEAM-X J1627 with a compatible distance
and age is DBSB 154 (Kharchenko et al. 2013), which has an es-
timated distance of 3 ⇡ 2.1 kpc and an age of 5 Myr. GLEAM-X
J1627 is o�set from this cluster by a distance of 2.84�, leading to a
similar lower-limit on its kinematic age9. Therefore, requiring that
the NS formed in the plane results in a commensurate lower limit on
the age of the object.

We have also carried out a similar study of the field surrounding
PSR J0901–4046. The closest SNR is G261.9+05.5 (2.14� o�set) but
it is at a distance of 2.9 kpc (Green 2019), which is likely too far to be
compatible with PSR J0901–4046’s DM distance. The next closest
SNRs (G266.2-01.2 and the Vela complex) all have known compact
objects associated with them. G272.2-03.2 is the next closest SNR,
which is 11.4� o�set from PSR J0901–4046. This corresponds to a
physical o�set of about 80 pc and to a limit on the kinematic age
of & 40 kyr. The closest stellar cluster with a compatible distance
estimate is Trumpler 10, which lies at 420 pc and has an age of about
24 Myr (Kharchenko et al. 2013). This cluster is ⇡3.1� o�set from
PSR J0901–4046. This leads to a fairly unconstraining lower-limit
on the kinematic age of > 11 kyr.

9 This presumes the cluster is at the GLEAM-X J1627 distance, and not at
2.1 kpc. If instead GLEAM-X J1627 is at 2.1 kpc, the lower-limit on the
kinematic age would be & 5 ⇥ 104 yr.

MNRAS 000, 1–22 (0000)

GLEAM-X and MTP0013 (PSR J0901-4046)
• Source density estimate using Monte Carlo technique similar to Faucher-Giguere & Kaspi 2006 (birth 

and propagate sources in the plane with the Galactic potential and a kick velocity distribution…)

• Implies ~10^3 GLEAM-X like objects and ~few x 10^4 PSR 0901-4046 like pulsars in the Galaxy

• Implies minimum age to not exceed CCSNe rate

Beniamini, Wadiasingh, 
Hare+ 2023 

See also Rea+2024
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)Age. Candidates’ birth locations and velocities are randomized as described
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on the timing properties), suggesting an exceedingly stable magne-
tospheric state. This provides valuable information about the age of
the NS. Assuming that increasing stability with age is universal, a
relative timing stability (over 7 months) and glitch size constraint of
⇠ �a/a . 10�6 implies an age & 100 kyr from the known glitch ac-
tivity distribution of young rotation-powered pulsars (Espinoza et al.
2011; Fuentes et al. 2017; Basu et al. 2022).
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A conservative limit on the local Galactic formation rate is given by
the CCSN rate, §# < §#ccSNe ⇡ 17±2 kyr�1. Given this birth rate and
our estimates for # , the number of ULPM candidates in the Galaxy
(§4), we can estimate the typical lifetime of a given object as g ⇡
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An independent limit on the age comes from the X-ray flux limits
which can be translated to e�ective cooling luminosity and surface
temperature upper limits (see Appendix F for details).

Relating the luminosity and temperature to the age of the NS,
depends on various uncertain physical inputs, such as the NS mass,
equation of state, the existence or lack of superfluidity and super-
conducitivity, the composition of the core and the envelope and the
magnetic field structure throughout the star. Nonetheless, a data-
driven comparison can be made with other NSs with measured ther-
mal luminosities and age estimates. Such a comparison is shown in
Figure 4. The left panel shows the derived X-ray upper-limits on the
bolometric thermal luminosity of the three long period pulsars. The
right panels shows how these pulsars’ upper-limits on the bolometric
thermal luminosities compare with other pulsars of various classes
(e.g., magnetars, RPPs, XINs, CCOs). Based on the cooling curves
(adapted from Viganò et al. 2013), we find that GLEAM-X J1627 is
likely to have an age g & 105 yr. The upper-limits on the thermal lu-
minosities of PSR J0901–4046 and PSR J0250+5854 are consistent
with their inferred characteristic ages, but they could be as young as
g⇡1 Myr and still remain undetected in X-rays.

5.5 Proper motion

The most nearby supernova remnants to GLEAM-X J1627 are
RCW 103, Kes 32, and G332.0+00.2 (Green 2019). The first hosts
a known NS remnant (§2.3). The other two have angular o�sets of
2.72� and 2.84�, respectively. Considering the distance to GLEAM-
X J1627, this corresponds to a physical o�set of⇠60 pc. The Earth’s
proximity to GLEAM-X J1627 implies that a nearby SNR would have
remained detectable unless it was extremely old. Combining this with
the fastest space velocities of observed pulsars (⇠ 2000 km s�1), we
conservatively estimate a minimum kinematic age of & 3⇥104 yr. In-
deed 60 pc is also the approximate o�set between GLEAM-X J1627
and the Galactic plane (see Table 1). Another possibility is that
GLEAM-X J1627 formed in a young (i.e., < 10 Myr) stellar cluster.
The nearest cluster to GLEAM-X J1627 with a compatible distance
and age is DBSB 154 (Kharchenko et al. 2013), which has an es-
timated distance of 3 ⇡ 2.1 kpc and an age of 5 Myr. GLEAM-X
J1627 is o�set from this cluster by a distance of 2.84�, leading to a
similar lower-limit on its kinematic age9. Therefore, requiring that
the NS formed in the plane results in a commensurate lower limit on
the age of the object.

We have also carried out a similar study of the field surrounding
PSR J0901–4046. The closest SNR is G261.9+05.5 (2.14� o�set) but
it is at a distance of 2.9 kpc (Green 2019), which is likely too far to be
compatible with PSR J0901–4046’s DM distance. The next closest
SNRs (G266.2-01.2 and the Vela complex) all have known compact
objects associated with them. G272.2-03.2 is the next closest SNR,
which is 11.4� o�set from PSR J0901–4046. This corresponds to a
physical o�set of about 80 pc and to a limit on the kinematic age
of & 40 kyr. The closest stellar cluster with a compatible distance
estimate is Trumpler 10, which lies at 420 pc and has an age of about
24 Myr (Kharchenko et al. 2013). This cluster is ⇡3.1� o�set from
PSR J0901–4046. This leads to a fairly unconstraining lower-limit
on the kinematic age of > 11 kyr.

9 This presumes the cluster is at the GLEAM-X J1627 distance, and not at
2.1 kpc. If instead GLEAM-X J1627 is at 2.1 kpc, the lower-limit on the
kinematic age would be & 5 ⇥ 104 yr.
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Figure 3. Minimum distance between the Sun and ULPM candidates, as-
suming the later are born with rate A and have a characteristic lifetime of
)Age. Candidates’ birth locations and velocities are randomized as described
in §4.2. The numbers shown are median estimates of 3min, averaged over
many realizations with the same underlying properties. The top panel depicts
results for sources initially distributed throughout the Galaxy and the lower
panel for sources being born in the Galactic plane.

on the timing properties), suggesting an exceedingly stable magne-
tospheric state. This provides valuable information about the age of
the NS. Assuming that increasing stability with age is universal, a
relative timing stability (over 7 months) and glitch size constraint of
⇠ �a/a . 10�6 implies an age & 100 kyr from the known glitch ac-
tivity distribution of young rotation-powered pulsars (Espinoza et al.
2011; Fuentes et al. 2017; Basu et al. 2022).

5.3 Source density age limits

A conservative limit on the local Galactic formation rate is given by
the CCSN rate, §# < §#ccSNe ⇡ 17±2 kyr�1. Given this birth rate and
our estimates for # , the number of ULPM candidates in the Galaxy
(§4), we can estimate the typical lifetime of a given object as g ⇡

#/ §# & 1.2+0.8
�0.9 Myr for PSR J0901–4046 (g ⇡ #/ §# & 38+44

�28 kyr
for GLEAM-X J1627). These numbers are slightly modified if the
systems are only born in the plane, in which case we find g ⇡

#/ §# & 0.8+2.7
�0.6 Myr for PSR J0901–4046 (g ⇡ #/ §# & 35+33

�27 kyr
for GLEAM-X J1627).

5.4 Cooling age limits

An independent limit on the age comes from the X-ray flux limits
which can be translated to e�ective cooling luminosity and surface
temperature upper limits (see Appendix F for details).

Relating the luminosity and temperature to the age of the NS,
depends on various uncertain physical inputs, such as the NS mass,
equation of state, the existence or lack of superfluidity and super-
conducitivity, the composition of the core and the envelope and the
magnetic field structure throughout the star. Nonetheless, a data-
driven comparison can be made with other NSs with measured ther-
mal luminosities and age estimates. Such a comparison is shown in
Figure 4. The left panel shows the derived X-ray upper-limits on the
bolometric thermal luminosity of the three long period pulsars. The
right panels shows how these pulsars’ upper-limits on the bolometric
thermal luminosities compare with other pulsars of various classes
(e.g., magnetars, RPPs, XINs, CCOs). Based on the cooling curves
(adapted from Viganò et al. 2013), we find that GLEAM-X J1627 is
likely to have an age g & 105 yr. The upper-limits on the thermal lu-
minosities of PSR J0901–4046 and PSR J0250+5854 are consistent
with their inferred characteristic ages, but they could be as young as
g⇡1 Myr and still remain undetected in X-rays.

5.5 Proper motion

The most nearby supernova remnants to GLEAM-X J1627 are
RCW 103, Kes 32, and G332.0+00.2 (Green 2019). The first hosts
a known NS remnant (§2.3). The other two have angular o�sets of
2.72� and 2.84�, respectively. Considering the distance to GLEAM-
X J1627, this corresponds to a physical o�set of⇠60 pc. The Earth’s
proximity to GLEAM-X J1627 implies that a nearby SNR would have
remained detectable unless it was extremely old. Combining this with
the fastest space velocities of observed pulsars (⇠ 2000 km s�1), we
conservatively estimate a minimum kinematic age of & 3⇥104 yr. In-
deed 60 pc is also the approximate o�set between GLEAM-X J1627
and the Galactic plane (see Table 1). Another possibility is that
GLEAM-X J1627 formed in a young (i.e., < 10 Myr) stellar cluster.
The nearest cluster to GLEAM-X J1627 with a compatible distance
and age is DBSB 154 (Kharchenko et al. 2013), which has an es-
timated distance of 3 ⇡ 2.1 kpc and an age of 5 Myr. GLEAM-X
J1627 is o�set from this cluster by a distance of 2.84�, leading to a
similar lower-limit on its kinematic age9. Therefore, requiring that
the NS formed in the plane results in a commensurate lower limit on
the age of the object.

We have also carried out a similar study of the field surrounding
PSR J0901–4046. The closest SNR is G261.9+05.5 (2.14� o�set) but
it is at a distance of 2.9 kpc (Green 2019), which is likely too far to be
compatible with PSR J0901–4046’s DM distance. The next closest
SNRs (G266.2-01.2 and the Vela complex) all have known compact
objects associated with them. G272.2-03.2 is the next closest SNR,
which is 11.4� o�set from PSR J0901–4046. This corresponds to a
physical o�set of about 80 pc and to a limit on the kinematic age
of & 40 kyr. The closest stellar cluster with a compatible distance
estimate is Trumpler 10, which lies at 420 pc and has an age of about
24 Myr (Kharchenko et al. 2013). This cluster is ⇡3.1� o�set from
PSR J0901–4046. This leads to a fairly unconstraining lower-limit
on the kinematic age of > 11 kyr.

9 This presumes the cluster is at the GLEAM-X J1627 distance, and not at
2.1 kpc. If instead GLEAM-X J1627 is at 2.1 kpc, the lower-limit on the
kinematic age would be & 5 ⇥ 104 yr.
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Figure 4. Left� 3f upper-limit on the thermal X-ray luminosity as a function of temperature for PSR J0901–4046, GLEAM-X J1627, and PSR J0250+5854.
PSR J0901–4046 is a factor of⇠3 and 4 closer than GLEAM-X J1627 and PSR J0250+5854, respectively. Right� Bolometric thermal luminosity versus age for
di�erent types of thermally emitting NSs (figure adapted from Viganò et al. 2013). The 3f upper-limits for PSR J0901–4046 (yellow), GLEAM-X J1627 (blue),
and PSR J0250+5854 (black), assuming the entire NS surface is thermally emitting, have been placed on the plot for comparison (see Appendix F for details).

5.6 Combined age limits and implications

These di�erent age estimates suggest that systems like PSR J0901–
4046 and GLEAM-X J1627 are rather old, perhaps ⇠105.5

� 106 yr
or so. Although there are uncertainties involved in each of the lim-
its discussed above, they are independent from each other, lending
overall credence to the old age of these systems compared to the
known magnetar population. We consider the ULPM candidates’
location on the =� g diagram shown in the top panel of Fig. 5,
where we have also supplemented an additional class of objects, the
XDINS, a nearby (⇠ 150 – 500 pc) class of cooling NSs whose origin
is still debated but likely related to standard magnetars (relevant de-
tails of these sources are given in Table 1). The tentative alignment
of the confirmed magnetars with the RCW103 source, GLEAM-X
J1627, PSR J0901–4046 and the XDINS along a roughly constant
value of the volumetric rate density, §=, suggests that these objects
arise from similar formation channels, commensurate with common
CCSN. At the same time, their vastly di�ering periods (changing
non-monotonically along this supposed sequence), imply that these
represent di�erent evolutionary sequences, with similar occurrence
rates. It is noteworthy that FRB 20180916B (R3) is a clear outlier
from these objects (see discussion in §7) suggesting it probes a much
rarer population altogether, involves fine-tuning in physical condi-
tions necessary for FRB emission, or strong observational selection
e�ects against R3-like objects. Finally, we note that loosely = / %�1

(even ignoring R3) and that the SGR source density is possibly an
underestimate, as the sample is likely not as complete as that of
XDINS. This will become important in §7, when we discuss the
possible connection with periodic FRBs.

6 MAGNETIC FIELD AND SPIN EVOLUTION -
DIFFERENT DECAY TO STANDARD MAGNETARS

6.1 Phenomenological constraints on field evolution

The dipole surface field evolution of confirmed Galactic magnetars
has been characterized through §⌫d / ⌫1+U

d (Colpi et al. 2000). It
follows that a magnetar’s age C is related to the fractional decrease in

the dipole magnetic field, ⌫d/⌫d,0 as

C

gd,0
=

1
U

✓✓
⌫d
⌫d,0

◆�U
� 1

◆
. (7)

where gd,0 is a characteristic time on which the dipole field decays
by a significant amount. We see that a lower limit on ⌫d/⌫d,0 and
C/gd,0 translates to a lower limit on U (see also Fig. 6). Comparison
to Galactic magnetar properties suggests typical initial decay times
of the dipole field of gd,0 ⇠ 103

� 104 yr for an initial surface
dipole field of ⌫d,0 . 1015 G. Motivated by our results in §5,
we consider the age of PSR J0901–4046 to be approximately 1 Myr.
If, in addition, we take the surface dipole field as estimated from
dipole spindown ⌫d ⇠ 2.6 ⇥ 1014 G, Eq. (7) leads to an e�ective
U & 4.5 (U & 6.5) for C/gd,0 & 100 (C/gd,0 & 1000). Such values
are inconsistent with the known Galactic magnetar population that
generally imply�1 . U . 1 for gd,0 ⇠ 104 yr (Beniamini et al. 2019)
or 1 . U . 2 for gd,0 ⇠ 103 yr (Dall’Osso et al. 2012). They are also
inconsistent with certain theoretical predictions (e.g. Uint = 6/5 for
the solenoidal mode of ambipolar di�usion, Dall’Osso et al. 2012).
This, along with the arguments given in §5, suggests a di�erent field
decay evolution for the ULPM candidates than seen in the confirmed
Galactic magnetar population. We note that the ULPM field decay
mechanism may be episodic rather than continuous, in which case
the e�ective U above describes only an averaged property of this
mechanism on long timescales.

A di�erent possibility is that ULPM candidates have similar U to
confirmed magnetars, but begin their life with much larger values of
⌫d,0. However, for either U < 1, C/gd,0 & 100 or U < 2, C/gd,0 &
1000, one requires ⌫d,0 & 1016 G. Such large dipole fields (and
likely even larger internal fields that accompany them) are di�cult to
obtain from standard channels. This problem becomes more severe
considering the large implied formation rates of ULPM candidates
(see Figure 5), comparable to those of confirmed magnetars.

Finally, if the current §% of the ULPM candidates is not dominated
by dipole spindown, then their surface field may be overestimated by
{%, §%}. As demonstrated in §2.1.1, even if spindown is dominated
by a particle wind, we still demand ⌫d & 1013 G. Such a reduced
field strength leads to U > 1 (U > 1.6) for C/gd,0 & 100 (C/gd,0 &
1000) which is marginally consistent with the confirmed magnetar
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Figure 4. Left� 3f upper-limit on the thermal X-ray luminosity as a function of temperature for PSR J0901–4046, GLEAM-X J1627, and PSR J0250+5854.
PSR J0901–4046 is a factor of⇠3 and 4 closer than GLEAM-X J1627 and PSR J0250+5854, respectively. Right� Bolometric thermal luminosity versus age for
di�erent types of thermally emitting NSs (figure adapted from Viganò et al. 2013). The 3f upper-limits for PSR J0901–4046 (yellow), GLEAM-X J1627 (blue),
and PSR J0250+5854 (black), assuming the entire NS surface is thermally emitting, have been placed on the plot for comparison (see Appendix F for details).

5.6 Combined age limits and implications

These di�erent age estimates suggest that systems like PSR J0901–
4046 and GLEAM-X J1627 are rather old, perhaps ⇠105.5

� 106 yr
or so. Although there are uncertainties involved in each of the lim-
its discussed above, they are independent from each other, lending
overall credence to the old age of these systems compared to the
known magnetar population. We consider the ULPM candidates’
location on the =� g diagram shown in the top panel of Fig. 5,
where we have also supplemented an additional class of objects, the
XDINS, a nearby (⇠ 150 – 500 pc) class of cooling NSs whose origin
is still debated but likely related to standard magnetars (relevant de-
tails of these sources are given in Table 1). The tentative alignment
of the confirmed magnetars with the RCW103 source, GLEAM-X
J1627, PSR J0901–4046 and the XDINS along a roughly constant
value of the volumetric rate density, §=, suggests that these objects
arise from similar formation channels, commensurate with common
CCSN. At the same time, their vastly di�ering periods (changing
non-monotonically along this supposed sequence), imply that these
represent di�erent evolutionary sequences, with similar occurrence
rates. It is noteworthy that FRB 20180916B (R3) is a clear outlier
from these objects (see discussion in §7) suggesting it probes a much
rarer population altogether, involves fine-tuning in physical condi-
tions necessary for FRB emission, or strong observational selection
e�ects against R3-like objects. Finally, we note that loosely = / %�1

(even ignoring R3) and that the SGR source density is possibly an
underestimate, as the sample is likely not as complete as that of
XDINS. This will become important in §7, when we discuss the
possible connection with periodic FRBs.

6 MAGNETIC FIELD AND SPIN EVOLUTION -
DIFFERENT DECAY TO STANDARD MAGNETARS

6.1 Phenomenological constraints on field evolution

The dipole surface field evolution of confirmed Galactic magnetars
has been characterized through §⌫d / ⌫1+U

d (Colpi et al. 2000). It
follows that a magnetar’s age C is related to the fractional decrease in

the dipole magnetic field, ⌫d/⌫d,0 as
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where gd,0 is a characteristic time on which the dipole field decays
by a significant amount. We see that a lower limit on ⌫d/⌫d,0 and
C/gd,0 translates to a lower limit on U (see also Fig. 6). Comparison
to Galactic magnetar properties suggests typical initial decay times
of the dipole field of gd,0 ⇠ 103

� 104 yr for an initial surface
dipole field of ⌫d,0 . 1015 G. Motivated by our results in §5,
we consider the age of PSR J0901–4046 to be approximately 1 Myr.
If, in addition, we take the surface dipole field as estimated from
dipole spindown ⌫d ⇠ 2.6 ⇥ 1014 G, Eq. (7) leads to an e�ective
U & 4.5 (U & 6.5) for C/gd,0 & 100 (C/gd,0 & 1000). Such values
are inconsistent with the known Galactic magnetar population that
generally imply�1 . U . 1 for gd,0 ⇠ 104 yr (Beniamini et al. 2019)
or 1 . U . 2 for gd,0 ⇠ 103 yr (Dall’Osso et al. 2012). They are also
inconsistent with certain theoretical predictions (e.g. Uint = 6/5 for
the solenoidal mode of ambipolar di�usion, Dall’Osso et al. 2012).
This, along with the arguments given in §5, suggests a di�erent field
decay evolution for the ULPM candidates than seen in the confirmed
Galactic magnetar population. We note that the ULPM field decay
mechanism may be episodic rather than continuous, in which case
the e�ective U above describes only an averaged property of this
mechanism on long timescales.

A di�erent possibility is that ULPM candidates have similar U to
confirmed magnetars, but begin their life with much larger values of
⌫d,0. However, for either U < 1, C/gd,0 & 100 or U < 2, C/gd,0 &
1000, one requires ⌫d,0 & 1016 G. Such large dipole fields (and
likely even larger internal fields that accompany them) are di�cult to
obtain from standard channels. This problem becomes more severe
considering the large implied formation rates of ULPM candidates
(see Figure 5), comparable to those of confirmed magnetars.

Finally, if the current §% of the ULPM candidates is not dominated
by dipole spindown, then their surface field may be overestimated by
{%, §%}. As demonstrated in §2.1.1, even if spindown is dominated
by a particle wind, we still demand ⌫d & 1013 G. Such a reduced
field strength leads to U > 1 (U > 1.6) for C/gd,0 & 100 (C/gd,0 &
1000) which is marginally consistent with the confirmed magnetar
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Figure 5. Top: Inferred active lifetime g and source density = for FRB
20180916B (aka R3, the closest of the highly active cosmological FRBs),
SGR 1935+2154 type FRBs, ULPM candidates discussed in this work and
XDINS. = is inferred from the distance to the nearest object of that class
taking into account Poisson statistics and 90% confidence limits. For Galac-
tic populations, we correct for the density of Milky Way-like galaxies tak-
ing =MW = 0.01Mpc�3. In addition, for SGRs, the density ranges consider
whether it is only SGR 1935+2154 or all Galactic magnetars which are ca-
pable of producing an FRB. Age estimates for the SGR-type population are
informed by Galactic magnetar evolution studies (Dall’Osso et al. 2012; Be-
niamini et al. 2019), while for R3 we only take a conservative lower limit of
10 years, informed by its steady behaviour since it has first been observed.
The figure demonstrates that the two types of FRBs correspond to vastly di-
verging source birth rates. The circle sizes corresponds to log10 (% [B]) and
shows that the di�erent Galactic sources are unlikely to be part of a single
evolutionary trajectory. Bottom panels depict the projections on the = � %
(left) and % � g (right) planes.

population, but requires a distinct spin evolution between ULPM
candidates and confirmed magnetars. Furthermore, the possibility
that the current rate of change in % is dominated by a wind could
be tested with future observations by constraining the braking index
of the ULPM candidates, which should approach in this case = = 1
rather than the dipole value, = = 3. We conclude that the ULPM
candidates require a distinct magnetic and / or spin decay mechanisms
to standard Galactic magnetars.

6.2 Physical origins of long-lived strong fields in ULPMs and
powering transient radio emission

The large phenomenological e�ective values of U above, and the high
source density of PSR J0901–4036 like objects implies the physics
of field evolution in the crust and core, substantially di�erent from
standard magnetars, ought to be generically realized. Apparently
magnetar-like fields, with dipolar components of & 1013

� 1014 G,
are commonly produced and survive for Myr or longer with limited
observational consequences beyond the radio.

For young magnetars, their field evolution is compatible with non-
linear Hall evolution (in a resistive electron MHD treatment) in their
crusts (e.g., Goldreich & Reisenegger 1992; Cumming et al. 2004;
Gourgouliatos et al. 2013; Viganò et al. 2013; Pons & Viganò 2019;
Gourgouliatos et al. 2022) on a timescale on about 104 yr (with
significant dependence on crust thickness), about 2–3 orders of mag-
nitude shorter than Ohmic evolution from electron scattering. The
tentative evidence in favor of a crust in PSR J0901–4046 (Appendix
C) and the high source density disfavors nonstandard crust scenarios
(e.g. quark stars, or very light or massive NSs) for this class of ob-
ject. Crust-threading fields (which may possess significant toroidal
components) are thought to power the energetic high-energy activ-
ity of conventional magnetars (e.g., Lander 2022). The existence of
non-dipolar components is exemplified by the “low-field" magne-
tar SGR 0418+5729 (with % = 9.1 s) whose dipolar field is only
⌫? ⇠1.2⇥ 1013 G (Rea et al. 2013); yet evidence points to much
stronger local field strengths up to 1014

�1015 G (Tiengo et al. 2013)
as expected from 3D crustal Hall evolution (e.g., Wood & Hollerbach
2015; Gourgouliatos et al. 2016). For electromagnetic spin evolution
in quiescence, especially on long timescales, the dipolar component
is most germane, as that is most influential at the light cylinder.

The X-ray limits on PSR J0901–4046 and GLEAM-X J1627 (see
Figure 4) suggest low magnetic dissipation within the crust, com-
mensurate with the crustal Ohmic timescale (Cumming et al. 2004)
or even lower. A rough guide on the relevant magnetic dissipation
timescale in the current epoch is ⌫2

14'
3
6/gdecay⇠!- ⌧ 1032 erg s�1

implying gdecay �1 Myr. This is generally beyond the standard Hall
evolution timescale for typical densities of the inner crust, and sug-
gests a di�erent physical mechanism currently reigning for field evo-
lution. The crustal nonlinear Hall evolution may be substantially
retarded with “Hall attractor" solutions where the Hall evolution sat-
urates to a level commensurate with Ohmic evolution (Gourgouliatos
& Cumming 2014a,b; Wood & Hollerbach 2015; Gourgouliatos et al.
2016). Such attractor solutions are predominantly independent of ini-
tial conditions. The dipolar component in this scenario may actually
increases with time, implying unconventional tracks in the % � §%
diagram (see also Popov et al. 2017). However, a major caveat is that
these models assume a crust-dominant field, compatible with Meiss-
ner type-I superconductor for the outer core where the field is entirely
expelled. This core boundary condition is a strong assumption and
unrealistic for common CCSN formation channels (see below). An-
other assumption in these models is a time-independent specification
for the crust conductivity, rather than coupled magnetic and thermal
evolution. The assumption of a crust dominant field is also likely in-
applicable for old systems which manifest strong global dipolar com-
ponents exceeding 1013 G (see 2.1.1). This perhaps points towards
strong core-bound fields in PSR J0901–4046, GLEAM-X J1627 and
similar objects. Note that coupled core-crust evolution, with sim-
plifying assumptions and model choices of toroidal/poloidal field
evolution, can also obtain Hall attractor solutions (Bransgrove et al.
2018), including longer evolutionary timescales that are required for
ULPMs.

Proton superconductivity is expected to set in very soon after the
formation of NSs by CCSN (Baym et al. 1969a; Yakovlev & Pethick
2004), as the core temperature drops from neutrino cooling (by ei-
ther modified URCA or direct URCA processes, Shapiro & Teukol-
sky 1983) below the critical proton superconducting temperature.
In general, two approximate critical fields exist, �21 ⇠ 1015 G and
�22⇠1016 G (which depend on depth and local properties) where for
the magnetic field �<�21 the protons are in a type-I Meissner state,
while for � >�22 superconductivity is destroyed. Numerous works
have considered the evolution of core fields in NS interiors in the
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Figure 5. Top: Inferred active lifetime g and source density = for FRB
20180916B (aka R3, the closest of the highly active cosmological FRBs),
SGR 1935+2154 type FRBs, ULPM candidates discussed in this work and
XDINS. = is inferred from the distance to the nearest object of that class
taking into account Poisson statistics and 90% confidence limits. For Galac-
tic populations, we correct for the density of Milky Way-like galaxies tak-
ing =MW = 0.01Mpc�3. In addition, for SGRs, the density ranges consider
whether it is only SGR 1935+2154 or all Galactic magnetars which are ca-
pable of producing an FRB. Age estimates for the SGR-type population are
informed by Galactic magnetar evolution studies (Dall’Osso et al. 2012; Be-
niamini et al. 2019), while for R3 we only take a conservative lower limit of
10 years, informed by its steady behaviour since it has first been observed.
The figure demonstrates that the two types of FRBs correspond to vastly di-
verging source birth rates. The circle sizes corresponds to log10 (% [B]) and
shows that the di�erent Galactic sources are unlikely to be part of a single
evolutionary trajectory. Bottom panels depict the projections on the = � %
(left) and % � g (right) planes.

population, but requires a distinct spin evolution between ULPM
candidates and confirmed magnetars. Furthermore, the possibility
that the current rate of change in % is dominated by a wind could
be tested with future observations by constraining the braking index
of the ULPM candidates, which should approach in this case = = 1
rather than the dipole value, = = 3. We conclude that the ULPM
candidates require a distinct magnetic and / or spin decay mechanisms
to standard Galactic magnetars.

6.2 Physical origins of long-lived strong fields in ULPMs and
powering transient radio emission

The large phenomenological e�ective values of U above, and the high
source density of PSR J0901–4036 like objects implies the physics
of field evolution in the crust and core, substantially di�erent from
standard magnetars, ought to be generically realized. Apparently
magnetar-like fields, with dipolar components of & 1013

� 1014 G,
are commonly produced and survive for Myr or longer with limited
observational consequences beyond the radio.

For young magnetars, their field evolution is compatible with non-
linear Hall evolution (in a resistive electron MHD treatment) in their
crusts (e.g., Goldreich & Reisenegger 1992; Cumming et al. 2004;
Gourgouliatos et al. 2013; Viganò et al. 2013; Pons & Viganò 2019;
Gourgouliatos et al. 2022) on a timescale on about 104 yr (with
significant dependence on crust thickness), about 2–3 orders of mag-
nitude shorter than Ohmic evolution from electron scattering. The
tentative evidence in favor of a crust in PSR J0901–4046 (Appendix
C) and the high source density disfavors nonstandard crust scenarios
(e.g. quark stars, or very light or massive NSs) for this class of ob-
ject. Crust-threading fields (which may possess significant toroidal
components) are thought to power the energetic high-energy activ-
ity of conventional magnetars (e.g., Lander 2022). The existence of
non-dipolar components is exemplified by the “low-field" magne-
tar SGR 0418+5729 (with % = 9.1 s) whose dipolar field is only
⌫? ⇠1.2⇥ 1013 G (Rea et al. 2013); yet evidence points to much
stronger local field strengths up to 1014

�1015 G (Tiengo et al. 2013)
as expected from 3D crustal Hall evolution (e.g., Wood & Hollerbach
2015; Gourgouliatos et al. 2016). For electromagnetic spin evolution
in quiescence, especially on long timescales, the dipolar component
is most germane, as that is most influential at the light cylinder.

The X-ray limits on PSR J0901–4046 and GLEAM-X J1627 (see
Figure 4) suggest low magnetic dissipation within the crust, com-
mensurate with the crustal Ohmic timescale (Cumming et al. 2004)
or even lower. A rough guide on the relevant magnetic dissipation
timescale in the current epoch is ⌫2

14'
3
6/gdecay⇠!- ⌧ 1032 erg s�1

implying gdecay �1 Myr. This is generally beyond the standard Hall
evolution timescale for typical densities of the inner crust, and sug-
gests a di�erent physical mechanism currently reigning for field evo-
lution. The crustal nonlinear Hall evolution may be substantially
retarded with “Hall attractor" solutions where the Hall evolution sat-
urates to a level commensurate with Ohmic evolution (Gourgouliatos
& Cumming 2014a,b; Wood & Hollerbach 2015; Gourgouliatos et al.
2016). Such attractor solutions are predominantly independent of ini-
tial conditions. The dipolar component in this scenario may actually
increases with time, implying unconventional tracks in the % � §%
diagram (see also Popov et al. 2017). However, a major caveat is that
these models assume a crust-dominant field, compatible with Meiss-
ner type-I superconductor for the outer core where the field is entirely
expelled. This core boundary condition is a strong assumption and
unrealistic for common CCSN formation channels (see below). An-
other assumption in these models is a time-independent specification
for the crust conductivity, rather than coupled magnetic and thermal
evolution. The assumption of a crust dominant field is also likely in-
applicable for old systems which manifest strong global dipolar com-
ponents exceeding 1013 G (see 2.1.1). This perhaps points towards
strong core-bound fields in PSR J0901–4046, GLEAM-X J1627 and
similar objects. Note that coupled core-crust evolution, with sim-
plifying assumptions and model choices of toroidal/poloidal field
evolution, can also obtain Hall attractor solutions (Bransgrove et al.
2018), including longer evolutionary timescales that are required for
ULPMs.

Proton superconductivity is expected to set in very soon after the
formation of NSs by CCSN (Baym et al. 1969a; Yakovlev & Pethick
2004), as the core temperature drops from neutrino cooling (by ei-
ther modified URCA or direct URCA processes, Shapiro & Teukol-
sky 1983) below the critical proton superconducting temperature.
In general, two approximate critical fields exist, �21 ⇠ 1015 G and
�22⇠1016 G (which depend on depth and local properties) where for
the magnetic field �<�21 the protons are in a type-I Meissner state,
while for � >�22 superconductivity is destroyed. Numerous works
have considered the evolution of core fields in NS interiors in the
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Combined age limits
Various arguments all imply these are old objects
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Figure 5. Top: Inferred active lifetime g and source density = for FRB
20180916B (aka R3, the closest of the highly active cosmological FRBs),
SGR 1935+2154 type FRBs, ULPM candidates discussed in this work and
XDINS. = is inferred from the distance to the nearest object of that class
taking into account Poisson statistics and 90% confidence limits. For Galac-
tic populations, we correct for the density of Milky Way-like galaxies tak-
ing =MW = 0.01Mpc�3. In addition, for SGRs, the density ranges consider
whether it is only SGR 1935+2154 or all Galactic magnetars which are ca-
pable of producing an FRB. Age estimates for the SGR-type population are
informed by Galactic magnetar evolution studies (Dall’Osso et al. 2012; Be-
niamini et al. 2019), while for R3 we only take a conservative lower limit of
10 years, informed by its steady behaviour since it has first been observed.
The figure demonstrates that the two types of FRBs correspond to vastly di-
verging source birth rates. The circle sizes corresponds to log10 (% [B]) and
shows that the di�erent Galactic sources are unlikely to be part of a single
evolutionary trajectory. Bottom panels depict the projections on the = � %
(left) and % � g (right) planes.

population, but requires a distinct spin evolution between ULPM
candidates and confirmed magnetars. Furthermore, the possibility
that the current rate of change in % is dominated by a wind could
be tested with future observations by constraining the braking index
of the ULPM candidates, which should approach in this case = = 1
rather than the dipole value, = = 3. We conclude that the ULPM
candidates require a distinct magnetic and / or spin decay mechanisms
to standard Galactic magnetars.

6.2 Physical origins of long-lived strong fields in ULPMs and
powering transient radio emission

The large phenomenological e�ective values of U above, and the high
source density of PSR J0901–4036 like objects implies the physics
of field evolution in the crust and core, substantially di�erent from
standard magnetars, ought to be generically realized. Apparently
magnetar-like fields, with dipolar components of & 1013

� 1014 G,
are commonly produced and survive for Myr or longer with limited
observational consequences beyond the radio.

For young magnetars, their field evolution is compatible with non-
linear Hall evolution (in a resistive electron MHD treatment) in their
crusts (e.g., Goldreich & Reisenegger 1992; Cumming et al. 2004;
Gourgouliatos et al. 2013; Viganò et al. 2013; Pons & Viganò 2019;
Gourgouliatos et al. 2022) on a timescale on about 104 yr (with
significant dependence on crust thickness), about 2–3 orders of mag-
nitude shorter than Ohmic evolution from electron scattering. The
tentative evidence in favor of a crust in PSR J0901–4046 (Appendix
C) and the high source density disfavors nonstandard crust scenarios
(e.g. quark stars, or very light or massive NSs) for this class of ob-
ject. Crust-threading fields (which may possess significant toroidal
components) are thought to power the energetic high-energy activ-
ity of conventional magnetars (e.g., Lander 2022). The existence of
non-dipolar components is exemplified by the “low-field" magne-
tar SGR 0418+5729 (with % = 9.1 s) whose dipolar field is only
⌫? ⇠1.2⇥ 1013 G (Rea et al. 2013); yet evidence points to much
stronger local field strengths up to 1014

�1015 G (Tiengo et al. 2013)
as expected from 3D crustal Hall evolution (e.g., Wood & Hollerbach
2015; Gourgouliatos et al. 2016). For electromagnetic spin evolution
in quiescence, especially on long timescales, the dipolar component
is most germane, as that is most influential at the light cylinder.

The X-ray limits on PSR J0901–4046 and GLEAM-X J1627 (see
Figure 4) suggest low magnetic dissipation within the crust, com-
mensurate with the crustal Ohmic timescale (Cumming et al. 2004)
or even lower. A rough guide on the relevant magnetic dissipation
timescale in the current epoch is ⌫2
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implying gdecay �1 Myr. This is generally beyond the standard Hall
evolution timescale for typical densities of the inner crust, and sug-
gests a di�erent physical mechanism currently reigning for field evo-
lution. The crustal nonlinear Hall evolution may be substantially
retarded with “Hall attractor" solutions where the Hall evolution sat-
urates to a level commensurate with Ohmic evolution (Gourgouliatos
& Cumming 2014a,b; Wood & Hollerbach 2015; Gourgouliatos et al.
2016). Such attractor solutions are predominantly independent of ini-
tial conditions. The dipolar component in this scenario may actually
increases with time, implying unconventional tracks in the % � §%
diagram (see also Popov et al. 2017). However, a major caveat is that
these models assume a crust-dominant field, compatible with Meiss-
ner type-I superconductor for the outer core where the field is entirely
expelled. This core boundary condition is a strong assumption and
unrealistic for common CCSN formation channels (see below). An-
other assumption in these models is a time-independent specification
for the crust conductivity, rather than coupled magnetic and thermal
evolution. The assumption of a crust dominant field is also likely in-
applicable for old systems which manifest strong global dipolar com-
ponents exceeding 1013 G (see 2.1.1). This perhaps points towards
strong core-bound fields in PSR J0901–4046, GLEAM-X J1627 and
similar objects. Note that coupled core-crust evolution, with sim-
plifying assumptions and model choices of toroidal/poloidal field
evolution, can also obtain Hall attractor solutions (Bransgrove et al.
2018), including longer evolutionary timescales that are required for
ULPMs.

Proton superconductivity is expected to set in very soon after the
formation of NSs by CCSN (Baym et al. 1969a; Yakovlev & Pethick
2004), as the core temperature drops from neutrino cooling (by ei-
ther modified URCA or direct URCA processes, Shapiro & Teukol-
sky 1983) below the critical proton superconducting temperature.
In general, two approximate critical fields exist, �21 ⇠ 1015 G and
�22⇠1016 G (which depend on depth and local properties) where for
the magnetic field �<�21 the protons are in a type-I Meissner state,
while for � >�22 superconductivity is destroyed. Numerous works
have considered the evolution of core fields in NS interiors in the
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Figure 5. Top: Inferred active lifetime g and source density = for FRB
20180916B (aka R3, the closest of the highly active cosmological FRBs),
SGR 1935+2154 type FRBs, ULPM candidates discussed in this work and
XDINS. = is inferred from the distance to the nearest object of that class
taking into account Poisson statistics and 90% confidence limits. For Galac-
tic populations, we correct for the density of Milky Way-like galaxies tak-
ing =MW = 0.01Mpc�3. In addition, for SGRs, the density ranges consider
whether it is only SGR 1935+2154 or all Galactic magnetars which are ca-
pable of producing an FRB. Age estimates for the SGR-type population are
informed by Galactic magnetar evolution studies (Dall’Osso et al. 2012; Be-
niamini et al. 2019), while for R3 we only take a conservative lower limit of
10 years, informed by its steady behaviour since it has first been observed.
The figure demonstrates that the two types of FRBs correspond to vastly di-
verging source birth rates. The circle sizes corresponds to log10 (% [B]) and
shows that the di�erent Galactic sources are unlikely to be part of a single
evolutionary trajectory. Bottom panels depict the projections on the = � %
(left) and % � g (right) planes.

population, but requires a distinct spin evolution between ULPM
candidates and confirmed magnetars. Furthermore, the possibility
that the current rate of change in % is dominated by a wind could
be tested with future observations by constraining the braking index
of the ULPM candidates, which should approach in this case = = 1
rather than the dipole value, = = 3. We conclude that the ULPM
candidates require a distinct magnetic and / or spin decay mechanisms
to standard Galactic magnetars.

6.2 Physical origins of long-lived strong fields in ULPMs and
powering transient radio emission

The large phenomenological e�ective values of U above, and the high
source density of PSR J0901–4036 like objects implies the physics
of field evolution in the crust and core, substantially di�erent from
standard magnetars, ought to be generically realized. Apparently
magnetar-like fields, with dipolar components of & 1013

� 1014 G,
are commonly produced and survive for Myr or longer with limited
observational consequences beyond the radio.

For young magnetars, their field evolution is compatible with non-
linear Hall evolution (in a resistive electron MHD treatment) in their
crusts (e.g., Goldreich & Reisenegger 1992; Cumming et al. 2004;
Gourgouliatos et al. 2013; Viganò et al. 2013; Pons & Viganò 2019;
Gourgouliatos et al. 2022) on a timescale on about 104 yr (with
significant dependence on crust thickness), about 2–3 orders of mag-
nitude shorter than Ohmic evolution from electron scattering. The
tentative evidence in favor of a crust in PSR J0901–4046 (Appendix
C) and the high source density disfavors nonstandard crust scenarios
(e.g. quark stars, or very light or massive NSs) for this class of ob-
ject. Crust-threading fields (which may possess significant toroidal
components) are thought to power the energetic high-energy activ-
ity of conventional magnetars (e.g., Lander 2022). The existence of
non-dipolar components is exemplified by the “low-field" magne-
tar SGR 0418+5729 (with % = 9.1 s) whose dipolar field is only
⌫? ⇠1.2⇥ 1013 G (Rea et al. 2013); yet evidence points to much
stronger local field strengths up to 1014

�1015 G (Tiengo et al. 2013)
as expected from 3D crustal Hall evolution (e.g., Wood & Hollerbach
2015; Gourgouliatos et al. 2016). For electromagnetic spin evolution
in quiescence, especially on long timescales, the dipolar component
is most germane, as that is most influential at the light cylinder.

The X-ray limits on PSR J0901–4046 and GLEAM-X J1627 (see
Figure 4) suggest low magnetic dissipation within the crust, com-
mensurate with the crustal Ohmic timescale (Cumming et al. 2004)
or even lower. A rough guide on the relevant magnetic dissipation
timescale in the current epoch is ⌫2
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implying gdecay �1 Myr. This is generally beyond the standard Hall
evolution timescale for typical densities of the inner crust, and sug-
gests a di�erent physical mechanism currently reigning for field evo-
lution. The crustal nonlinear Hall evolution may be substantially
retarded with “Hall attractor" solutions where the Hall evolution sat-
urates to a level commensurate with Ohmic evolution (Gourgouliatos
& Cumming 2014a,b; Wood & Hollerbach 2015; Gourgouliatos et al.
2016). Such attractor solutions are predominantly independent of ini-
tial conditions. The dipolar component in this scenario may actually
increases with time, implying unconventional tracks in the % � §%
diagram (see also Popov et al. 2017). However, a major caveat is that
these models assume a crust-dominant field, compatible with Meiss-
ner type-I superconductor for the outer core where the field is entirely
expelled. This core boundary condition is a strong assumption and
unrealistic for common CCSN formation channels (see below). An-
other assumption in these models is a time-independent specification
for the crust conductivity, rather than coupled magnetic and thermal
evolution. The assumption of a crust dominant field is also likely in-
applicable for old systems which manifest strong global dipolar com-
ponents exceeding 1013 G (see 2.1.1). This perhaps points towards
strong core-bound fields in PSR J0901–4046, GLEAM-X J1627 and
similar objects. Note that coupled core-crust evolution, with sim-
plifying assumptions and model choices of toroidal/poloidal field
evolution, can also obtain Hall attractor solutions (Bransgrove et al.
2018), including longer evolutionary timescales that are required for
ULPMs.

Proton superconductivity is expected to set in very soon after the
formation of NSs by CCSN (Baym et al. 1969a; Yakovlev & Pethick
2004), as the core temperature drops from neutrino cooling (by ei-
ther modified URCA or direct URCA processes, Shapiro & Teukol-
sky 1983) below the critical proton superconducting temperature.
In general, two approximate critical fields exist, �21 ⇠ 1015 G and
�22⇠1016 G (which depend on depth and local properties) where for
the magnetic field �<�21 the protons are in a type-I Meissner state,
while for � >�22 superconductivity is destroyed. Numerous works
have considered the evolution of core fields in NS interiors in the
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Are they highly-magnetized 
neutron stars (“magnetars”)?

The definition of a “magnetar” here is magnetically-powered highly-magnetized NS 



Power source options - Gravitational power?
given luminosities ~10^28 - 10^32 erg/s

• Gravitational power?

• accretion power (e.g. fallback disk)

• tight binary companion (WD +stellar comp, NS+ stellar comp)

• double degenerate system (NS+WD, WD+WD, etc)


• Problem: requires synchronization of orbit in binary cases -> still requires a highly magnetized 
neutron star ! (Pizzolato, Colpi, de Luca+ 2008)


• even then, orbital power could be too low for longer P

• strongly disfavored for the CCO in RCW 103 with HST observations (Tendulkar+2017) 

• disfavored for GPM J1839-10 too based on its stable timing and P~ 20 mins


• Problem: radio duty cycles are very narrow of ULPM candidates, 0.1-5%

• also no underlying pulsed emission like eclipsing compact pulsar systems


• Problem: Coherent radio emission requires strong electric fields



Arguments for highly magnetized NS and why WDs are disfavored
for long period radio sources

• Millisecond duration sub-structure and high brightness temperature of this sub-structure — 
requires relativistic plasmas (require voltage to pull charges from a surface a NS >> WD)


• Pulses too narrow compared to Ar Sco 


• Too slow to be rotationally-powered isolated WDs


• luminosity — they are orders of magnitude brighter than any known WDs, even in binaries


• we know of thousands of WDs in Gaia and other surveys, none have showed this behavior 
and those that do are in binaries (e.g. Pelisoli+2024)


• Source densities and power source — too common and luminous to be WDs given WD birth 
rates and known magnetic field distributions


• Binary interactions and orbital power? Again too slow to explain luminosities 



Ar Sco (white dwarf pulsar) versus ULPs
phenomenologically

• 2 minute spin period versus 20-50 minutes


• Pulse duty cycle large (20-40%) compared 
to ULPs (ASKAP J1935 - 10^-4 duty cycle!)


• only 116 pc away compared to kpc for ULPs


• orders of magnitude lower luminosity


• obvious optical counterpart and binary 
companion
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losses may also come from an outflow of relativistic charged  
particles from the magnetic white dwarf and a wind from the 
M-star companion.

The upper limit on the magnetic dipole strength can be derived 
assuming that the bulk of the spin-down power is radiated by dipole 
radiation (Poynting radiation; see Methods: Magnetic dipole radia-
tion). So if = ̇L Lvmd s (the spin-down power)2, the upper limit placed 
on the white-dwarf magnetic field for a maximum dipole tilt angle 
to the spin axis of χ =  90° is given as
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where Ps and Rwd are the spin period and radius of the white dwarf, 
respectively. This value is in the regime for high-field magnetic white 
dwarfs, either isolated or in magnetic cataclysmic variables15.

Another approach16, assuming that a fraction of the spin-down 
power is dissipated through a magnetic stand-off shock near the 
secondary, gave an estimate of the magnetic field of ∼ 100 MG.  
If rotational energy is also dissipated through MHD pumping of 
the secondary star, then a constraint can be placed by estimating 
the MHD power dissipated in the surface layers of the secondary17. 
Dissipation will occur through magnetic reconnection and Ohmic 
heating, particularly in the part of the secondary star’s photo-
sphere that faces the white dwarf. This could contribute to both the 
observed line emission and the strong orbital photometric modula-
tion, which is at maximum (after removal of the spin pulsations) at 
ϕorb ≈  0.52 when the secondary star is at superior conjunction.

MHD pumping of the secondary allows an independent con-
straint to be set on the white dwarf ’s surface magnetic field strength. 
If the white-dwarf magnetic field lines sweep periodically across the 
secondary star, the penetration depth of the magnetic flux into the 
surface layers is17 δ η ω= 2 /tur b  (Methods: Spin-down torque), 
where ηtur and ωb are the turbulent diffusivity and beat (synodic) 
angular frequency, respectively. For the photospheric conditions 
of a M-type dwarf, δ ≈  108 cm, using17 ηtur ≤  1015 cm2 s−1. The power 
dissipation of magnetic energy through reconnection and Ohmic 
heating can be estimated from π π δ ω=  P B R( /8 )(4 )MHD

2
2
2

b (see for 
example ref. 17 and references therein).

For a 500-MG magnetic white dwarf, the field strength at the dis-
tance of the secondary (at a distance of a =  8 ×  1010 cm; see Methods: 
Binary parameters) will be 160 G. This implies PMHD =  4 ×  1031 erg s−1, 
which is ∼ 30% of the average optical luminosity of AR Sco in excess 
of the combined stellar contributions2, namely L+ =  1.3 ×  1032 erg s−1. 
The equation for power dissipation through MHD pumping can 
then be expressed as:
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where it was assumed that the secondary star fills, or nearly fills, 
its Roche lobe, so equals RL,2 (see Methods: Binary parameters).  
If other processes are also responsible for the line emission and 
heating of the secondary, for example beamed synchrotron radia-
tion, dipole radiation or charged particles, all from the white dwarf, 
then this will lower PMHD and hence the estimate of B and B1,* based 
on MHD interactions alone.

The white dwarf pulsar. We propose that the highly asynchronous 
binary system AR Sco contains a strongly magnetic white dwarf, 
probably having been spun-up to the current short rotation period 
(Ps =  117 s) by accretion torques during a high mass-transfer phase 
in its history, as has also been proposed4–6 for AE Aqr. The observed 
ratios of X-ray to spin-power luminosities for AR Sco and AE Aqr2,4 
are very similar to spin-powered neutron-star pulsars18 (see also 
Supplementary Fig. 8), making both of them analogous to spun-up 
radio pulsars4,19. Similarly, considering that the 70% pulse fraction 
of the luminosity in excess of the combined stellar components2 
is predominantly optical synchrotron emission, this implies that 
the synchrotron power in AR Sco is 0.06Psd, similar to the ratio of 
synchrotron-produced gamma-ray emission to spin-down power 
reported recently for a sample of spun-up gamma-ray-emitting  
millisecond radio pulsars20.

The high level of linear polarization in AR Sco is consistent with 
synchrotron emission of relativistic electrons in ordered magnetic 
fields14. The periodicities, at both the white-dwarf spin and the beat 
periods, are also consistent with this emission being produced in 
the white-dwarf magnetosphere, which is additionally modulated 
at the binary period.

The SED in AR Sco2,21 shows a ν∝ν αS 1 (α1 ≈  1.3) self-absorbed 
power-law spectral distribution for ν ≤  1012− 1013 Hz, that is, at 
infrared to radio wavelengths. We suggest that these originate from 
pumped coronal loops of the nearly Roche-lobe-filling secondary 
star22–24. The magnetospheric flux tubes of the secondary star are 
distorted by the fast-rotating white dwarf dipolar field (see Methods: 
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Figure 3 | Spin-modulated polarization. The panels show the spin-phase-
folded (into 30 bins per cycle) red-band (OG 570 filter) variations for  
total intensity (I), degree of linear polarization (p), position angle (θ) and 
degree of circular polarization (v) on the 14/15 (left panels) and 15/16 March 
2016 (right panels), respectively. Two cycles are shown for clarity.  
Error bars are 1σ.

Credit: Buckley et al. 2017 
Ar Sco optical polarized photometry



Rotation-powered WD?
seems largely ruled out for GLEAM-X J1627 based on Pdot and optical limits
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Rotation-powered isolated WD?
seems largely ruled out for GPM J1809-10 too

Population study of long-period radio transients in the neutron-star and white-dwarf scenarios3

Figure 1. Surface dipolar magnetic field, B, against spin period, P , for observed isolated NSs and magnetic WDs.
GPMJ1839�10 and GLEAM-XJ1627�52 are interpreted as isolated NSs or WDs. Arrows represent upper B-field limits. We
show isolated ATNF radio pulsars (Manchester et al. 2005) (gray dots), pulsars with magnetar-like X-ray emission (red stars;
gray circles highlight the radio magnetars), including the long-period magnetar 1E 161348-5055 (De Luca et al. 2006; Rea et al.
2016; D’Aı̀ et al. 2016), X-ray Dim Isolated NSs (XDINSs; orange squares) and Central Compact Objects (CCOs; gold triangles)
(Olausen & Kaspi 2014; Coti Zelati et al. 2018). Other long-period radio pulsars are reported as black circles (Tan et al. 2018;
Caleb et al. 2022). Isolated MWDs are represented by blue dots (Ferrario et al. 2020; Caiazzo et al. 2021; Buckley et al. 2017b).
Gray dots show upper B-field limits for the binary WDs ARSco (Buckley et al. 2017a) and J1912-4410 (Pelisoli et al. 2023).
Dashed (solid) lines correspond to theoretical death lines for a pure dipole (extremely twisted multipole) configuration. Red and
blue shaded regions indicate NS and WD death valleys, respectively.

et al. 2021). For the radio pulsating WDs ARSco and
J1912�4410, we estimate upper B-field limits assum-
ing the emission to result from dipolar losses (Buckley
et al. 2017a). Finally, we also show the upper limits on
the surface dipolar B-fields of the two long-period radio
sources GLEAM-XJ1627�52 and GPMJ1839�10.

3. POPULATION SYNTHESIS FOR
NEUTRON-STAR AND WHITE-DWARF RADIO

PULSARS

We simulate isolated NS and WD populations using
the framework of Graber et al. (in prep) with model
parameters adjusted for each object type. Initially, we
randomly sample the logarithm of the birth periods and
magnetic fields from normal distributions, and the incli-
nation angle between the magnetic and the rotational
axis from a uniform distribution in spherical coordi-
nates. Assuming that NSs and WDs spin down due
to magnetospheric torques, we then evolve their peri-
ods, P , and inclination angles, �, over time by solving

Credit: Rea et al. 2024 


Population synthesis experiments 
find isolated WD scenarios cannot 

explain high radio luminosity


On the other hand, NS scenarios 
require revisions on field evolution



Rotation-powered isolated WD?
definitely ruled out for ASKAP J1935+2148 with P = 54 mins

Caleb+2024,

Beniamin, Wadiasingh, Hare+2023 
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is the positional uncertainty of GLEAM-X J1627 (see e.g. Hare, 
Kargaltsev & Rangelov 2018 ). This calculation yields a large chance 
coincidence probability of ≈90 per cent , suggesting that this scenario 
is the most likely. If this is the case, it is difficult to place any 
constraints on the spectral type as the source distance and extinction 
are unknown. 
APP EN D I X  E:  G A P  VOLTAGE  A N D  T H E  
C U RVAT U R E  PA IR  D E AT H  L INE  F O R  
A R B I T R A RY  STELLAR  R A D I I  
The three conditions ( ℓ gap < r pc , " V gap < # open , and L e ± < Ė SD ) 
yield identical parameter dependence of the ‘death line’ on B and 
compactness within factors of unity, verifying the self-consistency 
of the constraints. Requiring the pair luminosity is greater than 
the uncorrected radio luminosity L e ± > L R, obs applies only to very 
compact stars (e.g. NSs) in an untenable part of the parameter space 
and is not shown in Fig. 2 . For these gross estimates, we adapt the cur- 
vature photon gap height ℓ gap ∼ ( B 4 cr λ−−2 c 3 /π3 ) 1 / 7 ρ2 / 7 

c P 3 / 7 B −4 / 7 
(Timokhin & Harding 2015 ) where B cr is the quantum critical or 
Schwinger field, λ − − is the reduced Compton wavelength, and ρc 
is the characteristic field curvature radius near the polar cap. We omit 
weak order unity factors associated with the relative gap speed and 
pair attenuation exponential of the Erber formula (Erber 1966 ). The 
open field line voltage is # open ∼ '2 BR 3 / c 2 while for a vacuum gap 
"V gap ∼ ( '/c) Bℓ 2 gap . These all yield the death line, 
R ! 4 × 10 9 ( ϱ c 

10 
)4 / 17 

P 13 / 17 
3 B −8 / 17 

9 cm (E1) 
where we adopt dimensionless ϱ c = ρc / R = 10 for the characteristic 
field curvature radius. This constraint on R then may be readily 
expressed in terms of constraint on compactness for a given mass. A 
more realistic choice for ϱ c ≫ 10 commensurate with the expected 
small polar cap size for a P ∼ 10 3 s rotator would eliminate any 
allowed parameter space in Fig. 2 . 
APP EN D I X  F:  X - R AY  UPPER  LIMITS  
PSR J0901 −4046, PSR J0250 + 5854, and GLEAM-X J1627, were 
observed by Swift-XRT, XMM –Newton (PI: Tan), and Chandra 
(PI: Hurle y-Walker), respectiv ely. Table F1 lists a log of all of the 
observations for each source. The Swift-XRT data were reduced 

and analysed using version 6.29 of the HEASOFT software package, 
while the XMM –Newton data were reduced using SAS version 20.0. 
F or Chandr a , we used CIAO v ersion 4.14. We followed the standard 
procedures for reducing and cleaning each data set. We note that the 
exposure times for XMM –Newton listed in Table F1 are calculated 
after removing the times with high particle background flares. Next, 
we calculated the number of counts at each source’s radio position 
using radii of 30, 15, and 2 arcsec for Swift-XRT, XMM –Newton , 
and Chandr a , respectiv ely. Then we calculated the net counts for 
each source by subtracting the total number of expected background 
counts from large source free regions in each image after correcting 
for the difference in area of extraction regions. PSR J0901 −4046 
and GLEAM-X J1627 both had zero net source counts detected, 
while PSR J0250 + 5854 had 15 ± 10 net source counts detected. 
We converted these net source counts into 3 σ upper limits on the 
count rates in each observatory using table 1 from Gehrels ( 1986 ) 
and dividing by the total exposure, while also correcting for the 
energy containment fraction and exposure map. This lead to 3 σ
upper limit count rates of 10 −3 , 9 × 10 −4 , and 2 × 10 −4 cts s −1 
for PSR J0901 −4046, PSR J0250 + 5854, and GLEAM-X J1627, 
respectively. These count rates were calculated in the 0.5–10 keV 
bands for Swift and XMM –Newton , and 0.5–8 keV for Chandra . 

We used the count rates to estimate the maximum temperature that 
each NS could be emitting from its entire surface, yet still remain 
undetected. We placed each source at its nominal dispersion measure 
estimated distance to calculate the blackbody model normalizations 
(i.e. bbodyrad in XSPEC ). The absorbing column density for each 
source was estimated from the N H –DM relation of He et al. ( 2013 ). 
We also checked the 3D extinction maps at the position and inferred 
DM distances of each source using mwdust (Bovy 2015 ) and found 
good agreement between the N H values derived from both the DM 
and E ( B − V ) (using the relationship of G ̈uver & Özel 2009 ) for 
PSR J0901 and GLEAM-X J1627. Ho we ver, we found that the N H 
value for PSR J0250 from the E ( B − V ) estimate was about a factor 
of 2.5 larger than the N H derived from its DM. This larger N H will 
generally increase the detectable temperature of PSR J0250’s surface 
by ∼10 per cent . Since it is quite common for NSs to only emit from 
a small fraction of their surface (e.g. from hotspots), we repeated 
this e x ercise by shrinking the NS emitting area and recalculating the 
largest temperature that would remain undetected at the 3 σ level. 
The curves shown in the left-hand panel of Fig. 4 were calculated 
adopting this procedure. 
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Extended Data Fig. 5 | Constraints on the radius of a source, in units of 
solar radii, for various assumed rotational periods. Qc is the ratio of the field 
curvature radius to the stellar radius with the value inversely proportional to the 
size of the star. Qc is typically assumed to be 10 for WDs but is larger in reality. 

The vertical line denotes the period of ASKAP J1935 + 2148. Even in the most 
conservative case of Qc = 10, we are able to rule out a white dwarf origin scenario. 
More details in Methods.



Magnetically-powered isolated WD?
can be ruled out based on source density and energetics
Argument goes as follows: 


1. Total energy observed released ~10^37-10^39 erg over a few months 


2. Can keep this activity up at most ~50-100 yrs for a 10^8 G WD (1% of WD 
population have magnetic fields > few times 10^8 G), 


• even shorter for 10^6 G WDs


3. Observed ULP source densities though demand a high formation rate


4. This demands a magnetized WD formation rate significantly larger than known 
WD formation rates — reductio ad absurdum! 

1876 P. Beniamini et al. 

MNRAS 520, 1872–1894 (2023) 

Figure 1. Left: Detectability, with Gaia G band (black) and DECam r band (orange), of hot WDs as a function of mass and age. WDs having ages younger 
than the respective lines for a given mass would be detectable. Right: Similar to the left-hand plot, but for effective WD temperature as a function of mass. WDs 
hotter than the respective lines for a given mass would be detectable. The WD evolutionary tracks of B ́edard et al. ( 2020 ) are adopted here. 
of GLEAM-X J1627, it can maintain this level of activity up to at 
most 
τB ! ηE B 

f #L R ∼ 50 B 2 8 R 3 8 . 5 ηf −1 
# L −1 

R, 31 . 5 yr, (3) 
seven orders of magnitude shorter in age than the lower limits 
corresponding to the optical limits from WD cooling (Section 2.2.1 ). 
One may imagine a situation in which the active lifetime of the 
sources is shorter than their true ages, ho we ver, it would be highly 
unlikely to detect such an object if its ‘active duty cycle’ (i.e. active 
lifetime compared to true age), ηact were ≪1. In particular the number 
of inferred Galactic objects of this type (see Section 4.1 ) would be 
increased by η−1 

act . Independent of ηact , the low value of τB leads 
to unrealistic minimum requirements on the formation rate of high 
B WDs as detailed next. As shown in Section 4.1 , the distance to 
GLEAM-X J1627 requires that the number of similar active objects 
in the Galaxy be N act " 2500 (where we have considered the more 
conserv ati ve limit, that is independent of object type and we have 
considered a 3D distribution of the putative objects, as appropriate 
for WDs). This corresponds to a formation rate ṙ " 2500 τ−1 yr −1 
where τ ≤ τB is the active lifetime of the sources. Combining 
with equation ( 3 ), and relating to the Galactic WD formation rate, 
ṙ WD ≈ 0 . 25 yr −1 (Hills 1978 ), we find 

ṙ 
ṙ WD " 200 B −2 

8 R −3 
8 . 5 f #η−1 L R, 31 . 5 . (4) 

We see that for B ! 2 × 10 9 G, the required formation rate is greater 
than that of all WDs, which is clearly ruled out. Even for B ≈ 10 10 G, 
one needs the formation rate of such extremely magnetic WDs to 
be more than 2 per cent of the total WD formation rate. This is 
inconsistent with the observed population (Ferrario, de Martino & 
G ̈ansicke 2015 ; Ferrario, Wickramasinghe & Kawka 2020 ) – much 
weaker magnetized WDs with B ≈ 10 8 G WDs are already limited 
to at most a few per cent of the total population. 
2.2.4 Rotation powered WDs 
A typical WD with B ∼ 10 6 G, has a dipole spin power that is 
much too low to account for the observed radio luminosity. Thus, 
even though the rotational energy is ∼10 45 M 1 M ⊙R 2 8 . 5 erg ≫ E B , SD 
cannot power the radio luminosity through dipole SD, unless the 
magnetic field is substantially larger. 

An outlandishly high-field magnetized WD (with moment of 
inertia I ∼ 10 50 g cm 2 , corresponding to one expected from WDs) 

rotationally powering the radio emission is also disfa v oured. Such a 
putative WD would require a global dipolar field B " 10 11 G to power 
the observed luminosity (assuming η/ f # ∼ 1), a regime in which the 
total stellar magnetization is only an order of magnitude less than the 
gravitational binding energy (i.e. the Chandrasekhar hydromagnetic 
limit for stability), and two to three orders of magnitude larger than 
Ar Sco or the most highly magnetized WDs known (Ferrario et al. 
2015 , 2020 ). For a typical WD core conductivity, the resulting 
ohmic time-scale for field decay is 1–3 Gyr (Cumming 2002 ). 
This implies a persistent ohmic magnetic dissipation luminosity of 
L md " 10 30 . 5 B 2 11 R 8 . 5 erg s −1 and a minimum ef fecti ve temperature 
of T eff " 1 . 4 × 10 4 B 1 / 2 11 R −1 / 4 

8 . 5 K. 5 At its distance and expected 
extinction, optical/UV observations with HST or Webb could readily 
rule out a WD origin, irrespective of high nebular emission expected 
from energetic WDs. Such temperatures are ruled out by DECam in 
Fig. 1 for masses up to ∼0.8 M ⊙. 

A core difficulty with the WD origin of GLEAM-X J1627, is its 
small duty cycle, of the order of a few per cent, the likes of which 
has not been previously observed in pulsating WDs. For instance, 
Ar Sco’s pulse duty cycle exceeds 30 per cent (Buckley et al. 2017 ). 
Observing highly collimated radiation (as needed for a small duty 
cycle) from a WD, presents also a theoretical difficulty. To attain a 
high degree of beaming, one typically needs a relativistic particle 
population. Ho we ver, it is generally difficult to source and accelerate 
plasma near the surface of a WD to relativistic velocities as in 
NSs, considering that the escape velocity from the surface of the 
WD is ≪c so large voltages are not necessary to launch plasma. 
Furthermore single-photon magnetic pair production requires high 
magnetic fields and small curvature radii. This then sets demands on 
any voltage and magnetic field an isolated WD must attain to source 
its relativistic plasma (in contrast to Ar Sco, which has a stellar 
companion). 

We may generically quantify the abo v e arguments and constraints 
at the measured period of GLEAM-X J1627 for arbitrary stellar com- 
pactness GM /( c 2 R ) versus dipolar surface magnetic field B , assuming 
the moment of inertia is approximately 2 MR 2 /5 (a good approxi- 
mation for degenerate stars within a factor of two). The following 
restrictions largely rule out rotation-powered WDs for GLEAM-X 
J1627. Broadly, we require (i) a putati ve rotation-po wered nature of 
5 This estimate is strictly a lower limit, as this magnetic dissipation is in 
additional to any residual heat from formation that may be estimated from 
appropriate WD cooling models (for varying age and mass). 
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How to get a neutron star to such 
a long period?



Many possible mechanisms to spin down magnetars to long periods

There is much phenomenological evidence for epochs of enhanced spindown in 
Galactic magnetars.


Physical mechanisms for attaining long periods:


• Fallback disks 


• Enhanced spindown from monopolar particle winds and opening of magnetic 
flux


• Giant flare kicks


• Regular magnetic dipole spin-down persisting on a long-lived strong field


• Some or all of the above operating over the lifetime of the object

Beniamini+2020; Ronchi, Rea+2022



Phenomenological evidence for enhanced spin-down

• SGR 1900+14:  after 1998 GF 

• SGR 1806-20: Increased   since 2004 GF. Up to 2012, P increased by extra 2% compared to pre-GF 
extrapolation (Younes et al. 15). 

• Kinematic age constraints of these magnetars suggest further   enhancements in their past (Tendulkar 
et al. 12) 

• 1E 2259+586 : Anti-glitch of  in ~100 days (Archibald et al. 13)

𝑥𝑝 ≡
Δ𝑃
𝑃

~10−4

�̇�

�̇�

𝑥𝑝~10−6

Enhanced spin-down associated with GFs and strong bursting behavior

Simplest phenomenological model
If      then    for  

• With  and , a significant increase of P requires a magnetic energy reservoir of > 

  or internal field   

• Compare to SGR 1900+14:  and recall that ~10  inferred from  X-rays 

• Small population of highest B magnetars could plausibly evolve to ULPMs 

𝑥𝑝 = 𝑐𝑜𝑛𝑠𝑡 𝑃𝑓 = 𝑃0exp(𝑁𝑝𝑥𝑝)  →  𝑃𝑓 ≫ 𝑃0 𝑁𝑝 > 𝑥−1
𝑝

𝐸𝐺𝐹~4×1044𝑒𝑟𝑔 𝑥𝑝~10−4

4×1048𝑒𝑟𝑔 𝐵𝑖𝑛𝑡 > 5×1015𝐺
𝐵𝑑𝑖𝑝 = 7×1014𝐺 𝐵𝑖𝑛𝑡 𝐵𝑑𝑖𝑝

Beniamini, Wadiasingh, Metzger 2020



Physical mechanisms for enhanced spin-down
Charged particle winds

𝑅𝑜𝑝𝑒𝑛

Light 
cylinder

Quiescent state

Field lines 
opened by wind

• Mass–loaded charged wind with  opens up B lines beyond 

(Thompson & Blaes 98, Harding et al. 00) 

• Spindown scales as open flux squared -> Enhanced spindown  

•  with 

• Outflows with  inferred from 1806-20 GF (Gelfand et al. 05, Granot et al. 06) 

• Pulsating tail of GF require mass-loaded wind – longer duration favors spindown 
• Exponential sensitivity to physical conditions —> small fraction of ULPMs

𝐿𝑝𝑤 > 𝐿𝑑𝑖𝑝

𝑅𝑜𝑝𝑒𝑛~𝑅𝑁𝑆(
𝐵2

𝑑𝑖𝑝𝑅2
𝑁𝑆𝑐

𝐿𝑝𝑤 )
1/4

�̇� ∝ 𝑃

𝑃𝑓 = 𝑃0exp(
𝑡
𝜏

)

𝐸𝑘𝑖𝑛~𝐸𝑓



Physical mechanisms for enhanced spin-down
Charged particle winds
• Monte Carlo proof of concept: 

Flat P 
distribution at 

large P

Example P 
evolutions

Beniamini, Wadiasingh, Metzger 2020

Evolution 
beyond 

deathline



Physical mechanisms for enhanced spin-down
Fallback accretion
• RCW103 – sub-energetic SN remnant: consistent with more fallback (Braun et al. 2019) 
• Fallback accretion alters magnetar evolution by adding rotational energy sink/reservoir and 

enhancing spindown by opening up field lines 

Metzger, Beniamini, Giannios 2018

Rough equilibrium between co-
rotation and Alfven radius



Physical mechanisms for enhanced spin-down
Fallback accretion
• P exponentially increases until  and evolves as  

afterwards, where  

• Large  expected for high  RIAFs 

•  cannot be too large to avoid early disk disruption 

• Maximum period set by time it takes magnetic field to decay 
(relative to initial fallback time) 

• Accretion can lead to ULPMs under plausible conditions 

• Bimodality of magnetar periods can be related to bimodality 
in SN properties 

𝑅𝑚~𝑅𝑐 𝑡3𝜁/7

�̇� ∝ 𝑡−𝜁

𝜁 �̇�

𝜁

Beniamini, Wadiasingh, Metzger 2020



Fall-back disk mechanism requires high B, also favors older sources

Credit: Ronchi, Rea+ 2022

down very efficiently on short timescales. To study this
scenario for GLEAM-X J1627, we first fix the initial spin
period to P0= 10 ms (remember that as long as P? P0, P0 has
very little influence on the long-term evolution); for the
neutron-star mass and radius, we adopt the fiducial values
MNS= 1.4Me and RNS= 11 km. By varying the two para-
meters B0 and Md,0 and using Equation (13) to determine the

torque acting on the star in the different stages, we can
numerically integrate Equation (12) in time. This allows us to
find those parameter combinations that lead to a spin-down
evolution reaching a period of at least 1091 s. In what follows,
we consider a maximum time of 107 yr for the evolution. The
motivation for this limit is twofold. First, it ensures that the
spin-period evolution curves reach their maximum values

Figure 4. Example curves showing the time evolution of the spin period for a pulsar interacting with a fallback disk on a timescale of 107 yr, for different assumptions
of the disk fallback rate Md,0, and varying the initial magnetic field B0. The dashed portion of the curves indicates when the neutron star is in the radio-loud ejector
phase, i.e., when rm > rlc, while the solid portion indicates when the neutron star is in the radio-quiet propeller stage, i.e., when rm < rlc.

Figure 5. Long-period pulsars in the supernova fallback–accretion picture. The colored regions show the values of the initial magnetic field B0 and disk fallback rate
Md,0 that allow the neutron star to reach a spin period of 1091 s for GLEAM-X J1627 (left panel) and of 75.9 s for PSR J0901–4046 (right panel) in less than 107 yr.
The color code indicates the time at which the neutron stars have reached their respective periods and could be interpreted as a lower limit on the source’s current age.
The contour lines indicate the total fallback mass that has been accreted by the disk in the same time interval. For PSR J0901–4046, the gray contour line represents
where the magnetic field value at t = age is equal to the estimated magnetic field of PSR J0901–4046 from the spin-down formula.
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Implications for Magnetothermal Evolution Models
• Magnetar-strength fields must survive for Myr timescales! Challenging for standard magnetothermal 

evolution models. Magnetothermal evolutionary models of magnetars are nonlinear and path 
dependent 


• Cannot be an uncommon track or finely-tuned for field evolution


• Interesting prospect for the M81 globular cluster FRB


• Evolutionary tracks of PSR J0901-4046 like objects is likely totally different from standard X-ray 
magnetars


• Possibility: strong residual crust field in a “Hall attractor” which is commensurate with longer crust 
Ohmic decay timescales (Gourgouliatos and Cumming 2013, 2014)


• Possibility: Strong core field. Neutron+proton superfluidity can also suppress ambipolar diffusion in 
the core (e.g. GR92, Glampedakis et al. 2011, Graber et al. 2015) —> “solenoidal” part decays faster, 
so the remaining field will be largely poloidal with low-twist


• Possibility: Superconductivity Meissner effect in the core (Lander+) 



Meissner effect and thermoelectric action?A&A proofs: manuscript no. aa

Fig. 1. Temperature profile for T0 = 109 K, � = 1, r0 = 0.99, ✓0 = 0.99,
�r = 0.1, �µ = 0.1.

Lastly, it should be remarked that throughout the simulation
time-span, the temperature is kept constant in every run. In other
words, we do not account for the evolution of temperature with
time and assume that some form of heat source maintains it for
some reason at the same levels. While this is apparently an over-
optimistic assumption (especially for the timescales we are con-
sidering), we think that is a necessary approximation we need
to make at the current time, in order to examine battery e↵ects
in neutron stars and keep our calculations manageable. Future
studies should include the thermal and magnetic interactions in
a more realistic context.

4. Results

In our calculations we do not account for the rotation of the star,
hence in all simulations the poloidal lines remain in the same
meridional plane. Below we present the outputs from di↵erent
models of the temperature profile. All cases presented here are
simulated for a maximum time of 1 million years, in order to be
able to observe the saturation of the system each time.

4.1. Model A. High temperature

As stated in Section 3.2 our basic layout has the following pa-
rameter values: r0 = 0.99, µ0 = 0.99, �r = 0.1, �µ = 0.1 and
� = 1. In this subsection, we examine a rather high main crust
temperature, that of T0 = 109 K.

We begin with initial poloidal strength of  0 = 10.0 and
the case of  1 (eq. 31). Three snapshots of the evolution of the
magnetic field, at 10, 100 and 1000 kyr are given in Fig. 2. The
colorbar on the left refers to the value of the toroidal magnetic

field, whereas the density of the contour lines gives an estimation
of the poloidal magnetic field.

Soon after the start of the simulation, a region of strong
toroidal field is formed near the point (r0, ✓0), which gradually
overpasses in strength the structures formed by the Hall e↵ect
(yellow and light blue regions covering the two hemispheres in
Fig. 2a). As time passes, the region of strong field due to the bat-
tery shifts deeper and towards the axis of the star, due to velocity
and density di↵erences between di↵erent parts of the crust. The
addition of the thermoelectric current, and its resulting toroidal
field creation, have as an e↵ect that poloidal lines have their
initial shape changed, and start to twist around the battery re-
gion. These lines eventually tend to encircle the region of strong
toroidal field, creating interesting arcades and multipoles near
the pole, but are kept almost intact at distant regions.

We now turn on our attention on the evolution of the poloidal
and toroidal energies through time, which are computed as fol-
lows:

Epol =
1

8⇡

Z

V
(B2

r + B2
✓) dV, (34)

Etor =
1

8⇡

Z

V
B2
� dV, (35)

where Br = �r�2@ /@µ, B✓ = �1/(rsin✓)@ /@r and B� =
I/(rsin✓) are the components of the magnetic field in spheri-
cal coordinates. Their resulting values are plotted in Fig. 3 as
a function of time. We notice that although the poloidal energy
is monotonically descreasing until reaching zero, the toroidal en-
ergy starts from zero (since no initial toroidal field is assumed)
and increases up the value of about 2.5 ⇥ 1043 erg, at which it
stabilizes.

The transition to constant values for the toroidal and poloidal
energies is located around 400 kyr (consistent with the analytical
calculation of eq. 23, with the appropriate scale), at which we
assume there is the saturation point. In other words, saturation
occurs when the energy and field provided by the thermoelectric
battery are compensated by the Ohmic losses. After saturation
is achieved, the structure and values of the field components re-
main constant, with only a few minor oscillations of the poloidal
lines observed.

We have explored the evolution of the above configuration
for other values of 0 as well, ranging from 0.01 up to 100.0.The
final snapshots (at simulated time of 1 Myr) are presented in
Fig. 4 for the cases of  0 = 0.1, 1.0, 10.0 and 100.0. Simulations
with even larger  0 were not successful. Interestingly, the larger
the initial poloidal field, the sparser the final poloidal lines ap-
pear, but typically the final architecture of the lines is rather sim-
ilar, especially for the low- 0 cases. Additionally, all poloidal
energies gradually drop to zero, despite starting at di↵erent val-
ues depending on  0.

Regarding the toroidal field, it appears that the battery term
dominates immediately over the Hall term for lower 0, whereas
it takes more time to achieve that for larger values. Still, we note
that saturation is observed at roughly the same time for all of
them, while the final value of the maximum toroidal field in the
star is also the same, 3.16⇥1014 G, as is evident in Fig. 4. This is
a value representative for magnetars, while the rest of the star is
described by values around 5 ⇥ 1012 G, two orders of magnitude
lower. Apart from that, for all choices of  0 the toroidal energy
also reaches the same steady value, but for  0 & 10, the toroidal
energy reaches a peak before dropping at this value.
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a b c

Fig. 2. The evolution of Model A through time in the case of  1 and  0 = 10.0. In each snapshot, the same number of poloidal lines are drawn so
that direct comparisons may be made.

Fig. 3. The evolution of toroidal and poloidal energies through time of
Model A in the case of  1,  0 = 10.0.

We have also experimented with even higher temperatures.
For instance, setting T0 = 5 ⇥ 109 K resulted in a maximum of
BT = 2.35 ⇥ 1015, noticing even sparser structure of poloidal
lines. However, since even higher temperatures are not phys-
ically acceptable for the crusts of the even highly magnetized
magnetars, we do not consider this scenario further.

Things are di↵erent for the case of  2 (eq. 32). Simulations
are only successful for very low initial values  0, as in the oppo-
site case features of extremely large field are created, rendering
the code unstable. Hence, we simulate temperatures of T0 = 109

K and  0 = 0.01 (given in Fig. 5), or even lower. The respec-
tive evolution of the energies is given in Fig. 6. The high-BT
region is observed to shift to inner depths and smaller polar an-
gles. At roughly the same time with the previous configurations,
saturation is again achieved (though at a slightly larger toroidal
energy value, while the poloidal energy remains practically zero
during the whole timespan), apparently stabilizing the geometry
of poloidal lines after ⇠ 700 kyr. The maximum value of toroidal
field is now a bit larger (3.27 ⇥ 1014 G) and the minimum ones
around 2.50 ⇥ 1013 G.

4.2. Model B. Low temperature

Keeping the same set of parameters as in Section 4.1 (r0 =
0.99, µ0 = 0.99, �r = 0.1, �µ = 0.1, � = 1), we now con-
sider lower crust temperatures, namely T0 being between 107

and 108 K. Starting with the case of 1, Fig. 7a presents the final
snapshot (1 Myr) when T0 = 108 K and  0 = 1.0. Having exam-
ined initial poloidal fields  0 in the range 0.01 to 10.0 (for lower
temperatures the battery term in the resulting toroidal field can
prevail only over weak poloidal fields, the final outputs are insen-
sitive to this choice, all reaching a steady state of 2.92 ⇥ 1012 G
at maximum for the toroidal field. At this low value, the toroidal
field is not strong enough to twist the existing poloidal lines,
hence no such feature is observed now, apart from minor oscil-
lations after about 700 kyr. As a result, the toroidal energy rises
to values of ⇠1039 erg, while the poloidal energy follows a sim-
ilar behavior as in Model A, diminishing to zero as time passes.
The rest of the star (far from the battery region) is maintained at
fields ⇠1010 G.

As expected from eq. 7 lower temperatures lead to even
lower thermally induced magnetic fields. We simulated temper-
ature T0 = 5 ⇥ 107 K and the final result in the case of  1 and
 0 = 1.0 is shown Fig. 7b. BT has the value of 7.2⇥1011 G near
the pole, which is almost an order of magnitude weaker than the
field in the case of Fig. 7a, as is the toroidal energy after satura-
tion.

We notice that for the temperatures examined here (107 - 108

K) the toroidal fields achieved are in the range of ⇠1011 – 1012

G, representative for typical pulsars. At even lower temperatures,
the mechanism becomes rather ine↵ective. Particularly, for T0 .
107 K no battery feature is apparent and the resulting magnetic
field evolution is mainly described by the combination of Hall
and Ohm terms.

As far as the field  2 scenario, even at 108 K the Hall term
outweighs battery, as no signs of the latter are observed. We con-
sidered  0 as low as 0.01, since as explained in Section 4.1, the
code cannot sustain larger values. Hence, the case of radial field
assumed to penetrate the core is no further considered.
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FRB Connections?



Observed FRB periodicity
Two prolific repeaters R1 (FRB 121102) and R3 (FRB 180916)

Potential explanations: 
binarity (orbital 

period), precession, 
rotation

FRB 121102 – 160 day periodicity,  day active phase~90

No aliasing ; 
periodicity persists in continued 

monitoring / other bands

CHIME/FRB+2020

Pastor-Marazuela+ 
2020

Rajwade+ 2020

Cruces+ 2021



I’ll advocate for the long period 
scenario



Challenges for other models
Precession predictions
• High temperature -> Young age (challenged by offset from star-forming environment, Tendulkar et al. 21 for R3)
• Significant changes in polarization (but R1 polarization quite stable)
• Underlying shorter period (ruled out for R1, Zhang et al. 18, Li et al. 2021)
• Precession inversely related to deformation -> many more FRBs should have longer periods (and activity might 

anti-correlate with period) 

Tendulkar et al. 21



Challenges for other models
Shrouded binary models
• Shrouding preferentially obscures low frequency bursts. In eclipsing pulsars 

     Opposite is observed! eclipse fraction ∝ν^(-0.4)  
• Bright O/B type companion ruled out for R3 (Tendulkar et al. 21)
• DM changes within active phase -> but ∆DM < 0.1 pc/cm^3 
• Low frequency spectral cutoff (unobserved)
• Strong flux/fluence modulation with phase — where are the weak bursts? 

(unobserved)
• Underlying shorter period (ruled out for R1, Zhang et al. 18, Li et al. 2021 up to <1 

ks)

𝑓𝜈 ∝ 𝜈−0.4

• Large and fluctuating RM which should 
lead to significant depolarization at low 
frequencies and RM sign reversal 
(Beniamini, Kumar & Narayan 22)

Pastor-Marazuela+ 2020

Pastor-Marazuela+ 2020



Source densities
• R3 birth rate < 10^-3 ccSNe rate (Nicholl et al. 16)

• R3 source density 10^-7 to 10^-5 compared to Galactic magnetars (Lu, Beniamini, 

Kumar 21)

And yet some basic 
features of ULPMs 
observed even in 
Galactic objects… 

Lu, PB, Kum
ar 21

Rarity favors somewhat 
‘exotic’ explanation



bursts with a 16.29 day period (Figure 4, see Methods), we calculate the burst rate at each instru-
ment as a function of phase. We find that the activity window is narrower and peaks earlier at
1.4 GHz than at 600 MHz. The peak activity at Apertif is ⇠ 0.7 days before that of CHIME/FRB
and its full-width at half-maximum (FWHM) is 1.1 days compared to CHIME/FRB’s 2.7 days.
The LOFAR activity cycle appears to peak ⇠2 days later than CHIME/FRB’s, but the lower num-
ber of detections does not allow for a better activity window estimate. It is not yet clear if this
effect is discrete, akin to the drifting sub-pulses but on longer timescales, such that for a given
frequency range the activity window peaks at the same time. Alternatively, it could be continuous
in frequency analogous to dispersion; analyzing the peak frequency of the CHIME/FRB bursts
as a function of activity phase would help answer this question. We evaluated the likelihood of
the bursts being drawn from the same distribution, taking into account the survey strategy. We
can discard the Apertif-CHIME/FRB and Apertif-LOFAR burst samples as being drawn from the
same distribution with a > 3� confidence, and the CHIME/FRB-LOFAR samples with a > 2�

confidence (see Methods and Extended Figure 4).

Figure 4 Activity windows as a function of phase for a period of 16.29 days for Apertif (green),
CHIME/FRB (orange) and LOFAR (red). The histograms represent the number of detections and
the solid lines the rate obtained with kernel density estimates. The orange dotted line is the KDE for
CHIME/FRB bursts before 2020, and the dashed line for CHIME/FRB bursts in 2020, establishing
that the wider activity window is not due to the longer time baseline for CHIME.

The initial discovery of periodic activity in FRB 20180916B led to many new models to ex-
plain this source. The subsequent detection of a possible 160 day period in FRB 20121102A 24

led to further enthusiasm for periodicity models. One category of models places the engine of

8

Pastor-Marazuela+ 2021, Nature, 2012.08348 

Shrouding in a binary seems ruled out in FRB 180916



If magnetars can survive for Myr ages, 
then Pulsar Revival in NSNS/NSBH 
mergers is an exciting possibility



Pre-merger emission in NSNS/NSBH coalesces
Considered in many works with different mechanisms and assumptions 

Reconnection: Zhang (2020), Lai (2012), Most & Philippov (2020,2022) 


Resonant crust scattering: Tsang+(2012), Suvorov & Kokkotas (2020)


Wind driven shocks: Medvedev & Loeb (2013), Sridhar+(2021) 

Pulsar revival: Lipunov & Panchenko (1996), Lyutikov (2019), this talk — Cooper, Gupta, 
Wadiasingh+ (2023)


3926 A. J. Cooper et al. 

MNRAS 519, 3923–3946 (2023) 

Figure 2. The parallel electric field surrounding the conducting NS (centre, 
white) and the magnetized primary NS (black) for three different binary 
separations a during the inspiral. Each panel is centred on the conductor 
as viewed from abo v e the orbital plane. As the inspiral progresses and 
orbital separation decreases, regions of high parallel electric field surround 
the conductor, particularly in the region between the conducting NS and the 
primary NS due to the large local magnetic field. The view shows the θ = π

4 
plane as equation ( 2 ) tells us that E ! = 0 if θ = π

2 , i.e. in the orbital plane. 
The electric field units are stated in statvolts per centimetre. 

2.2 Numerical method: emission directed along field lines 
To investigate the time-dependent and viewing angle dependent emis- 
sion expected from these systems, we calculate the electromagnetic 
fields during the inspiral in three dimensions and map the parallel 
electric field component given by equation ( 1 ). To compensate for our 
assumption of uniform magnetic field strength around the conductor 
while building the electromagnetic model, we compute the local 
magnetic field value B at ( t , r , θ , φ) surrounding the conductor by 
finding the distance to the centre of the primary magnetized NS, 
a ( r , θ , φ), and assuming the field decreases as B ≈ B s ( R NS 

a( r,θ,φ) )3 
. 

Assuming B = B ̂  z frees the uniform field condition even though 
the background field is still assumed to be parallel. Furthermore, 
the magnetic field lines expunged by the conductor are defined in 
Lyutikov ( 2019 ) as 
B = −B cos ( θ ) (1 − R 3 

r 3 
)

ˆ r + B sin ( θ ) (1 + R 3 
2 r 3 

)
ˆ θ . (7) 

This equation is defined for uniform and parallel B , ho we ver, we 
perform computations with the assumption of separation-dependent 
magnetic field strength. 

As we will show in Section 3 , we expect particle acceleration 
and therefore any coherent radiation to be directed along the local 
magnetic field lines regardless of the specific radiation mechanism. 
The angle subtended by total field line B and the radial direction ̂  r is 
given by θˆ r , B = arctan B θ

B r . Therefore, in the frame of the conductor 
the direction of a local field line with respect to the ̂  z direction at ( r , 
θ , φ) is given by 
θB = θ + arctan B θ

B r . (8) 
In the calculation, each cell in ( r , θ , φ) is assigned a value of E ! via 
equation ( 2 ), a magnetic field vector B according to equation ( 8 ) 
and a volume element δV . To estimate the radio flux measured 
by an observer at ( D , θ , φ) in the frame of the conductor, we 
find set of cells with magnetic field vectors whose solid angle 
subtended by a beaming angle θbeam, coh ≈ 0.1 radian 1 encompasses 
the observer. We then sum the luminosity of all cells aligned with 
the observer according to equations ( 7 ) and ( 8 ), to produce light 
curves in Fig. 7 . We find that emission is primarily observed at 
angles of 5 − 45 deg from the background magnetic field, and this 
viewing angle dependent emission is discussed in Section 3.5 . We 
omit general relativistic (GR) effects on the radiation such as grav- 
itational redshift, gravitational lensing, Lense–Thirring precession, 
frame dragging, and relativistic abberation ( θabb ≈ 0 . 1 rad) due to 
the orbital motion, which affect the magnetic field topology and 
therefore where emission is directed (e.g. Wasserman & Shapiro 
1983 ; Gonthier & Harding 1994 ). These effects are generally small 
i.e. of the order of β/2 ≈ 20 per cent in the centre-of-mass frame, and 
are therefore neglected in our calculation and in the predictions of 
Section 3.6 . For edge-on observers, conditions may be met for strong 
lensing of emission regions of the second by the primary, dependent 
on the magnetic field geometry. Considering how GR may modify 
the o v erall luminosity and the temporal morphology of the signal 
could be explored in a future work. 
1 This choice, although moti v ated by observ ations of the pulsar duty cycle 
(neglecting period dependence e.g. Rankin 1993 ), is somewhat arbitrary in 
that it depends on the details of plasma EM mode propagation and decoupling 
within the magnetosphere. 
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Q: Any realistic prospect for a magnetar to be involved in a BNS merger?
Answer: depends on delay time distribution and field decay timescale, but possible yes

SGR 0755-2933 is an old long period magnetar in a circular system that will eventually form a 
DNS system 

Richardson et 
al. 2023



Setup
Conductor + magnetized NS + classical pulsar models for pair luminosity
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Figure 2. The parallel electric field surrounding the conducting NS (centre, 
white) and the magnetized primary NS (black) for three different binary 
separations a during the inspiral. Each panel is centred on the conductor 
as viewed from abo v e the orbital plane. As the inspiral progresses and 
orbital separation decreases, regions of high parallel electric field surround 
the conductor, particularly in the region between the conducting NS and the 
primary NS due to the large local magnetic field. The view shows the θ = π

4 
plane as equation ( 2 ) tells us that E ! = 0 if θ = π

2 , i.e. in the orbital plane. 
The electric field units are stated in statvolts per centimetre. 

2.2 Numerical method: emission directed along field lines 
To investigate the time-dependent and viewing angle dependent emis- 
sion expected from these systems, we calculate the electromagnetic 
fields during the inspiral in three dimensions and map the parallel 
electric field component given by equation ( 1 ). To compensate for our 
assumption of uniform magnetic field strength around the conductor 
while building the electromagnetic model, we compute the local 
magnetic field value B at ( t , r , θ , φ) surrounding the conductor by 
finding the distance to the centre of the primary magnetized NS, 
a ( r , θ , φ), and assuming the field decreases as B ≈ B s ( R NS 

a( r,θ,φ) )3 
. 

Assuming B = B ̂  z frees the uniform field condition even though 
the background field is still assumed to be parallel. Furthermore, 
the magnetic field lines expunged by the conductor are defined in 
Lyutikov ( 2019 ) as 
B = −B cos ( θ ) (1 − R 3 

r 3 
)

ˆ r + B sin ( θ ) (1 + R 3 
2 r 3 

)
ˆ θ . (7) 

This equation is defined for uniform and parallel B , ho we ver, we 
perform computations with the assumption of separation-dependent 
magnetic field strength. 

As we will show in Section 3 , we expect particle acceleration 
and therefore any coherent radiation to be directed along the local 
magnetic field lines regardless of the specific radiation mechanism. 
The angle subtended by total field line B and the radial direction ̂  r is 
given by θˆ r , B = arctan B θ

B r . Therefore, in the frame of the conductor 
the direction of a local field line with respect to the ̂  z direction at ( r , 
θ , φ) is given by 
θB = θ + arctan B θ

B r . (8) 
In the calculation, each cell in ( r , θ , φ) is assigned a value of E ! via 
equation ( 2 ), a magnetic field vector B according to equation ( 8 ) 
and a volume element δV . To estimate the radio flux measured 
by an observer at ( D , θ , φ) in the frame of the conductor, we 
find set of cells with magnetic field vectors whose solid angle 
subtended by a beaming angle θbeam, coh ≈ 0.1 radian 1 encompasses 
the observer. We then sum the luminosity of all cells aligned with 
the observer according to equations ( 7 ) and ( 8 ), to produce light 
curves in Fig. 7 . We find that emission is primarily observed at 
angles of 5 − 45 deg from the background magnetic field, and this 
viewing angle dependent emission is discussed in Section 3.5 . We 
omit general relativistic (GR) effects on the radiation such as grav- 
itational redshift, gravitational lensing, Lense–Thirring precession, 
frame dragging, and relativistic abberation ( θabb ≈ 0 . 1 rad) due to 
the orbital motion, which affect the magnetic field topology and 
therefore where emission is directed (e.g. Wasserman & Shapiro 
1983 ; Gonthier & Harding 1994 ). These effects are generally small 
i.e. of the order of β/2 ≈ 20 per cent in the centre-of-mass frame, and 
are therefore neglected in our calculation and in the predictions of 
Section 3.6 . For edge-on observers, conditions may be met for strong 
lensing of emission regions of the second by the primary, dependent 
on the magnetic field geometry. Considering how GR may modify 
the o v erall luminosity and the temporal morphology of the signal 
could be explored in a future work. 
1 This choice, although moti v ated by observ ations of the pulsar duty cycle 
(neglecting period dependence e.g. Rankin 1993 ), is somewhat arbitrary in 
that it depends on the details of plasma EM mode propagation and decoupling 
within the magnetosphere. 
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Details and ignorance of 
the coherent emission 

mechanism are captured 
by a dimensionless 

efficiency parameter η



Time to merger
tens of seconds prior to merger potentially tenable

3932 A. J. Cooper et al. 
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Figure 9. We show the inclination angle dependent observing horizon 
for SKA-mid for NS merger radio bursts powered by pulsar-like emission 
(for three efficiency values η, Section 3 ) and coherent curvature radiation 
(Section C ). The apparently increase in horizon for η = 10 −2 at 50 deg is an 
artefact related to the way in which inclination angle dependent horizons are 
calculated. In the background grey are detection limits (assuming detections 
for SNR = 8) for the fourth observing run of second generation GW 
instruments: LIGO (Hanford + Livingston) (darkest shade), LIGO-VIRGO 
(medium shade), and LIGO-VIRGO-KAGRA (lightest). 

Figure 10. We show the inclination angle dependent observing horizon for 
SKA for NS merger radio bursts powered by pulsar-like emission (for three 
ef ficiency v alues η, Section 3 ) and coherent curvature radiation (black line, 
Section C ). In the background grey are detection limits (assuming detections 
for SNR = 8) for second and third generation GW instruments for single 
detector setups of LIGO + (dark est shade), LIGO Vo yager (medium shade), 
and the Einstein Telescope (lightest shade). 
is suppressed for observers on-axis to the background field, as seen 
in Section 4 . Corresponding to this, we see that the radio luminosity 
drops off substantially for observers at angles to the background field 
smaller than 10 deg. As such, we find that almost all of the emission 
is emitted within 5–45 deg of the magnetic axis of the field of the 
primary magnetized NS, with a peak of emission occurring at an 
angle offset from the background magnetic field ≈ 10 deg. 

It is crucial to remember that we do not necessarily expect the 
magnetic axis of the primary magnetized NS to be perpendicular 
to the orbital plane, as has been assumed throughout this work. 
Ho we ver, our vie wing angle dependent results need only be rota- 
tionally transformed to represent cases where the angle between the 

Figure 11. Expected detection time before the merger time in seconds, 
assuming an SKA fluence sensitivity of 1 mJy ms and av eraging o v er phase 
dependence. 

Figure 12. Background colours show MeerKAT detection horizons for peak 
flux of gaussian jets at ν = 1.43 Hz assuming detection threshold of 700 µJy. 
Shades of grey correspond to varying circumburst densities (Darkest n = 
10 −5 ; medium n = 10 −3 ; lightest n = 10 −1 ). 
orbital plane and the magnetic axis of the primary NS is not 90 
deg, as shown in Fig. 8 . This rotational symmetry for the uniform 
magnetic field at the secondary’s position comes from the fact that 
the motion of the conductor is orthogonal to the magnetic field 
lines. In Figs 9 –14 in Section 4 , we assume the magnetic obliquity 
αB , orb = 90 deg . Observing the coherent pre-merger emission could 
aid in constraining the magnetic obliquity of NS merger sources, and 
thus provide insights into the binary evolution of merging NSs. 

As we consider that the primary NS has a dipole magnetic field, the 
value of the magnetic field strength B at a point ( r , θ , φ) will change 
depending on the orientation of the axis to the point in question. For 
values of αB , orb < 90 deg , the strength of this magnetic field at the 
secondary’s position, for a separation a , will range between: 
B s R 3 NS 

a 3 ≤ B ≤ B s R 3 NS 
a 3 √ 

1 + 3 cos 2 ( αB , orb ) (26) 
where the maximal case occurs when the magnetic axis is tilted 
exactly towards the secondary αB , orb = 0 deg . In this case, the 
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Figure 3. Gap height for a single point close to the secondary NS’s surface 
as a function of time. 

Given this gap height, we can compute the potential difference 
across the gap: 
! = E ∥ h gap ≈ 10 12 statvolt E ∥ , 10 h gap , 2 (21) 
We note that this is higher than the minimum voltage of ! = 
10 10 statvolt that is thought to be required for pulsar emission, which 
has been used to explain the pulsar ‘death line’ (Timokhin & Arons 
2013 ). 
3.3 A radio luminosity proxy 
As mentioned abo v e, the radio emission is presumed to result from 
single-photon pair cascades from a significant E ! field component 
during the inspiral. In the Timokhin–Arons mechanism (Timokhin & 
Arons 2013 ), the pair creation is a necessary and sufficient condi- 
tion for generation of superluminal electromagnetic modes, while 
other mechanisms of the Ruderman–Sutherland type (Ruderman & 
Sutherland 1975 ) require additional possibly unrealistic constraints 
and caveats. An upper limit for the radio luminosity in any sce- 
nario is the power furnished to free-accelerating primaries in the 
gap. The pulsar mechanism is broad-band; in the Timokhin–Arons 
mechanism, this is due to the sum of a self-similar spectrum of 
non-stationary discharges in a scale invariant range of wavenumbers. 
For this simple estimate, we assume the entire radio luminosity is 
emitted across a bandwidth of δν = 10 GHz , although in a future 
work considering typical pulsar spectral index would provide better 
estimates for frequency dependent luminosities. In Appendix C , we 
discuss a Ruderman–Suderland type coherent curvature radiation as 
an alternative radiation mechanism. 

We show two similar methods of obtaining the luminosity of pri- 
maries (i.e. two renditions of the involved wave-particle processes), 
which in turn may be used as a proxy for the radio luminosity with the 
inclusion of an efficiency factor, η. This proxy is expected to capture 
the gross parameter scaling of coherent radio emission’s luminosity 
involved in NSs, i.e. L R ≈ ηL e + e − . The efficiency η < 1 moderates 
this estimate and depends on local conditions such as shape and 
extent of current regions with space-like or time-like regions (e.g. 
J /( ρq c ) value and sign), the angle or shape of the pair formation 
front, and varying field curvature radii. In both deri v ations belo w, 
within factors of unity associated with geometric factors, the primary 
luminosity is L e + e − ∼ 4 πρ2 

q h 2 gap Ac where A is a characteristic cross 
sectional area of flux tubes associated with the accelerating region, 

Figure 4. The approximate gap height and flux at D = 100 Mpc for fiducial 
model parameters. A gap height h gap < R NS , ρc ≈ 10 6 cm (corresponding 
to a typical separation of 10 8 cm) is where radio emission could be begin, 
albeit at a very low luminosities. 
ρq is the required charge density to satisfy the transient conditions, 
and h gap is the characteristic gap height appropriate to physical 
conditions for the cascades. For canonical rotation-powered radio 
pulsars, this calculation implies η ∼ 10 −2 and is compatible with 
the voltage-like scaling of pulsar luminosity inferred by population 
studies with beaming models (e.g. Arzoumanian, Chernoff & Cordes 
2002 ). Likewise, for seismically oscillating magnetars (Suvorov & 
Kokkotas 2019 ; Wadiasingh & Timokhin 2019 ; Wadiasingh et al. 
2020 ; Wadiasingh & Chirenti 2020 ) the pair luminosity estimate 
yields the correct energy scale L e + e − ∼ 10 39 − 10 43 erg s −1 observed 
in cosmological FRBs (as well as the low-luminosity Galactic FRB 
observed from SGR 1935 + 2135 in 2020 April). Correspondingly, 
as shown below, NS–NS inspirals where on NS has a large magnetic 
field B s > 10 13 G also yield energy scales commensurate with ob- 
served FRBs albeit with possibly wider range in allowed luminosities 
for varying parameters. These varied luminosities, in addition to 
multimessenger signals and chirps in FRB quasi-periodicity, may 
be a distinguishing characteristic of NS–NS mergers from magnetar 
progenitors in a sub-population of one-off FRBs. 
3.3.1 Estimate due to energy in primaries 
First, we compute the power of the primary particles accelerated 
across the gap: P particles = q! gap Ṅ , where Ṅ is the rate of primaries 
and ! gap = E ! h gap is the voltage drop across the gap. Ṅ scales linearly 
with the local plasma density n , which can be estimated using: Ṅ = 
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Figure 6. Total fluence of the last 3 ms of the inspiral, corresponding to 
two orbital periods and thus two peaks of emission, for v arious v alues of 
efficiency η and surface magnetic field B s . We assume an emission bandwidth 
of δν = 10 10 Hz, and distance to source of D = 100 Mpc. The assumed 
fluence limits are: CHIME/FRB 5 Jy ms (Josephy et al. 2021 ), DSA-2000 
1.6 mJy ms, 2 and SKA-mid 1 mJy ms (Torchinsky et al. 2016 ). The fluence 
predictions in this plot refer to the case where E gap = E ! , and assume an 
optimal viewing angle. 

We also estimate the maximum luminosity of the system assuming 
coherent curvature radiation, discussed in Appendix C . We discuss 
only upper limits to the bunch luminosity based on electromagnetic 
considerations, and therefore instead of summing all emission in the 
direction of an observer as in the pulsar-like case, we simply find the 
maximum value associated with the set of field lines aligned with 
each observer. 
3.5 Viewing angle dependence 
The approach we take to the calculation of E ! in Section 2 assumes 
a uniform background magnetic field ˆ B = −B ̂  z stemming from the 
primary NS’s dipole magnetic field. This approximation limits a full 
understanding of the viewing angle dependence of emission, for two 
reasons. First, the calculation of the expunged magnetic field will be 
different in a realistic dipole magnetic field, thus yielding a E ! field 
map having a different spatial morphology . Secondly , the perturbed 
magnetic field lines along which particle acceleration and radiation 
is directed may be offset to the directions described here. We expect 
the emission to be emitted in a slightly wider range of observing 
angles due to the dipole nature of the magnetic field, particularly 
at small values of orbital separation a where the dipole’s deviation 
from a uniform field is greatest. Ho we ver, the strongest E ! fields 
occur close to the NS surface (maximal value at R = 1.23 R NS ) and 
thus the direction of magnetic field lines is more strongly influenced 
by the perturbation of the field lines caused by the moving secondary 
NS, and not the background field orientation. 

The perturbations of the magnetic field lines from their background 
orientation also result in variations of the radio luminosity at 
different observing angles (see Fig. 7 ). The maximum magnetic 
field line deflection occurs is quadrapole in nature (corresponding 
to maximal values of the absolute value of sin ( θ ); see Fig. 1 and 
equation 2 ), which means emission is suppressed at larger angles 
to the background field. For field lines that are unperturbed (i.e. at 
θ = π /2) there is no strong E ! field component, meaning radiation 
2 ht tps://www.deepsynopt ic.org/instrument 

Figure 7. Example light curves for the final 3 ms of the inspiral, co v ering the 
final two orbital periods. We show pulsar-like emission from NS-merger η = 
10 −2 and B s = 10 12 G at D = 100 Mpc, for various observers positioned at 
different azimuthal and polar angles. 

Figure 8. Inclination angle dependent observing horizon for SKA-mid for 
NS merger radio bursts from mergers with different magnetic obliquities 
αB, orb ; the angle between the magnetic axis of the primary magnetized NS 
and the orbital plane. The symmetry is due to the E ! azimuthal symmetry, 
i.e. the two peaks refer to particle acceleration in the red and blue regions 
of Fig. 1 . We assume pulsar-like emission with parameters, η = 10 −4 , B s = 
10 12 G as explained in Section. 3 . For the rest of the plots in this section, we 
show only the αB, orb = 90 horizon for readability. 
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Figure 6. Total fluence of the last 3 ms of the inspiral, corresponding to 
two orbital periods and thus two peaks of emission, for v arious v alues of 
efficiency η and surface magnetic field B s . We assume an emission bandwidth 
of δν = 10 10 Hz, and distance to source of D = 100 Mpc. The assumed 
fluence limits are: CHIME/FRB 5 Jy ms (Josephy et al. 2021 ), DSA-2000 
1.6 mJy ms, 2 and SKA-mid 1 mJy ms (Torchinsky et al. 2016 ). The fluence 
predictions in this plot refer to the case where E gap = E ! , and assume an 
optimal viewing angle. 

We also estimate the maximum luminosity of the system assuming 
coherent curvature radiation, discussed in Appendix C . We discuss 
only upper limits to the bunch luminosity based on electromagnetic 
considerations, and therefore instead of summing all emission in the 
direction of an observer as in the pulsar-like case, we simply find the 
maximum value associated with the set of field lines aligned with 
each observer. 
3.5 Viewing angle dependence 
The approach we take to the calculation of E ! in Section 2 assumes 
a uniform background magnetic field ˆ B = −B ̂  z stemming from the 
primary NS’s dipole magnetic field. This approximation limits a full 
understanding of the viewing angle dependence of emission, for two 
reasons. First, the calculation of the expunged magnetic field will be 
different in a realistic dipole magnetic field, thus yielding a E ! field 
map having a different spatial morphology . Secondly , the perturbed 
magnetic field lines along which particle acceleration and radiation 
is directed may be offset to the directions described here. We expect 
the emission to be emitted in a slightly wider range of observing 
angles due to the dipole nature of the magnetic field, particularly 
at small values of orbital separation a where the dipole’s deviation 
from a uniform field is greatest. Ho we ver, the strongest E ! fields 
occur close to the NS surface (maximal value at R = 1.23 R NS ) and 
thus the direction of magnetic field lines is more strongly influenced 
by the perturbation of the field lines caused by the moving secondary 
NS, and not the background field orientation. 

The perturbations of the magnetic field lines from their background 
orientation also result in variations of the radio luminosity at 
different observing angles (see Fig. 7 ). The maximum magnetic 
field line deflection occurs is quadrapole in nature (corresponding 
to maximal values of the absolute value of sin ( θ ); see Fig. 1 and 
equation 2 ), which means emission is suppressed at larger angles 
to the background field. For field lines that are unperturbed (i.e. at 
θ = π /2) there is no strong E ! field component, meaning radiation 
2 ht tps://www.deepsynopt ic.org/instrument 

Figure 7. Example light curves for the final 3 ms of the inspiral, co v ering the 
final two orbital periods. We show pulsar-like emission from NS-merger η = 
10 −2 and B s = 10 12 G at D = 100 Mpc, for various observers positioned at 
different azimuthal and polar angles. 

Figure 8. Inclination angle dependent observing horizon for SKA-mid for 
NS merger radio bursts from mergers with different magnetic obliquities 
αB, orb ; the angle between the magnetic axis of the primary magnetized NS 
and the orbital plane. The symmetry is due to the E ! azimuthal symmetry, 
i.e. the two peaks refer to particle acceleration in the red and blue regions 
of Fig. 1 . We assume pulsar-like emission with parameters, η = 10 −4 , B s = 
10 12 G as explained in Section. 3 . For the rest of the plots in this section, we 
show only the αB, orb = 90 horizon for readability. 
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Table 3. Observing horizon and the 100 per cent duty cycle 
detection rate for current leading and future FRB facilities. 
We assume fiducial model parameters for the efficiency η
and surface magnetic field B s , as well as a volumetric NS–
NS merger rate R = 10 3 Gpc −3 yr −1 . 
Telescope Horizon (Mpc) Event rate (yr −1 ) (

η
3 / 2 
−2 B 3 s, 12 ) (

η
3 / 2 
−2 B 3 s, 12 R 3 )

CHIME 70 0.002 
CHORD 650 0.4 
DSA-2000 3700 15 
SKA- 
AAmid 5000 600 

offset by the expected increase in sensitivity, and thus the observed 
event rate is much larger than for either CHIME/FRB or CHORD. 
For SKA-AAmid, an unconfirmed extension to SKA-mid, the large 
FoV coupled with sensitivity produces many hundreds of detectable 
events per year. We note that these values are larger than expected 
by a factor of a few due to viewing angle dependences discussed in 
Section 3.5 . Ho we ver, the sensiti ve dependence on the magnetic field 
strength means that if just a few merging NSs have magnetic fields 
B s > 10 12 G, the event rate will increase dramatically. 
4.1.3 Other considerations 
The temporal resolution of CHIME/FRB intensity data (i.e. without 
triggering raw baseband data recording; see Chime/Frb Collaboration 
2020 ; Michilli et al. 2021 ) is approximately 1 ms (CHIME/FRB 
Collaboration 2018 ), although simulations have shown that sub- 
burst time-scales down to 0.1 ms can be probed in a few cases 
(CHIME/FRB Collaboration 2021 ). The temporal morphology of 
coherent pre-merger bursts predicted in this paper is sub-millisecond 
peaks separated by the orbital period and increasing in intensity 
(as ∝ (1 − t / t m ) −7/4 ; see Section 3.6 ). Such morphology may be de- 
tectable by CHIME/FRB depending on the signal-to-noise, scattering 
due to multipath propagation (Chawla et al. 2022 ) and bandwidth 
of bursts. SKA-mid not only has a higher sensitivity such that many 
peaks could be observed from orbital phases before merger, but is also 
expected to have temporal resolution of the order of 1–100 nanosec- 
onds. If these coherent burst from NS-NS mergers are observed with 
SKA, they will likely be identifiable by their temporal morphology. 
4.2 Short gamma-ray bursts 
There have been many successful rapid radio observations of GRBs 
dating back decades (e.g. Green et al. 1995 ), but to detect pre- 
merger emission instruments must be on source of sGRBs extremely 
quickly. Some radio telescopes employ rapid-response modes, such 
that repointing can occur automatically in response to transient 
alerts issued by other facilities on platforms such as the VOEvent 
network (Williams & Seaman 2006 ), which allow machine-readable 
astronomical event distribution. In particular software telescopes that 
do not require physical repointing can respond to alerts and be on 
source within minutes, and sometimes seconds (Hancock et al. 2019 ). 
Rapid radio observations of sGRBs observed by Fermi-GBM and 
Swift-BAT are possible for a few reasons: a high GRB event rate owing 
to a large field of view (1.4 steradians and 2 π steradians respectively; 
Gehrels et al. 2004 ; Meegan et al. 2009 ); a large horizon of detection 
resulting in large dispersion delays (although sGRB tend to have 
redshift z < 2 Fong & Berger 2013 ); rapid notification of detections 

through the GCN (Barthelmy et al. 1998 ) and VOEvent systems; and 
the precise localization of sources to within 1–4 arcmin for Swift- 
BAT and 1–10 deg for Fermi-GBM . Furthermore, upgrades to the 
Swift-BAT pipeline are expected to increase the number of localized 
nearby sGRBs by a factor 3–4 in the near future (DeLaunay & 
Tohuva v ohu 2021 , see also Tohuva v ohu et al. 2020 ). Thus far, rapid 
response observations of NS–NS mergers have been triggered in 
response to sGRBs as reported by Swift-BAT by the Low Frequency 
Array (LOFAR; Rowlinson et al. 2021 ), the Murchison Widefield 
Array (MWA; Anderson et al. 2021a ; Tian et al. 2022 ), Arcminute 
Microkelvin Imager (AMI; Anderson et al. 2018 , the Australian 
Compact Telescope Array (ATCA; Anderson et al. 2021b ), and a 12 
m dish at the Parkes radio observatory (Bannister et al. 2012 ). 

The small opening angles of collimated GRB jets mean that 
triggered radio observations will probe NS merger systems with small 
viewing angles with respect to relativistic jets, which we assume to be 
perpendicular to the orbital plane. The opening angles of long GRBs 
are often determined through jet breaks in the afterglow emission 
(Sari, Piran & Halpern 1999 ) and range between approximately 
θcore ≈ 3 − 10 deg (Ber ger 2014 ). After glo w observ ations of sGRBs 
are sparse, but jet breaks are thought to have been observed in a 
few sources, corresponding to estimated opening angles of θcore ≈
4 − 8 deg (Soderberg et al. 2006 ; Fong et al. 2012 ). Aksulu et al. 
( 2022 ) perform multiwavelength afterglow modelling of four sGRBs 
and three out of the four sources have opening angles θcore ! 6 deg , 
and one source is found to have a much larger opening angle of 
θcore ≈ 34 deg . If the orbital plane and primary magnetic axis are 
perpendicular ( αB , orb = 90 deg ) as discussed in Section 3.5 , it is likely 
that the set of mergers from which prompt emission is observable 
does not substantially o v erlap with the set of mergers from which 
coherent radio bursts are luminous enough to be observed. Rapid 
radio observations of sGRBs will probe NS mergers with specific 
magnetic obliquities which direct coherent radiation along the jet 
axis; i.e. when αB, orb is 10–30 deg misaligned with the jet axis (see. 
Fig. 8 ). In any case, the radio emission predicted in this paper is ra- 
diated into a much larger solid angle than the prompt GRB emission. 

4.2.1 Current generation 
LOFAR has performed successful triggered observations of GRB 
180706A (Rowlinson et al. 2019 ) and GRB 181123B (Rowlinson 
et al. 2021 ). The former w as a long GRB but the latter w as a short 
GRB, and its afterglow has been associated with a galaxy at z = 1.8 
(Paterson et al. 2020 ) with a chance alignment of 0.44 per cent. 
Assuming a DM-redshift relation (DM = 1200 z pc cm −3 ; Ioka 
2003 , and the NE2001 Galaxy model; Cordes & Lazio 2002 ), it is 
very likely that the dispersion delay from the source to the telescope 
was large enough ( τdelay = DM 

241 ν2 
GHz > 400 s) such that LOFAR probed 

pre-merger radio emission. The attainable FRB fluence limits depend 
sensitively on the dispersion measure (i.e. fig. 3 of Rowlinson et al. 
2021 ), primarily due to the extent to which the dispersed burst fills 
each snapshot image. Assuming the galaxy association suggested 
by Paterson et al. ( 2020 ), fluence limits of 2 × 10 4 Jy ms can be 
placed for millisecond FRB emission and can be used to constrain our 
model. Assuming standard cosmological parameters ( H 0 = 70, ' M = 
0.286, flat universe; Wright 2006 ), a redshift of z = 1.8 corresponds 
to a luminosity distance of ∼14 Gpc. This means that the LOFAR 
observations of GRB 181123B can constrain the pre-merger radio 
emission in the present model to a primary NS magnetic field strength 
of B s < 10 16 G, assuming η = 10 −2 and optimal magnetic obliquity. 
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Figure 9. We show the inclination angle dependent observing horizon 
for SKA-mid for NS merger radio bursts powered by pulsar-like emission 
(for three efficiency values η, Section 3 ) and coherent curvature radiation 
(Section C ). The apparently increase in horizon for η = 10 −2 at 50 deg is an 
artefact related to the way in which inclination angle dependent horizons are 
calculated. In the background grey are detection limits (assuming detections 
for SNR = 8) for the fourth observing run of second generation GW 
instruments: LIGO (Hanford + Livingston) (darkest shade), LIGO-VIRGO 
(medium shade), and LIGO-VIRGO-KAGRA (lightest). 

Figure 10. We show the inclination angle dependent observing horizon for 
SKA for NS merger radio bursts powered by pulsar-like emission (for three 
ef ficiency v alues η, Section 3 ) and coherent curvature radiation (black line, 
Section C ). In the background grey are detection limits (assuming detections 
for SNR = 8) for second and third generation GW instruments for single 
detector setups of LIGO + (dark est shade), LIGO Vo yager (medium shade), 
and the Einstein Telescope (lightest shade). 
is suppressed for observers on-axis to the background field, as seen 
in Section 4 . Corresponding to this, we see that the radio luminosity 
drops off substantially for observers at angles to the background field 
smaller than 10 deg. As such, we find that almost all of the emission 
is emitted within 5–45 deg of the magnetic axis of the field of the 
primary magnetized NS, with a peak of emission occurring at an 
angle offset from the background magnetic field ≈ 10 deg. 

It is crucial to remember that we do not necessarily expect the 
magnetic axis of the primary magnetized NS to be perpendicular 
to the orbital plane, as has been assumed throughout this work. 
Ho we ver, our vie wing angle dependent results need only be rota- 
tionally transformed to represent cases where the angle between the 

Figure 11. Expected detection time before the merger time in seconds, 
assuming an SKA fluence sensitivity of 1 mJy ms and av eraging o v er phase 
dependence. 

Figure 12. Background colours show MeerKAT detection horizons for peak 
flux of gaussian jets at ν = 1.43 Hz assuming detection threshold of 700 µJy. 
Shades of grey correspond to varying circumburst densities (Darkest n = 
10 −5 ; medium n = 10 −3 ; lightest n = 10 −1 ). 
orbital plane and the magnetic axis of the primary NS is not 90 
deg, as shown in Fig. 8 . This rotational symmetry for the uniform 
magnetic field at the secondary’s position comes from the fact that 
the motion of the conductor is orthogonal to the magnetic field 
lines. In Figs 9 –14 in Section 4 , we assume the magnetic obliquity 
αB , orb = 90 deg . Observing the coherent pre-merger emission could 
aid in constraining the magnetic obliquity of NS merger sources, and 
thus provide insights into the binary evolution of merging NSs. 

As we consider that the primary NS has a dipole magnetic field, the 
value of the magnetic field strength B at a point ( r , θ , φ) will change 
depending on the orientation of the axis to the point in question. For 
values of αB , orb < 90 deg , the strength of this magnetic field at the 
secondary’s position, for a separation a , will range between: 
B s R 3 NS 

a 3 ≤ B ≤ B s R 3 NS 
a 3 √ 

1 + 3 cos 2 ( αB , orb ) (26) 
where the maximal case occurs when the magnetic axis is tilted 
exactly towards the secondary αB , orb = 0 deg . In this case, the 
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Open Questions

• How many ultra long period pulsars (magnetars) are out there? How are they 
related to FRBs?


• Are there some binaries? Is that related to formation, or emission?


• What is their galactic latitude distribution? How old are they?


• Can we find ULPMs in nearby galaxies?


• Are magnetars involved in compact object coalesces? If so, at what rate? 
Does the radio mechanism follow a Poynting flux or voltage scaling?

that hopefully will be answered in the next decade


