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Outline

•Why and what


•Why is this exciting


•What: The zoo of long period radio transients and recent discoveries


•How


• slow rotation magnetars, small twists, QED pair cascades, QED resonant 
Compton versus curvature photon gaps & death lines
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Figure 10. (Left): The P-P˙ diagram constructed using pulsars in the ATNF catalog. (Right): A schematic 
diagram of P vs Bs taken from Harding [139]. 

 
(XDINSs), central compact objects (CCOs), millisecond pulsars (MSPs) and magnetars based on their 
emission properties and grouping in the P-P˙ diagram. It was suggested that these neutron-star classes 
are all linked to one another via magneto-thermal evolution [e.g., 275,295,373], which may help unify the 
diverse classes into one, allowing us to understand the state of the most dense matter under extreme B. 
We describe basic observational properties of the neutron-star classes in relation to the AXIS observatory, 
and discuss how it can help understand neutron stars better. Here we focus on ‘isolated’ neutron stars (i.e., 
not in a binary) and their observational properties. 

RPPs are neutron stars whose electromagnetic emission is powered by rotational energy of the pulsar 
(spin-down power E˙SD). They are mostly detected in the radio band, but some of them are detected in the 
X-ray and gamma-ray bands. X-ray emission from many RPPs is dominated by nonthermal emission, both 
magnetospheric and from surrounding PWNe. AXIS can help distinguish these, via spatial resolution for 
many PWNe (see Section 7) and, for young pulsars, by gating out pulsed magnetospheric flux. Many RPP 
sources emit thermal blackbody (BB) emission as well [e.g., 295,414] and some RPPs show only thermal 
emission. These thermal emissions are particularly important since they can provide important clues 
to the evolution of neutron stars and fundamental physics; e.g., the low thermal luminosity (LBB) of the 
young PSR J0205+6449 in 3C 58 [337] has been interpreted as due to rapid cooling via the direct URCA 
process enabled by high proton fractions in the core of neutron stars with mass ≥ 1.6M⊙ for certain nuclear 
equations of state [295]. 

XDINSs are neutron stars which do not have an associated supernova remnant, a binary companion, 
or a pulsating radio counterpart. Until now, twelve sources, including candidates, were discovered, 
and their emission is primarily in the X-ray band. Spectra of XDINSs are well characterized by kT = 
0.045–0.1 keV BB emission with broad absorption features (and some UV and X-ray excess). XDINSs 
have P = 3 − 17 s and Bs ∼ 1013 G which overlap with magnetars in the P-P˙ diagram (Figure 10). Large 
LBB/E˙SD values estimated for XDINSs, sometimes exceeding 1 [1RX J0720.4−3125; 178], may imply that 
their high B plays an important role in their emission like in the case of magnetars. Hence it has been 
suggested that XDINSs are descendants of magnetars [e.g., 172,185,293] since the former have very similar 
spin and emission properties to the latter but much larger characteristic age τc of typically ≥ 106 yrs. 

CCOs are young and radio-quiet isolated neutron stars discovered near the center of SNRs, shining 
mostly in X-rays and lacking the PWNe expected to be found around young neutron stars. They are typified 
by the CCO discovered with the first light Chandra observation of Cas A [273,351]. Spectra of CCOs are well 
characterized by thermal blackbody-like emission with X-ray luminosity of ∼ 1033 erg s−1, and one source 
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Figure 10. (Left): The P-P˙ diagram constructed using pulsars in the ATNF catalog. (Right): A schematic 
diagram of P vs Bs taken from Harding [139]. 
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process enabled by high proton fractions in the core of neutron stars with mass ≥ 1.6M⊙ for certain nuclear 
equations of state [295]. 
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and their emission is primarily in the X-ray band. Spectra of XDINSs are well characterized by kT = 
0.045–0.1 keV BB emission with broad absorption features (and some UV and X-ray excess). XDINSs 
have P = 3 − 17 s and Bs ∼ 1013 G which overlap with magnetars in the P-P˙ diagram (Figure 10). Large 
LBB/E˙SD values estimated for XDINSs, sometimes exceeding 1 [1RX J0720.4−3125; 178], may imply that 
their high B plays an important role in their emission like in the case of magnetars. Hence it has been 
suggested that XDINSs are descendants of magnetars [e.g., 172,185,293] since the former have very similar 
spin and emission properties to the latter but much larger characteristic age τc of typically ≥ 106 yrs. 

CCOs are young and radio-quiet isolated neutron stars discovered near the center of SNRs, shining 
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The Neutron Star Zoo

ASKAPJ1935+2148
GLEAM-XJ1627-5235

GPMJ1839-10

ASKAPJ1832-0911

CHIMEJ0630+25

PSRJ0901-4046

PSRJ0250+5854

GLEAM-X J0704-37

Extended Data Fig. 10: Surface dipolar magnetic field at the pole, B, against spin
period, P , for observed isolated NSs. Arrows represent upper B-field limits. We show
isolated ATNF radio pulsars [70] (gray dots), pulsars with magnetar-like X-ray emis-
sion (red stars; gray circles highlight the radio magnetars), including the long-period
magnetar 1E 161348-5055 [71–73], X-ray Dim Isolated NSs (XDINSs; orange squares)
and Central Compact Objects (CCOs; gold triangles) [35, 74]. Other long-period radio
pulsars are reported as black circles [1–5, 38, 75]. Dashed (solid) lines correspond to
theoretical death lines for a pure dipole (highly multipolar) configuration [20, 21]. The
grey-shaded region indicates the radio pulsar “death valley” between the two extreme
configurations.

Radio Luminosity Calculation
The radio luminosity of ASKAP J1832–0911 highly depends on the emission mech-
anism and the system geometry. For the simplest model, if we assume the emission
is isotropic and a flat spectral model, the estimated peak radio luminosity Lrad =

4ωd2εSω = 2.4 → 1031

(
d

4.5 kpc

)2 (
ε

1 GHz

) (
Sω

1 Jy

)
erg s→1. For the brightest pulse

we detected, it has a radio luminosity of Lrad,max = 4→1032 erg s→1. If the radio emis-
sion from ASKAP J1832–0911 is similar to pulsars or magnetars, according to [79],
we can write the radio luminosity as

Lrad =
2ωd2

ϑ
(1 ↑ cos ϖ) S (ε0)

ε→ε

0

ϱ + 1
(
εε+1

2
↑ εε+1

1

)
(1)
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Z. Wang…Wadiasingh+, 2025



The Expanding Coherent Radio Transient Phase Space

6

LPTs

Caleb et al., 2024
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Motivation: Why are they intriguing? 

• Facilities FRB generation and escape from inner magnetosphere, potential FRB progenitors (“low-
twist” FRB model) (original motivation in Wadiasingh&Timokhin 2019; Wadiasingh+2020; Beniamini, Wadiasingh, Metzger+2020)


• New kind of common highly-magnetized neutron star (Beniamini, Wadiasingh, Hare+2023)


• How do they form and spin down to long periods? Possibility: SN fall-back disks and magnetar 
winds (Beniamini, Wadiasingh, Metzger+2020; Beniamini, Wadiasingh, Hare+2023; Ronchi, Rea+ 2022)


• The objects are likely old! Implications for core field retention/evolution and superconductivity 
(Beniamini,Wadiasingh,Hare+2023; Lander 2024; Lander,Gourgouliatos,Wadiasingh,Antonopoulou 2024)


• Some pulses extremely bright in radio, exceeding 20-50 Jy, visible at extragalactic distances (N.B. LPRTs 
could have been discovered in the 1950s)


• Possible systems for test of QED processes, including pair cascades and photon splitting, mode 
switching and the vacuum resonance if ions are present in the magnetosphere (Wadiasingh+2020; 
Cooper&Wadiasingh 2024; Harding; Wadiasingh, Baring 2025)


• Interesting for electrospheres


• If involved in BNS/NSBH mergers, potentially greatly improves precursor detectability and EM torques 
imprints in GW waveform for 3G detectors (e.g., Cooper,Gupta, Wadiasingh+ 2023; Skiathas, Kalapotharakos, Wadiasingh+2025)

if they are magnetized neutron stars



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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Note 1: 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 



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 
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Note 2: Connection to FRBs

CHIME/FRB Collaboration (2020)

Rajwade et al. (2020)

Magnetars are the prime candidate FRB sources, 
possible shared conditions for bright coherent emission


Secure long-term periodicity (16 days and 157 days) 
reported for two repeating FRBs - third one of ~120 
days tentatively detected


Precession, binarity, obscuration, or long periods 

Long periods facilitate escape of FRBs from the inner 
magnetosphere 

e.g. Wadiasingh& Timokhin 2019

Wadiasingh et al. 2020,

 Beniamini, Wadiasingh et al., 2020

Beniamini, Wadiasingh et al. 2023

Cooper & Wadiasingh 2024




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



Some observational highlights



Caleb et al., 2024 

(ASKAP J1935)13

ASKAP J1935+2148: 54 minute period transient with 3 distinct emission states


CHIME J0630+25: 7 minute period transient, DM distance 170 ± 80 pc


GLEAM-X J0704-37: 2.9hr period binary source with high Galactic latitude


ASKAP J1839-07: 6.5hr period source with interpulses


ASKAP J1832–0911: 44 min period with X-ray pulsations(!)

Dong et al., 2024 (CHIME)
Hurley-Walker et al., 2025 (GLEAM-X)

Observations of long period transients

Lee et al., 2025 (ASKAP J1839)

Wang et al., 2025 (ASKAP J1832)



Lie beyond canonical rotation-powered death lines


Most likely explanations are extremely magnetised white dwarf 
(e.g. AR Sco), or ultra long period magnetar (ULMP)


Ultra-long period sources cannot be easily explained by rotation-
powered models of pulsar radiation


Most likely explanations are extremely magnetised white dwarf 
(e.g. AR Sco), or ultra long period magnetar (ULMP)


No recognised magnetic coherent radio emission mechanism

14

Are they magnetars?

Death ‘Valley’

Z. Wang…Wadiasingh+, 2025



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

..............................................................

A powerful bursting radio source
towards the Galactic Centre
Scott D. Hyman1, T. Joseph W. Lazio2, Namir E. Kassim2, Paul S. Ray3,
Craig B. Markwardt4 & Farhad Yusef-Zadeh5

1Department of Physics and Engineering, Sweet Briar College, Sweet Briar,
Virginia 24595, USA
2Naval Research Laboratory, Code 7213, Washington, DC 20375-5320, USA
3E. O. Hulburt Center for Space Research, Naval Research Laboratory,
Washington, DC 20375, USA
4Laboratory for High Energy Astrophysics, NASA Goddard Space Flight Center,
Greenbelt, Maryland 20771, USA
5Northwestern University, Department of Physics and Astronomy, Evanston,
Illinois 60208, USA
.............................................................................................................................................................................

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).

letters to nature

NATURE |VOL 434 | 3 MARCH 2005 | www.nature.com/nature50
© 2005 Nature Publishing Group 



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, up to 40 Jy pulses

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

temperature > 10^16 K

3. Cannot be a rotation powered NS

4. 2% duty cycle

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

6. WD can largely be ruled out (Beniamini, Wadiasingh, Hare+2023)

7. No multi-wavelength counterpart - most binary companions ruled out  

Rea et al. (2022) & Lyman et al. (2025)

Credit: Hurley Walker et al. 2022



Galactic ULPM candidates - PSR J0901-4046
PSR J0901-4046 (formerly MTP0013)
P ~ 76 s pulsar, well-measured Pdot ~ 2x10-13 —> Bpole ~ 2x1014 G, age > 5 Myr 


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
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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.
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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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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

10–8
Radio-loud pulsars
RRAT
XINS
Magnetar
SNR
Binary

10 13 G
10 14 G

10 15 G

10 15 G

10 12 G

100 kyr

10 Myr

10 11 G

10 10 G

10
30  er

g s
–1

10
36  er

g s
–1

Bcr

Low-twist death line

10–10

10–12

10–14

10–16

10–18

10–2 10–1 100 101

Period (s)

Pe
rio

d 
de

riv
at

ive
 (s

 s–1
)

102 103

J2144-3933

J2251-3711
J0250+5884

J0901-4046

AR Scorpii

GLEAM-X J162759.5-523504.3
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star; SNR: supernova remnant; RRAT: Rotating radio transient). The 
longest-spin-period radio pulsars and the white dwarf binary system AR 
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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 
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‘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 
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death line are potential ULPMs.
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GPM J1839-10, with pulses dating back decades


21 minute period, 30-300s pulses with rich substructure, 
FRB-like drifting and linear-to-circular polarisation conversion


Strong spin period derivative < 3 x 10-13 s/s


No multi-wavelength counterpart

Observations of long period transients - GPM J1839-10

Men et al., 2025
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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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ASKAP J1839−0756 (Fig. 3), it may well have a similar active lifetime to 
these sources. GLEAM-X J162759.5−523504.3202 exhibited two active 
periods that were separated by a null interval in its active lifetime. 
Ongoing monitoring on ASKAP J1839−0756 may observe a rebright-
ening, which can provide a stronger connection between these two 
sources. Altogether, these similarities suggest that all long-period 
radio transients potentially share a common origin and are likely to 
be magnetically powered.

The MeerKAT observation on 2024 February 18 was conducted 
in dual frequency subarray mode, which allowed the detection of a 
main pulse and an interpulse over a wide and continuous range of fre-
quencies. By fitting a Gaussian curve to the main pulse, we measured 
the full-width at half-maximum in the UHF-band (544–1,088 MHz) 
to be 286.4 s. This width is almost twice as wide as that of the same 
pulse detected in the S-band (1,750–2,625 MHz), which is meas-
ured to be 148.4 s (Fig. 4). This finding provides strong evidence for 
radius-to-frequency mapping in ASKAP J1839−0756, suggesting that 
the emission height decreases with increasing frequency within the 
beam20. The MeerKAT detections also exhibited strong, quasiperiodic 
fine structure as seen in Extended Data Figs. 7 and 8, with features as 
narrow as 100 ms. Quasiperiodicities typically appear as repeating 
micropulses21 that are part of a microstructure superimposed on the 
wider subpulses (see, for example, ref. 22). Microstructure is usually 
theorized to be caused by mechanisms related to magnetospheric 
radio emission or its propagation through the magnetosphere, and 
there is often a variety of timescales observed even within a given 
source (see, for example, ref. 23). An autocorrelation function analysis 
revealed the most common quasiperiod seen in ASKAP J1839−0756 to 
be 2.4 s. This value is an order of magnitude smaller than the empirical 
scaling between quasiperiod and spin period seen in normal pulsars 
(Pµ ≈ 10−3Pspin), where Pµ is the quasiperiod24 and magnetars. It is possible 
that long-period radio transients exhibit a different relationship com-
pared with typical pulsars and magnetars, possibly due to differences 
in emission mechanisms and/or evolutionary stages. More sources 
are needed to generalize and unify the properties of radio pulsars, 

magnetars and long-period radio transients. By measuring the width 
and flux density of the microstructure, we estimated the peak bright-
ness temperature of ASKAP J1839−0756 to be ~1020 K.

Periodic radio emissions on a minute timescale have been detected 
from white dwarf binaries with an M-dwarf companion, which emits 
in the optical and near infrared (NIR) spectrum25,26. To search for a 
possible main sequence companion star in ASKAP J1839−0756, we 
conducted deep NIR observations using the Wide Field Infrared Camera 
(WIRC)27 on the Palomar Observatory and the FourStar camera28 on 
the Magellan Baade 6.5 m telescope. The resulting images are shown 
in Extended Data Fig. 9. No source was detected within the radio error 
ellipse. Based on the statistics of the nearby sources, we estimated 3σ 
upper limits of J = 19.2 and Ks = 19.6 (both Vega, and calibrated relative 
to 2MASS) for WIRC and FourStar, respectively. We compared the J 
and the Ks limits with empirical data as a function of spectral type for 
main sequence stars from ref. 29, updated on 2022 April 16, together 
with the three-dimensional extinction model from ref. 30. We found 
that, for a nominal distance of 4.0 kpc, we can exclude main sequence 
companion stars earlier than spectral type of about M3.

Magnetars, a subclass of neutron stars with powerful magnetic 
fields and candidate progenitors for long-period radio transients13,31, 
are known for emitting periodic X-ray bursts32. Therefore, we con-
ducted observations to search for X-ray activity in ASKAP J1839−0756. 
Two observations lasting 0.8 ks and 1 ks were made with the Swift 
X-ray satellite33 on 2024 February 29 and 2024 June 2 during ASKAP 
and ATCA radio observations, respectively. Despite detecting radio 
pulses in both observations, we did not detect any X-ray bursts in the 
light curve binned at 2.5 s. An additional observation of 0.8 ks was 
conducted on 2024 March 1. We detected three raw photon counts  
from the stacked image using all three observations, and determined the 
upper limit of the X-ray luminosity to be LX ≈ 7.4 × 1032 erg s−1 (Methods).  
This is comparable with the X-ray luminosities of magnetars  
(~1030–1035 erg s−1) (ref. 19) and similar to the X-ray luminosity upper 
limits of other known long-period radio transients (≲ 1030–1032 erg s−1) 
(refs. 12–14). Additional X-ray observations were carried out with the 
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poor data quality and strong radio frequency interference. a.u., arbitrary units.

No apparent optical / binary counterpart
Lee, Caleb… Wadiasingh +2025
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synthesis studies estimate that hundreds of long-period radio tran-
sients exist in our Galaxy, but they have been overlooked because tra-
ditional pulsar search methods are biased against long-period objects 
and wide pulses31. The discovery of ASKAP J1839−0756 can improve our 
understanding of the population density of long-period radio tran-
sients in future studies, and the presence and properties of interpulse 
emission can test theoretical models of compact objects.

Methods
ASKAP
The ASKAP array comprises 36 antennas, each of which is equipped with 
a prime-focus phased array feed. This allows the array to form 36 beams 
on the sky that cover 30 deg2. The signal is channelized to 1 MHz and 
has a bandwidth of 288 MHz. The minimum integration time of ASKAP 
is 10 s. ASKAP J1839−0756 was first found in a routine RACS-low-band 
pointing1,2 centred at 943.5 MHz. The source appeared as a peak in the 
Stokes V (circular polarization) image without any known counterparts. 
Subsequent inspection of the dynamic spectrum revealed the source 
to be strongly linearly polarized. Subpulses within the burst were dis-
covered independently by the CRAFT Coherent (CRACO) backend49 
which were studied in array-coherent filterbank data simultaneously 
at a 13.8 ms time resolution.

On-axis leakage calibration was performed by the processing pipe-
line using the cbpcalibrator tool in ASKAPSOFT50,51. This determined 
the leakages after finding the bandpass solution from observations of 
the unresolved and unpolarized primary flux calibrator PKS B1934−638 
(ref. 52). The derived solutions (see, for example, (refs. 53,54)) were 
applied directly to the bandpass-calibrated and self-calibrated vis-
ibilities. This procedure is basically identical to other ASKAP scientific 
project observations, such as the ASKAP Variables and Slow Transients 

and Evolutionary Map of the Universe Survey. The residual on-axis 
instrumental leakage level was typically less than 0.1%.

Ten ASKAP target-of-opportunity observations conducted 
between 2024 February 1 and 2024 August 3 were performed in the 
closepack36 configuration, with 0.9° pitch and a 943.5 MHz central 
frequency. For observations up to 2024 June 26, the source was posi-
tioned at the centre of beam 27, allowing coverage of nearby sources 
of interest in other beams. In the remaining three observations, the 
telescopes were centred at other objects and ASKAP J1839−0756 was 
placed in beam 34 (SBID 64280), beam 27 (SB64328) and beam 28 
(SB64345). All data were processed using the ASKAPSOFT pipeline to 
subtract background sources. A light curve and dynamic spectrum 
at the coordinates of the source were generated for each epoch to 
search for pulses. The RM of the pulses was determined by brute-force 
searching for a peak signal-to-noise ratio in linear polarization, and the 
polarization PA was calculated based on the de-Faraday rotated Stokes 
Q and U parameters.

ATCA
ATCA consists of six antennas capable of observing in bands with fre-
quencies ranging from 1.1 GHz to 105 GHz. All ATCA observations in 
this study were conducted in the L-band, spanning frequencies from 
1.1 GHz to 3.1 GHz. The array configurations on 2024 April 29, 2024 
June 2 and 2024 June 15 were 6A, H168 and 6D, respectively. The array 
configuration did not affect the observations, as our goal was to extract 
the pulse arrival time from the light curve rather than to image the 
source. All ATCA observations used J1939−6342 as the flux calibrator 
and primary calibration source 1819−096 as the phase calibrator. The 
data were reduced using Miriad55, and CASA56 was used to generate the 
light curve and dynamic spectrum.
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Fig. 4 | Light curves and dynamic spectra of the MeerKAT detection at UHF-
band and S-band. Left, frequency-averaged light curve (top) and the dynamic 
spectrum (bottom) at UHF-band. Right, the upper and lower panel display the 
frequency-averaged light curve (top) and the dynamic spectrum (bottom) 
at S-band. A Gaussian curve (red) is fitted to each light curve. We found that 
the pulse width in the UHF-band is nearly twice as wide as that in the S-band, 
providing strong evidence for radius-to-frequency mapping. Quasiperiodic 

microstructure on (sub-)second scales can also be seen in both dynamic spectra. 
Horizontal white and yellow stripes represent the flagged radio frequency 
interference. The horizontal features at lower frequencies (550–850 MHz) are 
radio frequency interference that were unable to be removed without off-source 
beam baseline subtraction. These features were also seen in the off-pulse 
interval, so we conclude that they are not genuine astrophysical features related 
to the source.

No apparent optical / binary counterpart Lee, Caleb… Wadiasingh +2025
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Observations of long period transients - ASKAP J1832-0911

Ziteng Wang,Rea,…,Wadiasingh et al. 2025Fig. 4: Radio vs. X-ray luminosity for a range of Galactic radio transients. ASKAP
J1832 was shown as highlighted crosses. Sources of interest are labelled, including the
long period pulsar J0901–4046 in grey; white dwarfs AR Sco, J1912–4410 in magenta;
LPTs potentially associated with white dwarfs, ILT J1101+5521 and GLEAM-X
J0704–37, also in magenta; the LPTs GLEAM-X J1627–52, GPM J1839, CHIME
J0630+25, and ASKAP J1935+2148 in black.
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Fig. 3: Radio and X-ray detections of ASKAP J1832–0911. Radio lightcurves and
Chandra X-ray (on 2024 Feb 14) lightcurves folded with the radio period are shown in
the top and bottom panels, respectively, while the binned Chandra exposure time is
shown in the middle panel. Blue shaded areas (at phase 0.3–0.45) indicate the phase
when radio pulses were detected, and grey shaded areas (at phase 0.5–0.75) show the
phase when no X-ray photons were detected.

class of known Galactic compact objects (Methods).

ASKAP J1832–0911 is not a rotation-powered pulsar: the radio luminosity
is 10,000 times greater than the spin-down luminosity, |Ėspin| < 4ω2I|Ṗ |/P 3 =
5 → 1027 erg s→1 (assuming a NS with 1.4M↑ and 12 km radius), and its X-ray
luminosity is even higher. Like other known LPTs, ASKAP J1832–0911 resides in
the “death valley” of the spin vs spin down phase space [20–22], where curvature-
radiation-initiated pair production thought to be responsible for the radio emission is
expected to cease (see Extended Data Figure 10). Furthermore, the wild variability

8

10^33 erg/s radio and X-rays - highly efficient radio 
 Some radio pulses 20 Jy!

No apparent optical / binary counterpart
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Extended Data Fig. 8: X-ray and radio luminosity evolution for ASKAP J1832–
0911. We showed two early X-ray luminosity limits from Swift and XMM as black
dashed lines.

as
√

ω2

ToA
+ EQUAD2. This parameter adjusts the ToA uncertainties to account for

the scatter in the ToAs induced by profile variability. We included an independent
EQUAD parameter for every observing epoch, which is fitted simultaneously with
the overall spin frequency and spin frequency derivative. Based on an initial timing
solution derived using tempo2 [67], we observe a scatter in timing residuals of → 50 s.
We used PINT [68] and emcee [69] to fit the spin frequency and frequency derivative
along with EQUAD per epoch. For epochs with less than four ToAs, we assume an
EQUAD of 30 s.

We found posterior median EQUAD values range from 6 – 69 s, consistent with
the scatter seen in the ToAs. With these EQUAD values, we find a spin frequency of
f = 3.764709(2) ↑ 10→4 s→1 and place a 95% spin frequency derivative upper limit of
|ḟ | < 1.4 ↑ 10→16 s→2, with a period epoch MJD 60344. From these values we derive
a spin period P = 2656.247(1) s and spin period derivative limit Ṗ =< 9.8 ↑ 10→10.
We show the resultant timing residuals, assuming ḟ = 0, in Extended Data Figure 9.
The reduced chi-squared for this fit is close to unity, indicating that the timing model
and adjusted uncertainties adequately explain the data.

Distance Measurements
Galactic electron density models can be used to infer the distance to the source based
on the DM. We used the most recent model [15], to obtain the estimated distance (and
its associated uncertainty) of 4.47±0.04 kpc. According to [15], the standard deviation
of the distribution of relative distance errors in their model is 0.398, based on the
189 pulsars with independent distance measurements. We also used the same method
used by [1] to estimate the relative distance error based only on pulsars that are near
ASKAP J1832–0911 on the sky. For 18 pulsars within 10↑ of ASKAP J1832–0911,
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How might they exist?



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 (Beniamini, Wadiasingh, Metzger+2020; Xu+2021; Ronchi, Rea+ 2022, Beniamini, Wadiasingh, Hare+2023;)


• Enhanced spindown from monopolar particle winds and opening of magnetic 
flux (Beniamini, Wadiasingh, Metzger+2020)


• Giant flare kicks (Beniamini, Wadiasingh, Metzger+2020)


• 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
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Figure 1. Left: critical temperature for proton superconductivity, using an approximate model similar to that of Ho et al. ( 2012 ). Assuming an isothermal 
core cooling according to the approximation of Page et al. ( 2006 ) and overlaying these (horizontal) lines for different ages, we find that the first thin shell of 
superconducting matter forms after 170 s at the dimensionless radius marked R , and the superconducting shell reaches the crust–core boundary after 22 min. A 
few other ages are shown, and in the absence of magnetic field the entire core will become superconducting after 42 yr. Right: thickness of the superconducting 
shell, as a fraction of the stellar radius R ∗, as a function of time t . 
3  FIELD  R E A R R A N G E M E N T  AT  T H E  ONSET  
O F  SUP ER C ON D UC T I V I T Y  
What happens when the first superconducting shell forms will dictate 
the later magnetic-field structure, so this is a logical place to start 
any analysis. 
3.1 Time-scales 
The likely slow nature of Meissner expulsion from a superconducting 
NS core was discussed in the landmark paper of Baym, Pethick & 
Pines ( 1969a ), who identified the process with that of Ohmic decay: 
∂ B 
∂t = − 1 

4 π ∇ × (
c 2 
σ

∇ × B ) (5) 
with characteristic time-scale 
τOhm = 4 πσ l 2 char 

c 2 , (6) 
where σ is the electrical conductivity and l char some characteristic 
length-scale for the magnetic field. This implicitly assumes that 
the mechanism for transporting magnetic flux in order to achieve 
Meissner expulsion must be a dissipative one. But NS core matter –
in its normal state – forms an outstandingly good electrical conductor, 
leading Baym et al. ( 1969a ) to conclude that field expulsion would 
proceed on a time-scale comparable with the age of the Universe. 
This assertion has been reported uncritically ever since, but – as we 
have already noted – the condensation of the core protons into a 
superconducting state is itself very slow and may never be completed, 
so clearly one cannot make estimates for the whole core in this 
manner. The spreading of the superconducting region occurs on the 
cooling time-scale, and is of great rele v ance, since it may be ongoing 
in at least the younger observed NSs, and could have important 
observational consequences. The only study to date that explores this 
time-dependent process appears to be that of Ho et al. ( 2017 ). These 
authors make a significant new contribution to the problem: a detailed 
comparison of the shortest magnetic-field evolutionary time-scales 
(which they find to be Ohmic decay and the drag due to scattering of 
electrons against flux tubes) with the cooling time-scale. From this 
they find that the cooling time-scale is al w ays shorter than that of 
field evolution, until a temperature of T < 10 8 K (equivalently, an 
age ! 10 6 yr), and therefore that in any NS hotter (younger) than 
this, flux expulsion is not possible. 

What these earlier studies and others all have in common is the 
association of a Meissner-type expulsion from a region of the star 
with decay of the magnetic field there, but the Meissner effect is not 
itself instrinsically dissipative. In fact, as noted earlier it is not an 
evolutionary process at all, but just a statement about the system’s 
desired minimum-energy equilibrium configuration (in its simplest 
form, it is found as a solution to the time-independent London 
equation 1 ). 

Here, we build on the arguments of Ho et al. ( 2017 ), but argue that 
the shortest rele v ant magnetic-field time-scale is not due to either of 
the secular dissipative effects they inv oke, b ut rather the dynamical 
time-scale associated with the advection of magnetic field by the 
fluid flow. This evolution is given by the expression 
∂ B 
∂t = ∇ × ( v × B ) , (7) 

where the velocity could, in principle, be approximately as high as the 
Alfv ́en speed v A = B/ √ 

4 πρ. Here, we are interested in the fastest 
possible evolution, so we set | v| = v A , leading to a characteristic 
dynamical time-scale 
τA = l char 

v A = l char √ 
4 πρ

B = 35 l char , 6 ρ1 / 2 
14 B −1 

12 s , (8) 
where we have employed the short-hand notation that a numerical 
subscript n on a variable means its value in cgs units divided by 10 n , 
e.g. l char , 6 = l char / (10 6 cm ). In equation (8), τA is vastly shorter than 
flux-dissipation time-scales, but the comparison with the cooling 
time-scale τcool is equivocal. Taking, for example, the result from 
Page et al. ( 2006 ) for slow neutrino cooling (i.e. indirect Urca 
processes) in the absence of any Cooper-pairing, and using their 
fiducial values for heat capacity and the temperature–luminosity 
relation, we have 
τcool ≈ 3 × 10 6 T −6 

9 s . (9) 
Evaluating this for the peak critical temperature from before, T 9 = 
6 . 8, gives τcool = 30 s – identical (to the level of approximation) 
to the pre-factor from equation (8) for τA , and presaging our later 
conclusions that the efficacy of the Meissner effect depends quite 
sensitively on the strength and characteristic length-scale of the 
magnetic field at the onset of superconductivity. 

We will explore this dynamical Meissner process in detail, re- 
garding it as one that achieves flux expulsion mostly through field 
rearrangement, rather than a wholesale dissipation of flux. 
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Figure 3. Four different scenarios for the rearrangement of flux due to the expanding region of superconductivity, all for B < H c . An initially dipolar poloidal 
magnetic field (top row) may be advected by fluid motions (middle row) and then experience reconnection (bottom ro w). The (in)ef ficacy of these processes 
leads to four post-condensation field configurations. 
of superconductivity, when T ≈ T c and B > H c ( T ), as discussed 
in the previous subsection. Even if there is significant supercurrent 
screening, ho we ver, causing a substantial reduction in the value 
of B compared with elsewhere in the star, this will not affect the 
calculation, since neither reconnection nor cooling depend (to 
leading order) on the magnetic-field strength itself. 

Whether the advected field discussed in the previous section can 
reconnect depends on whether or not this process is faster than the 
spreading of the superconducting region as the star cools, i.e. the 
efficacy of reconnection in this scenario can be measured with the 
ratio: 
τrec 
τcool . (23) 

The smaller the value of this ratio, the more efficiently reconnection 
should be able to alter the geometry of the distorted field in the 
thin shell where superconductivity begins. Amongst the various 
mechanisms for magnetic reconnection in the literature, there are 
essentially two kinds of rele v ance here; both are related to Ohmic 
decay (and so depend upon the resistivity of NS matter in its normal 
state), but they differ in the assumed characteristic magnetic-field 
length-scale and small-scale magnetic-field structure. The first is the 
classic Sweet–Parker reconnection (Parker 1957 ; Sweet 1958 ), which 
acts on the macroscopic field; the second is stochastic reconnection, 
frequently invoked to explain the phenomenon of fast dynamo action 
in stars (Lazarian & Vishniac 1999 ), where jagged microscopic field 
structures allow for a faster diffusive rearrangement of magnetic 
field. 
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also leads – from equations (3) and (4) – to the same
lower bound on B, below which we do not expect any
dynamical-timescale Meissner e!ect. We also know that
for B > Hc field expulsion is not energetically favourable.
Together, then, a Meissner state is possible only when

1012 G ↭ B ↭ 5→ 1014 G. (7)

Even within this range, the field geometry need not be
conducive to complete reconnection. In axisymmetry,
shearing and reconnection of a dipolar field at the in-
cipient shell can instead lead to a broken B = 0 super-
conducting shell, pierced with field lines through either
two roughly cylindrical B ↑= 0 holes (one at each pole),
or one equatorial band; see Fig. 1. The size of these
B ↑= 0 regions in the shell may be calculated from con-
servation of magnetic flux F ↓ BR

2 and the requirement
that B ↔ Hc; the result is holes whose cross-sectional
area is proportional to B. Whether or not this B = 0
shell is complete, however, there must always be an in-
ner trapped core of magnetic field that will be compressed
until it reaches B = Hc. Magnetic flux conservation then
yields an estimate of the final radiusRin of this inner core:

Rin ↗ R→
√
B/Hc. (8)

Energy release at onset of superconductivity. The kind
of shearing motion needed to bring a large-scale dipole
field into an X-point geometry can be seen from Fig. 1
to result in an approximate doubling of a typical field
line’s length and so, assuming the internal field is ap-
proximately uniform, also doubling the magnetic energy;
this is backed up by detailed calculations [22]. But a par-
tial or complete reconnection event, needed to produce a
B = 0 shell, will return B to a less-sheared, lower-energy
configuration. Thus, realising the Meissner e!ect involves
a sudden energy release comparable in magnitude to that
of the pre-condensation magnetic energy, which can be as
large as 5→ 1046 erg.

This reconnection energy release in the core will cause
local heating but also drive the shaking of field lines
through the still-molten crust, out to the magnetosphere
and beyond. If this complex process of transferring re-
connection energy into a detectable signal is radiatively
e”cient, the reconnection event could ultimately be seen
as a peculiar transient, possibly involving delayed energy
injection into the supernova remnant. Given the vast
zoo of optical transients [23], it is possible such signals
may have already been detected. Alternatively, the re-
connection event might be more readily identifiable if a
binary neutron star merger produces a massive magne-
tized neutron star remnant: a cleaner environment for
signals to transit. Many short gamma-ray bursts exhibit
X-ray extended emission (lasting ↘ 102 ≃ 103 s), whose
physical origin is uncertain and requires delayed energy
injection [24]. Secure association of such signals would be
profoundly important, as its timing would constrain the
maximum value of the Tc and therefore the gap model.

FIG. 2. Magnetic field in the crust (here scaled up in thick-
ness by a factor of 8 for clarity) after 0.1 Myr of evolution,
where the inner boundary at the base of the crust is: B = 0
everywhere (left), field lines penetrating into the core in a
band around the equator (middle), field lines penetrate into
the core in two polar holes (right). Poloidal field lines are in
black, toroidal field magnitude is shown with the colourscale.

Crustal field evolution. The evolution of B in a NS
crust is described by the equation [25]

ωB

ωt
= ≃ 1

4ε
⇐→

(
c

ϑe
(⇐→B)→B ≃ c

2

ϖ
⇐→B

)
(9)

where the first term on the right-hand side is Hall drift,
the second Ohmic decay, and ϑe is the charge density.
In the absence of our model for the Meissner e!ect, B

will penetrate from the crust into the core, which should
be incorporated as a B ↑= 0 inner boundary condition
when evolving equation (9). The result is a slowly evolv-
ing B without any particularly dramatic features [26].
By contrast, the B = 0 inner boundary condition that is
usually employed results, for young NSs (103 ≃ 104 yr)
with crustal fields ↫ 1013 G, in an active Hall drift that
produces local patches of intense field; conversely, for
older sources the Hall e!ect saturates [27] and eventually
Ohmic decay dominates, smoothing out small-scale fea-
tures and weakening the field (see e.g. [5]). This fits with
the theoretical picture of canonical magnetars as young
and highly magnetised NSs whose activity is powered by
crustal magnetic-field evolution. The dynamical Meiss-
ner e!ect we discuss here is the first scenario to provide a
physical justification for this B = 0 boundary condition,
which is crucial to produce evolutions that resemble mag-
netars. However, it also allows for other, equally viable,
inner boundary conditions, where the complete B = 0
shell is broken by regions threaded by field lines: either an
equatorial band, or two polar holes. We have performed
evolutions for these new ‘hole’ boundary conditions, util-
ising a code well tested in earlier applications [28], and
taking an initially simple poloidal field. Figure 2 shows
sample results after 0.1 Myr of evolution. With the usual
B = 0 inner boundary (left-hand panel), the crustal field
at this late stage has settled into a quasi-stationary state,



How might the radio emission 
be produced?



of mec
2), which would be the case if all the energy of the

primary particles went into the rest energy of pairs.4

In the de facto standard pulsar model, particles can be
accelerated to very high energies and produce dense pair
plasma in the PCs (Sturrock 1971), in thin regions along last
closed magnetic field lines (the “slot gap” model of
Arons 1983), and in the “outer gaps,” regions in the outer
magnetosphere along magnetic field lines crossing the surface
where the Goldreich & Julian (1969) charge density changes
sign (Cheng et al. 1976). The outer and slot gaps occupy only a
relatively small volume of the magnetosphere so that most of
the open magnetic field lines do not pass though them. All open
field lines originate in the PCs, and a significant fraction of
them pass through PC particle acceleration zones. The total
number of primary particles in the PC cascades is much larger
than that in cascades in the outer pulsar magnetosphere.
Moreover, simulation of the outer gap cascades predicts
multiplicities not higher than 104 (e.g., Hirotani 2006). So, at
least in the standard pulsar model, most of the pairs are
produced in the PC cascades.

It was demonstrated in Timokhin & Arons (2013) and
Timokhin (2010) that pair formation in pulsars is an
intermittent process. Time periods of efficient particle accel-
eration and intense pair production alternate with periods of
quiet plasma flow when dense plasma screens the accelerating
electric field and no pairs are formed (more on this in
Section 4). As in PaperI, here we consider cascades at the peak
of the pair formation cycle, when their multiplicity is the
highest, postponing discussion on the effects of intermittency
to Section 8. Such cascades are generated by the primary
particles accelerated in well-developed gaps. Screening of the
accelerating electric field in the gap happens very quickly, well
before the multiplicity reaches its maximum values. Once
primary particles have produced the first generation of pairs
that screen the accelerating electric field, they keep moving in
the regions of screened electric field, radiating their energy
away and giving rise to extensive pair cascades. So, the PC
cascades can be considered as initiated by primary particles
with given energies freely moving along magnetic field lines.

Figure 1 gives a schematic overview of processes involved
in pair plasma generation in PC cascades;5 shown are the first
two generations in a cascade initiated by a primary electron.
Primary electrons emit CR photons ( CRH ) almost tangent to the
magnetic field lines; primary electrons and CR photons are
generation 0 particles in our notation.6 Magnetic field lines are

curved, and the angle between the photon momentum and the
magnetic field grows as the photon propagates farther from the
emission point. When this angle becomes large enough,
photons are absorbed and each photon creates an electron–
positron pair—a generation 1 electron (e�) and positron (e�).
The pair momentum is directed along the momentum of the
parent photon, and at the moment of creation, the particles have
non-zero momentum perpendicular to the magnetic field. They
radiate this perpendicular momentum almost instantaneously
via SR and move along magnetic field lines. The secondary
particles can scatter thermal X-ray photons XH coming from the
NS surface and lose their momenta parallel to the magnetic
field. Inverse Compton scattering of the thermal photons in the
non-resonant regime is very ineffective in converting the
energy of the parallel motion of pairs into pair-producing
photons and can be ignored; see Appendix A. On the other
hand, RICS, as it was first pointed out by Dermer (1990),
can become a very efficient emission process in high-field
pulsars. Although the secondary particles are relativistic, their
energy is much lower than that of the primaries, and their
curvature photons cannot create pairs. Generation 1 photons—
synchrotron ( synH ) and RICS ( RICSH ) photons produced by
generation 1 particles—are also emitted (almost) tangent to the
magnetic field line, as the secondary particles are relativistic,
and propagate some distance before acquiring the necessary
angle to the magnetic field and creating generation 2 pairs.

Figure 1. Schematic representation of electron–positron cascade in the PC of a
young pulsar with a high magnetic field; see the text for the description.

4 Cascades can operate in a different regime, when at each step one of the pair
particles gets most of the parent photonʼs energy and then this secondary
particle emits a single high-energy photon carrying most of that particleʼs
energy. Such a cascade can produce p p,esc� � �_ � H � pairs, which for

2,esc�H � will result in a much higher multiplicity than that given by
Equation (1). Photon emission and pair production in such cascades must
happen in the extreme relativistic regime: for BH pair production and
synchrotron radiation, the parameter χ must be large, 1;D � for HH pair
production and inverse Compton scattering, the energies of the interacting
particles, 1� and 2� , must be 11 2� � � . For 1D � , photon injection must
happen at large angles to the magnetic field; for 11 2� � � , the interaction cross-
section is much smaller than TT . In pulsar cascades, particle acceleration zones
are regulated by pair creation—acceleration stops when pairs start being
injected. This happens first at moderate values of χ and 1 2� � , thus preventing
particles from achieving high-enough energies to start cascade in the extreme
relativistic regime.
5 This figure is similar to the Figure 1 from PaperI but now it includes the
RICS of thermal photons by secondary pairs.
6 Primary electrons can also emit RICS photons that produce pairs, but these
are not shown because the numbers are too small to fully screen the
electric field.

3

The Astrophysical Journal, 871:12 (25pp), 2019 January 20 Timokhin & HardingWe know (broadly) what is required for pulsar-like radio 
emission: pair cascades

e.g., Sturrock (1971), Baring & Harding (1997), 
Baring & Harding (2001), Timokhin (2010), 
Timokhin & Arons (2013) Timokhin & Harding 
(2015, 2019)

See papers for a detailed list of references. Comments are welcome at the email indicated above. 
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Pairs are produced in the ground 
Landau state in magnetar high-B 
regime



•Computing the unscreened gap height allows 
luminosity estimates


•Their emission is primarily magnetically powered, 
bursts, flares and persistent X-ray pulsations

32

The Pair Curvature Death Line
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How are magnetar pair cascades different?
• Resonant inverse Compton scattering (RICS, 

effectively cyclotron absorption+ immediate 
emission) channel photons can compete versus 
the curvature radiation 


• Radiative losses can be catastrophic in the RICS 
channels 


• Photon splitting can suppress pair production 
efficiency 


• Pairs produced are largely in the ground Landau 
state, so do not effectively radiate synchrotron 
photons to continue a cascade


• Non-resonant scatterings are suppressed

No. 2, 2001 HIGHLY MAGNETIZED PULSARS 937

FIG. 4.ÈNature of pair cascades in increasing magnetic Ðelds. Wavy lines represent photons, Land straight lines represent electrons and positrons.
Polarization modes of photons (pÈparallel or oÈ perpendicular) are noted where relevant. [See the electronic edition of the Journal for a color version of this
Ðgure.]

If, as was discussed in ° 2.1, other modes of photon split-
ting open up in magnetic Ðelds above owing toBcrincreased vacuum dispersion, then the character of pair cas-
cades undergoes a further transition. If both photon polar-
ization modes can split (as is the case when all three modes
permitted by QED are operating), then it is possible to
prevent completely the production of pairs. A pure photon-
splitting cascade then ensues, in which photons split repeat-
edly until they can escape the magnetosphere. The only
question then becomes whether the splitting cascade can
degrade the photon energy fast enough so that the photons
escape without pair conversions in lower Ðelds. Since the
photons are splitting below pair threshold in high Ðelds, this
would seem very likely.

3. PAIR SUPPRESSION IN HIGHLY MAGNETIZED PULSARS

Pair creation is obviously pertinent to the hard X-ray and
gamma-ray emission of pulsars. Yet it is also relevant to the
discussion of coherent emission in radio pulsars, since it is
commonly assumed that a plentiful supply of pairs is a
prerequisite for, and maybe also a guarantee of, coherent
radio emission at observable Ñux levels. Such a connection
is the premise of standard models for radio pulsars (e.g.,
Sturrock 1971 ; Ruderman & Sutherland 1975 ; Arons &
Scharlemann 1979), a relationship founded in the simplicity
of its explanation (Sturrock, Baker, & Turk 1976) for the
extinction of radio pulsars beyond the conventional death
line at long periods. Detailed discussions of the relationship
of pairs to the production of radio emission can be found in
Michel (1991) and Melrose (1993), though we note that
there are dissenting views to this popular connection (e.g.,
Weatherall & Eilek 1997).

The preeminent consequence of any suppression of pair
creation in pulsars is that the emission of radio waves
should be strongly inhibited. Hence the issue of possible
quenching at high by the mechanisms discussed aboveB0forms the focus of this section. First we compute the
putative radio quiescence boundaries in the diagramP0 -P

using the approximate criterion for the suppression of pair
creation by photon splitting deÐned in ° 2.1.3, namely when
the escape energy for the splitting of o photons is less than
or equal to that for pair creation o ] eB. Essentially this
provides a detailed derivation of the boundary introduced
in Baring & Harding (1998). We then model the physics of
pair suppression near pulsar polar caps by means of a
Monte Carlo simulation of pair cascades in high Ðelds,
treating both photon polarization states. These detailed cal-
culations identify the requirements for e†ective pair sup-
pression which must be met to justify the simpliÐed
criterion for pair suppression of ° 2.1.3.

3.1. Radio Quiescence Boundaries in the DiagramP-P0
In ° 2.1.3, the condition for the equality of photon split-

ting and pair creation escape energies established a region
in space where pair suppression would probably(B0, #)
occur. This space can be easily transformed into a region in
the radio astronomerÏs traditional pulsar phase space,
which consists of the measurables P, the pulsar period, and

the period derivative. The Ðrst part of this transformationP0 ,
derives from the relationship between the period and the
size of the polar cap #. Such a relation follows from the
deÐnition of the cap as the portion of the stellar surface that
anchors open Ðeld lines, i.e., those that are not closed within
the light cylinder. In Ñat spacetime, for a rotating di-
pole Ðeld, the angle 2# subtended by the polar cap
can be expressed via (e.g., Manchester & Taylor 1977)
sin # \ [2nR/(Pc)]1@2. Owing to general relativistic distor-
tions of the dipole in a Schwarzschild metric, this formula is
modiÐed to the form (Muslimov & Harding 1997)

sin # \G2nR
Pc

F
ARs

R
BH1@2

,

F(x) \ [x3
3
C

log
e

(1 [ x) ] x
2

(x ] 2)
D~1

(8)

Baring & Harding (2001)



Lander et al., 2023

•At B > 1015 G plastic flow (magnetic stress driven ‘continental drift’) 
dominates crustal evolution, and can twist the magnetic field


•Lander et al (2019) show that plastic flow of 1km2  patches has 
velocities of 1-100 cm/yr for months to decades 


•Similar twists can also be powered by thermoelectric gradients


•Younes et al., 2022 attribute pulse peak migration to plastic motion, 
require 106 cm/yr


•Persistent, decaying X-ray pulses have been successfully modelled as 
untwisting magnetic field lines.


•This occurs on timescales of decades, modulated by pair production 
along field lines

34

Ingredient 1: Plastic Flow powered twists

Cooper & Wadiasingh (2024)

See e.g. Lander 2019; Gourgouliatos & Lander 2021; Lander 2023

Twists require charge similarly to rotation 
— Analogous to preexisting “low-twist” 
model for FRBs proposed by Wadiasingh & 
Timokhin 2019, Wadiasingh+2020



•At B > 1015 G plastic flow (magnetic stress driven ‘continental drift’) 
dominates crustal evolution, and can twist the magnetic field


•Lander et al (2019) show that plastic flow of 1km2  patches has 
velocities of 1-100 cm/yr for months to decades 

•Younes et al., 2022 attribute pulse peak migration to plastic motion, 
require 106 cm/yr


•Persistent, decaying X-ray pulses have been successfully modelled 
as untwisting magnetic field lines.


•This occurs on timescales of decades, modulated by pair production 
along field lines

35
Lander, 2019

Cooper & Wadiasingh (2024)

Ingredient 1: Plastic Flow powered twists



•At B > 1015 G plastic flow (magnetic stress driven ‘continental drift’) 
dominates crustal evolution, and can twist the magnetic field


•Lander et al (2019) show that plastic flow of 1km2  patches has 
velocities of 1-100 cm/yr for months to decades 


•Younes et al. (2022) posit a connection between X-ray magnetar 
pulse peak migration plastic flow, requiring 106 cm/yr


•Persistent, decaying X-ray pulses have been successfully modelled 
as untwisting magnetic field lines.


•This occurs on timescales of decades, modulated by pair 
production along field lines

Younes+ 2022
36

Time

Cooper & Wadiasingh (2024)

Ingredient 1: Plastic Flow powered twists

See also Younes et al. (2025)



•Persistent magnetar activity can be described by twisted magnetic fields


•Crustal displacements impart a twist into the magnetosphere:


•Persistent, decaying X-ray pulses have been successfully modelled as untwisting 
magnetic field lines.


•This occurs on timescales of decades, modulated by pair production along field 
lines

37

X-ray magnetars in outburst (Coti Zelati+ 2018)
Long-term twist evolution (Beloborodov, 2013)

Pulse fit with twisted field (Igoshev+ 2021)

Ingredient 2: Twist-induced radio emission



•Persistent magnetar activity can be described by twisted magnetic fields


•Persistent, decaying X-ray pulses have been successfully modelled as untwisting 
magnetic field lines.


•This occurs on timescales of decades, modulated by pair production along field 
lines

38

•Twists require charge similarly to rotation


•Persistent, decaying X-ray pulses have been successfully modelled as untwisting 
magnetic field lines.


•This occurs on timescales of decades, modulated by pair production along field 

Ingredient 2: Twist-induced radio emission

Rotation:

Twist:

Analogous to preexisting “low-twist” model 
for FRBs proposed by Wadiasingh & 
Timokhin 2019, Wadiasingh+2020



Crustal density and temperature gradients also drive magnetic field evolution


dB/dt orthogonal to both gradients > twisted component


Positive feedback loop: dT/dx != 0 > Twist > Particle acceleration > Hotspot heating > dT/dx != 0


39

Alternative: Thermoelectrically induced small twists

Cooper & Wadiasingh (2024)



•Persistent magnetar activity can be described by twisted magnetic fields


•Persistent, decaying X-ray pulses have been successfully modelled as untwisting 
magnetic field lines.


•This occurs on timescales of decades, modulated by pair production along field 
lines

40

•Twists require charge similarly to rotation


•Persistent, decaying X-ray pulses have been successfully modelled as untwisting 
magnetic field lines.


•This occurs on timescales of decades, modulated by pair production along field 

If Acceleration gapsTwist dissipation Pair production

Broadband radio emission  
(e.g. Timokhin 2010, Timokhin

& Arons 2013,

Philippov et al., 2020, 

Benáček+2024,2025)

Ingredient 2: Twist-induced radio emission

Rotation:

Twist:

Analogous to preexisting “low-twist” model 
for FRBs proposed by Wadiasingh & 
Timokhin 2019, Wadiasingh+2020



(1) Plastic flow twists field lines in ~km2 patches


(2) Twist current requirements exceed GJ current 


(3) Voltage increases rapidly accelerating particles

(a) Particles bombard surface producing thermal UV/

X-ray counterpart


(4) Particles produce pairs via RICS or curvature 
photons, screening gap


(5) Radio waves escape the magnetosphere to the 
observer


(6) Twist hovers around critical value, with stable 
dissipation plastic motion duration


•Luminosity, timescales, multi-wavelength counterparts 
are consistent with observations


Model: Five steps

41

Lander 2023

Time

Cooper & Wadiasingh (2024)



(1) Plastic flow twists field lines in ~km2 patches


(2) Twist current requirements exceed GJ current 


(3) Voltage increases rapidly accelerating particles

(a) Particles bombard surface producing thermal UV/

X-ray counterpart


(4) Particles produce pairs via RICS or curvature 
photons, screening gap


(5) Radio waves escape the magnetosphere to the 
observer


(6) Twist hovers around critical value, with stable 
dissipation plastic motion duration


•Luminosity, timescales, multi-wavelength counterparts 
are consistent with observations


Model: Five steps

42

Time

Cooper & Wadiasingh (2024)

Analogous to preexisting “low-twist” model 
for FRBs proposed by Wadiasingh & 
Timokhin 2019, Wadiasingh+2020

Lander 2023



(1) Plastic flow twists field lines in ~km2 patches


(2) Twist current requirements exceed GJ current 


(3) Voltage increases rapidly accelerating particles

(a) Particles bombard surface producing thermal 

UV/X-ray counterpart


(4) Particles produce pairs via RICS or curvature 
photons, screening gap


(5) Radio waves escape the magnetosphere to the 
observer


(6) Twist hovers around critical value, with stable 
dissipation plastic motion duration


•Luminosity, timescales, multi-wavelength 
counterparts are consistent with observations


Model: Five steps
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Time

Twist dissipation

Cooper & Wadiasingh (2024)
Thermal X-rays



(1) Plastic flow twists field lines in ~km2 patches


(2) Twist current requirements exceed GJ current 


(3) Voltage increases rapidly accelerating particles

(a) Particles bombard surface producing thermal 

UV/X-ray counterpart


(4) Particles produce pairs via RICS or curvature 
photons, screen E-field, emitting radio waves


(5) Radio waves escape the magnetosphere to the 
observer


(6) Twist hovers around critical value, with stable 
dissipation plastic motion duration


•Luminosity, timescales, multi-wavelength 
counterparts are consistent with observations


Model: Five steps
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Time

Cooper & Wadiasingh (2024)

X-ray

Accelerated 

lepton

Radio 

emission



(1) Plastic flow twists field lines in ~km2 patches


(2) Twist current requirements exceed GJ current 


(3) Voltage increases rapidly accelerating particles

(a) Particles bombard surface producing thermal 

UV/X-ray counterpart


(4) Particles produce pairs via RICS or curvature 
photons, screen E-field, emitting radio waves


(5) Twist oscillates around critical value, with stable 
dissipation as long as plastic motion continues


•Luminosity, timescales, multi-wavelength 
counterparts are consistent with observations


•Basic timing properties derived, in particular pulse 
profiles and fraction


Model: Five steps

45

Time

Cooper & Wadiasingh (2024)



Microphysics

46

Particles accelerated 

as they cross gap height

Cooper & Wadiasingh (2024)



Microphysics

47

Particles accelerated 

as they cross gap height

For high temperatures 
they produce gamma-
rays via RICS of 
thermal photons, 
which produces pairs

Cooper & Wadiasingh (2024)



Microphysics
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Particles accelerated 

as they cross gap height

For high temperatures 
they produce gamma-
rays via RICS of 
thermal photons, 
which produces pairs

If they ‘miss’ RICS tail, 
they produce gamma-
ray curvature photons 
which produces pairs

Cooper & Wadiasingh (2024)



Microphysics

49

Particles accelerated 

as they cross gap height

For high temperatures 
they produce gamma-
rays via RICS of 
thermal photons, 
which produces pairs

If they ‘miss’ RICS tail, 
they produce gamma-
ray curvature photons 
which produces pairs

Cooper & Wadiasingh (2024)

Take Home Message  
Either curvature photons or upscattered photons will produce pairs 

and create radio emission



50

Model Predictions
•Microphysics defines 
allowed parameter 
space


•Further considerations 
for RICS: multiplicity & 
viable intersection


•Expect more longer 
period (weaker) 
transients


Curvature 

Boundary

RICS active 

zones

Cooper & Wadiasingh (2024)



Predictions

51

•Minimum period depending on vpl or T


•Pulsed X-ray/UV counterpart due to 
return current bombardment


•Generically 2 pulse peaks per patch


•RICS pair production also occurs for 
rotationally powered E-fields


Cooper & Wadiasingh (2024)



More accurate magnetar RICS cascades with photon splitting8 Harding et al.
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Figure 1. Schematic of a pair cascade initiated by primary electrons traveling along a closed dipole merid-
ional field loop, emitting resonant inverse Compton scattered photons with both → (red) and ↑ (blue)
polarization. Photon and pair trajectory segments are not to scale.

0 and 1, the photon escapes. If not, then the probability that the photon survives splitting but not273

pair production is Psurv = P sp
surv(1↓P pp

surv)/(1↓P sp
survP

pp
surv). If P > R2, where R2 is a second random274

number, then the photon pair produces; otherwise the photon splits.275

When the photon produces a pair, each member of the pair emits a series of cyclotron or synchrotron276

photons (if that particle is not initially in the ground Landau state) until ii decays to the ground277

state. Since the SR decay rates are much faster than the RICS loss rates, we assume that all of the278

SR from each pair is emitted at its production point. We do not follow any RICS radiation from the279

pairs, as their parallel Lorentz factors are generally low and the multiplicities are not high for cases280

when RICS energy losses are included, as will be discussed in Section 3. However, for cases when281

RICS energy losses are not included, the multiplicity is much higher and RICS from pairs, and the282

cascades from that radiation, would be important. When the photon splits, the daughter photons283

are assumed to have the same direction and energies chosen by Equation 10 above. Each synchrotron284

and split photon is followed to determine if it pair produces, splits or escapes, in the same way as285

for the RICS photons through a call to a recursive procedure that can follow an arbitrary number286

of photon generations. The weights from the initial RICS photons are preserved through all the287

cascade generations. Depending on the local field strength, photons of either polarization mode can288

pair produce or only → mode photons pair produce if splitting dominates near the NS surface. The289

cascade from each primary particle step develops until all photons escape the magnetosphere.290

Magnetar Pair Cascades 9

g0 = 103, B0 = 10 Bcr g0 = 103, B0 = 50 Bcr

r (cm)
(s-1)

g
B/Bcr

!̇!"#$

Figure 2. Primary electron radius, r, resonant inverse Compton scattering loss rate, ω̇RICS, Lorentz factor,
ω, and local magnetic field strength, B/Bcr, as a function of distance s along a closed dipole field loop with
maximum radius rmax = 4.

All photons are accumulated in energy, polarization, viewing angle and radiation type (RICS,291

synchrotron, split), with unattenuated and attenuated spectra accumulated separately. All pairs are292

accumulated in energy, and the radius and polar angle of the creation site. This last sentence293

needs to be made more precise; it is presently unclear.294

3. RESULTS295

The primary electron starts at the NS surface, having initial Lorentz factor ω0, on the south-pole296

footpoint of a closed dipole field loop of maximum radial extent rmax. The starting polar angle is297

therefore ε0 = ϑ → arcsin[(1/rmax)1/2]. We assume blackbody radiation from the whole NS surface298

with temperature, T = 5 ↑ 106 K, typical of observed persistent thermal emission from magnetars.299

The models are parametrized by the values of T , ω0, rmax, and surface magnetic field strength, B0.300

3.1. Particle Dynamics301

In the case where the primary electron loses energy to RICS, we use Equation (3) to reduce the302

Lorentz factor at each step along the trajectory. As described above, the step length is limited so303

that the electron losses no more than a fixed fraction (5%) of its energy. The RICS energy loss rate304

is very sensitive to the local values of ω, B and radius. Figure 2 shows the RICS loss rate, ω̇RICS, ω,305

local B and radius as a function of distance along the trajectory, s for two values of surface magnetic306

field. In the case where B0 = 10Bcr, ω̇RICS is very high since the particle is in resonance near the307

NS surface. Its energy drops quickly over a short distance until it is no longer in the resonance and308

ω̇RICS drops by several orders of magnitude. The Lorentz factor then stays mostly constant until309

the local field drops and the resonance condition is again satisfied, at which point the ω decreases310

steadily. In the case of a higher surface field, B0 = 50Bcr, the electron is not in resonance at the NS311

surface, ω̇RICS is much lower and the Lorentz factor stays mostly constant until the local field drops312

and ω̇RICS rises. The particle then begins to lose energy until the top of the loop. In the case where313

Harding, Wadiasingh, Baring+ 2025 in prep



More accurate magnetar RICS cascades with photon splitting

Harding, Wadiasingh, Baring+ 2025 in prep
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g0 = 103, B0 = 10 Bcr
g0 = 103, B0 = 50 Bcr
g0 = 102, B0 = 10 Bcr

Figure 13. Total electron-positron pair energy spectra from a cascade on a closed dipole field loop of
maximum radius, rmax = 4 for di!erent constant primary electron Lorentz factors and surface magnetic field
strengths, as labeled.

while pairs are produced at threshold in the ground state near the start of the trajectory, pairs are544

produced in excited states as soon as the local field drops below → 0.3Bcr.545

In this initial investigation of magnetar pair cascades, we have made a number of simplifying546

assumptions. The electron trajectory and all of the cascade radiation is assumed to lie in a single547

plane at one azimuth angle. We also assumed that the RICS emission at all energies is radiated548

along the local magnetic field. In reality, only the highest energies in the spectrum (ωf ↭ 0.1mc2)549

are emitted at very small angles to the field (W2018). Therefore, observers at other azimuth angles550

would see no emission when they should be seeing the low-energy part of the spectrum. However,551

according to Figure 7 of W2018, there is no emission above a few mc2 from a given loop at azimuthal552

angles ↭ 5→, around where pair production and splitting cut o! the spectra. However, since we553

allow random azimuthal angles for the SR emission, which can be radiated by pairs with low Lorentz554

factors, the SR will be spread beyond the loop plane. The emission at other azimuths will also555

depend on the azimuthal distribution of electron injection and if, as is likely, injection occurs over556

a range of azimuths, then the high-energy spectrum in each viewing direction will be dominated557

by the emission of the loop along that azimuth. It may then be possible to use the results from a558

cascade on a single loop to simulate spectra for a range of azimuths. We also have ignored the RICS559

emission from pairs, which we have shown should be negligible for cases with RICS energy losses. For560

cases without RICS energy loss, the contribution of pair RICS would be substantial and dominate561

the primary cascade radiation. However, we have argued that the case with no losses is not very562
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g0 = 103, B0 = 10 Bcr
g0 = 103, B0 = 50 Bcr
g0 = 102, B0 = 10 Bcr

Figure 14. Same as Figure 13 for cases where RICS energy losses are included in the primary electron
dynamics.

likely. Finally, we have not included e!ects of strong gravity near the NS, specifically redshifting and563

light bending of photons and GR e!ects on the dipole magnetic field (Wasserman & Shapiro 1983).564

These e!ects were previously studied in the context of photon pair production and splitting escape565

energies (Harding et al. 1997; Baring & Harding 2001; Story & Baring 2014; Hu et al. 2019). The566

major influences are the → 1.3 photon redshift factor that e!ectively increases the photon energies567

at the NS surface compared with the observed energies, and a → 1.4 increase in dipole magnetic568

field strength at the NS surface. Both these e!ects decrease photon attenuation mean-free paths and569

lower the escape energies for pair production and splitting.570

We have also assumed that only the photon splitting mode, ↑↓↔↔, is operational. Two other571

modes may be allowed in the regime of strong vacuum dispersion, which could apply to magnetar572

fields. Wadiasingh et al. (2025) show RICS spectra attenuated by photon splitting if three modes are573

operating, and both photon polarization modes can split, circumventing pair production. In the case574

of pair cascades for surface field, B0 = 10Bcr, splitting in three modes will prevent pair production at575

large viewing angles when the electron is in the highest fields but not near the top of the loop when576

pair production takes over. But for B0 = 50Bcr, and rmax = 4 , photon splitting dominates over the577

entire loop and there may be no pairs produced in the cascade. Splitting in three modes would also578

soften the split photon spectrum and change the polarization characteristics near the cuto!.579

This study also ignores the e!ect of magnetic field twists, which will be present to provide at least580

the initial acceleration of the particles, on the photon attenuation. Hu et al. (2022) find that field581

twists both increase the magnetic field strength and straighten poloidal field lines compared to a582

pure dipole field configuration. The e!ect of field twists on pair and splitting attenuation is then583

dependent on the competition between field enhancement (which increases the opacity) and field-584
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Figure 11. Same as Figure 10 for a closed field loop with maximum radius, rmax = 6.

strengths in the ω0 = 103 case. The ω0 = 102 spectrum is much steeper with many more pairs at505

Lorentz factors less than 10. The extra low energy pairs however give the highest multiplicity of all506

the cases in Table 1. The pair spectra for the same parameters but for the RICS loss case is shown507

in Figure 14. With particle energy losses, the ω0 = 103 spectrum for the B0/Bcr = 10 field strength508

is much higher than for the B0/Bcr = 50 case and has more than three times the multiplicity, since509

the RICS energy losses are lower for the high field case. The ω0 = 103 spectrum is again steeper with510

the bulk of the pairs are the lowest energies, so that the multiplicity is comparable to the ω0 = 103,511

B0/Bcr = 50 case. With most of the pairs in the B0/Bcr = 10 spectra at Lorentz factors of a few,512

there will not be a significant pair RICS or cascade contribution to the total spectrum. The cascade513

simulation of Beloborodov (2013b) for the case ω0 = 103, B0/Bcr = 10 and RICS energy loss gave an514

estimated pair multiplicity → 100, in good agreement with our value of 62 for this case.515

4. DISCUSSION516

We have presented a Monte-Carlo simulation of pair cascades initiated by primary electrons injected517

at the base of closed dipole magnetic field loops of a magnetar magnetosphere. Both cases where the518

primary electrons keep a constant Lorentz factor around the loop and where the electrons continually519

lose energy to RICS drag are considered. In the first case, the acceleration would need to occur over520

the whole particle trajectory and just balance the RICS drag force. This scenario is not likely since521

the pairs produced by the RICS photons will at least partially screen an accelerating electric field. In522

self-consistent models of pulsar polar cap pair cascades (Timokhin 2010; Timokhin & Arons 2013), the523

More accurate magnetar RICS cascades with photon splitting

Harding, Wadiasingh, 
Baring+ 2025 in prep
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Figure 12. Left panel: Same as Figure 10 for a case where RICS energy losses are included in the primary
electron dynamics. Right panel: Same as left panel for surface magnetic field strength B0 = 50Bcr.

screening is non-steady with primary accelerated particles producing bursts of pairs that completely524

screen the electric field, followed by further cycles of acceleration, pair production and complete525

screening. The end result is a non-steady beam of primary particles, whose energy is limited by526

pair screening, that produce a full cascade above the screening zone while su!ering radiative losses527

(Timokhin & Harding 2015). In the second case, primary electrons are injected with high Lorentz528

factors at the base of the loop through a localized electric discharge (Beloborodov & Thompson529

2007), the scenario assumed in the Monte Carlo simulations of Beloborodov (2013b). In either case,530

the primary electrons end up losing energy to RICS drag over a large part of their trajectory. The531

exception may be a case where the primary electron acceleration produces Lorentz factors below 102,532

where the RICS loss rate is negligible through the whole trajectory and there are too few pairs to533

screen the electric field (see Table 1). The two cases result in very di!erent pair multiplicity, for534

primary Lorentz factors ω0 ↭ 102, with multiplicities ↭ 104 in the cases without RICS loss but < 100535

in the RICS loss cases.536

In both cases, the cascade RICS spectra are dominated by either split photons or SR from pairs.537

For large viewing angles near the start of the electron trajectory, where the local magnetic fields538

are highest, split photon emission dominates over at least part of the spectrum. At smaller viewing539

angles near the top of the loop, the pair SR dominates over most of the spectrum. The split photon540

spectra have the same photon index as the RICS spectra, but the pair SR spectra are much softer541

since the pairs have a spectrum of energies. Beloborodov (2013b) assumed that all pairs are produced542

at threshold in the ground state, so that the spectra have no SR components. However, we find that,543

More accurate magnetar RICS cascades with photon splitting

Harding, Wadiasingh, 
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More accurate Magnetar RICS cascades with photon splitting
16 Harding et al.

Table 1. Pair Generations and Multiplicity

No RICS losses RICS losses

rmax = 4 ω0 ω0
B0/Bcr 10 102 103 10 102 103

10 3 4 5 3 6 4

9→ 10→8 4.8→ 104 2.7→ 104 9→ 10→8 15 62

50 5 5 4 5

7.8→ 103 7.8→ 103 5 20

rmax = 6

10 6 6

4→ 104 2.4→ 104

ICS

739

5872

11004

1474 3010 9877

5414 633

0.006 0.17 220

0.04

0.02

0.03 0.50

0.05

Figure 9. Genealogy of cascade from a single primary electron of constant Lorentz factor, ω0 = 103, on a
closed field loop of maximum radius rmax = 4, with surface magnetic field strength B0/Bcr = 10 (see also
right panel of Figure 10). Di!erent generations, increasing from top to bottom occupy each row and the
numbers of photons and pairs in each generation are shown. Blue, pink and orange circles are ICS photons,
split photons and pairs respectively. Orange arrows represent pair production. Blue arrows represent photon
splittings, with ↑ mode photons producing two ↓ mode photons. Green squiggles represent pair synchrotron
photons that either split or pair produce.

plicity decreases with B0/Bcr since at the higher surface field strengths, photon splitting attenuation444

is dominant for the ↑ mode over a larger part of the primary electron trajectory. The dependence445

of pair multiplicity with ω0 is more complicated. In the no RICS loss case, the multiplicity increases446

Harding, Wadiasingh, 
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More accurate Magnetar RICS cascades with photon splitting

Magnetar Pair Cascades 13

g = 102

B0 = 10 Bcr ||
⊥ No RICS losses RICS losses

!! = 300

900

1200 

!! = 300

900

1200 

600

Figure 5. Left panel: Same as Figure 3, left panel, for electron Lorentz factor ω0 = 102 and surface dipole
field strength, B0 = 10Bcr. Right panel: Same as left panel but with resonant Compton scattering energy
loss included in the electron dynamics.

g0 = 103            

B0 = 10 Bcr ||
⊥!! = 300 !! = 900

Figure 6. Top panels: Photon spectral energy distributions of primary resonant inverse Compton scattering
(pink, εv = 30→ and blue, εv = 90→), photon splitting (purple) and pair synchrotron radiation (green) from
a pair cascade on a closed dipole field loop with maximum radius, rmax = 4 for → and ↑ photon polarization
from a primary electron with no RICS energy losses. Bottom panels: Polarization fraction, (↑ ↓ →)/(↑ + →),
as a function of photon energy for the total spectra above.
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LPTs

Extragalactic 
LPTS

‘Slow’ radio 
bursts

‘Short’ 
LPTs

Ultra- 
LPTs

Many more LPTs will be found given 
current discovery rate


Extra-galactic LPTs will be uncovered


Sensitive X-ray/optical observations of 
nearby and high latitude sources crucial


New sources will bridge the gap between 
pulsars and LPTs


see e.g., Wang et al. 2025, 41sec pulsar 
appears to not rotationally powered)

Nanoshot 
FRBs

Caleb et al., 2024

Observational Outlook



Mechanisms for Producing 
ULPMs - enhanced spin-down



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

𝑃̇

𝑃̇

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) 

𝐿𝑝𝑤 > 𝐿𝑑𝑖𝑝

𝑅𝑜𝑝𝑒𝑛~𝑅𝑁𝑆(
𝐵2

𝑑𝑖𝑝𝑅2
𝑁𝑆𝑐

𝐿𝑝𝑤 )
1/4

𝑃̇ ∝ 𝑃

𝑃𝑓 = 𝑃0exp(
𝑡
𝜏

)



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 

𝑅𝑚~𝑅𝑐 𝑡3𝜁/7

𝑀̇ ∝ 𝑡−𝜁

𝜁 𝑀̇

𝜁

Beniamini, Wadiasingh, Metzger 2020


