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3School of Physics, University of Melbourne, Parkville VIC 3010, Australia
4ARC Centre of Excellence for Gravitational Wave Discovery (OzGrav), Hawthorn VIC 3122, Australia

Accepted ?. Received ?; in original form ?

ABSTRACT

The radio pulsar GLEAM-X J162759.5–523504.3 has an extremely long spin pe-
riod (P = 1091.17 s), and yet seemingly continues to spin down rapidly (Ṗ <
1.2 × 10−9 ss−1). The magnetic field strength that is implied, if the source is a neu-
tron star undergoing magnetic dipole braking, could exceed 1016 G. This object may
therefore be the most magnetised neutron star observed to date. In this paper, a crit-
ical analysis of a magnetar interpretation for the source is provided. (i) A minimum
polar magnetic field strength of B ∼ 5 × 1015 G appears to be necessary for the star
to activate as a radio pulsar, based on conventional ‘death valley’ assumptions. (ii)
Back-extrapolation from magnetic braking and Hall-plastic-Ohm decay suggests that
a large angular momentum reservoir was available at birth to support intense field am-
plification. (iii) The observational absence of X-rays constrains the star’s field strength
and age, as the competition between heating from field decay and Urca cooling im-
plies a surface luminosity as a function of time. If the object is an isolated, young
(∼ 10 kyr) magnetar with a present-day field strength of B & 1016 G, the upper limit
(≈ 1030 erg s−1) set on its thermal luminosity suggests it is cooling via a direct Urca
mechanism.

Key words: stars: magnetars, magnetic fields, pulsars: GLEAM-X J162759.5–
523504.3

1 INTRODUCTION

Hurley-Walker et al. (2022) recently reported that observa-
tions, made between January and March of 2018 with the
Murchison Widefield Array (MWA) in the 72 − 231 MHz
band, revealed the presence of a pulsating Galactic source,
since named GLEAM-X J162759.5–523504.3 (henceforth
GLEAM-X J1627), which is 88 ± 1% linearly polarised.
Barycentric correction and alignment of the pulses estab-
lished a periodicity with a pulsar-like regularity, P =
1091.1690(5) s, and further that the source is slowing down
at a best-fit rate of Ṗ = 6×10−10 s s−1. (Though we note the
data can only confidently assert that |Ṗ | < 1.2×10−9 ss−1).
The characteristic (polar) magnetic field strength relevant

for a neutron star, B ≈ 6.4 × 1019
√
PṖ G (e.g., Ruder-

man & Sutherland 1975), is arguably in excess of 1016G.
Furthermore, since the pulse structure of the source varies
on ∼hour-long timescales in a way that is similar to what

? arthur.suvorov@manlyastrophysics.org

is seen from known radio magnetars, Hurley-Walker et al.
(2022) offered the tantalising conclusion that the source is an
ultra-long period magnetar (see also Ronchi et al. 2022; Ekşi
& Şaşmaz 2022; Gençali, Ertan & Alpar 2022; Katz 2022).
This would likely make GLEAM-X J1627 the most magne-
tised neutron star observed to date1 (Olausen & Kaspi 2014;
Coti Zelati et al. 2018).

Followup searches by the Swift X-ray Telescope (XRT)
found no evidence for thermal or soft X-rays (Hurley-
Walker et al. 2022). Upper limits to the photon count
were placed which, depending on the spectral fit, imply
an upper limit to the flux. The strongest limit is placed
at 1.9 × 10−13 erg s−1cm−2 for the absorbed flux in the
0.3–10keV band, with a marginally lower value (≈ 1.5 ×
10−13 erg s−1cm−2) applying for a blackbody fit at kT ∼

1 A list of known magnetars and their properties is main-
tained at http://www.physics.mcgill.ca/~pulsar/magnetar/

main.html; see also the Magnetar Outburst Online Catalogue

http://magnetars.ice.csic.es.
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0.1 keV. Based on the greatest distance allowed by the
dispersion measure, dmax = 1.8 kpc, this gives LX 6 7 ×
1031 erg s−1 (Hurley-Walker et al. 2022). A deeper search
using the Chandra X-ray Observatory was carried out by
Rea et al. (2022), who placed the even stricter upper limit
LX 6 2 × 1030 erg s−1, with the exact bound depending on
assumptions about the spectral shape. The latter upper limit
would generally be expected of persistent, thermal emis-
sions from a & Myr-old magnetar (Thompson & Duncan
1996; Turolla et al. 2011; Olausen & Kaspi 2014). Should
GLEAM-X J1627 be a magnetar, its existence as a radio,
but not an X-ray, source has a number of interesting impli-
cations for emission physics and magnetic field evolution in
neutron stars, some of which we explore in this work.

It is generally put forth that electron-positron pair pro-
duction, likely occurring in magnetospheric ‘gaps’, is a nec-
essary ingredient to spark the radio emissions seen from pul-
sars (Goldreich & Julian 1969; Sturrock 1971; Ruderman &
Sutherland 1975) (though cf. Melrose, Rafat & Mastrano
2021). Depending on the topological properties of the stel-
lar magnetic field, a variety of different ‘death lines’, defined
through the threshold to generate the requisite pairs, com-
prise an overall ‘death valley’ (Chen & Ruderman 1993; Hi-
bschman & Arons 2001). Requiring that GLEAM-X J1627
reside outside of the valley allows us to assess the validity of
a number of evolutionary scenarios. Having some idea about
what surface field structures are permissible for the object
‘today’, we can back-extrapolate from analytic or numeri-
cal simulations of Hall-plastic-Ohm decay in stellar crusts
(Lander & Gourgouliatos 2019; Gourgouliatos, De Grandis
& Igoshev 2022; Kojima, Kisaka & Fujisawa 2022) to see
what magnetic conditions at birth are indicated.

An intense magnetic field within the stellar core is ex-
pected to lead to ambipolar heating (Goldreich & Reiseneg-
ger 1992; Aguilera, Pons & Miralles 2008), as charged con-
stituents (e.g., protons) experience Lorentz forces that the
uncharged components (e.g., neutrons) do not, leading to a
kind of collisional friction that gradually heats up the star
at the expense of the magnetic energy. From models of core-
crust heat transfer (Potekhin et al. 2003; Turolla et al. 2011;
Viganò et al. 2013; Anzuini et al. 2022a), we can estimate
the surface luminosity implied by the competition between
ambipolar diffusion, mechanical dissipation, Joule heating,
and particle backflow against neutrino cooling (Beloborodov
& Li 2016). The absence of thermal X-rays may then hint at
an upper limit to the magnetic field strength, which can be
compared with the requirements set by the radio activation.

In this paper, we revisit the magnetar interpretation of
GLEAM-X J1627 in the context of death valley physics (Sec.
2.1), Hall-plastic-Ohm evolutions (Sec. 2.2), braking mecha-
nisms (Sec. 2.3), field amplifications at birth (Sec. 2.4), and
ambipolar heating (Sec. 3). The conclusions are summarised
in Sec. 4, emphasising that they depend on details of the
model and cannot be asserted strongly based on the limited
data at hand. Quantities written with numerical subscripts
are logarithmically normalised, e.g., B16 = B/1016 for field
strength B measured in G.

2 MAGNETAR NATURE OF GLEAM-X J1627
AND RADIO OBSERVATIONS

Between January and March 20182, 71 pulses from GLEAM-
X J1627 were detected by the MWA which, after alignment
and barycentric correction, revealed a Galactic source puls-
ing with period P = 1091.17 s. The best-fit value for the
period derivative is Ṗ = 6 × 10−10 s s−1, though Hurley-
Walker et al. (2022) noted that their analysis cannot exclude
even larger values Ṗ < 1.2× 10−9 s s−1. For a neutron star
moment of inertia I0 ∼ 1045 g cm2, the spin-down luminos-
ity associated with the object is then Ėsd ≈ 4π2I0Ṗ /P

3 ∼
1028 erg s−1, which is several orders of magnitude lower than
the observed radio luminosity Lν ≈ 4 × 1031 erg s−1, esti-
mated assuming a best-fit distance of d = 1.3 ± 0.5 kpc.
This puzzling feature, which is unique to GLEAM-X J1627,
has prompted interest in a white dwarf interpretation for
the source, essentially to boost I0 (Loeb & Maoz 2022; Katz
2022). However, Erkut (2022) argue that the beaming angle
assumptions made by Hurley-Walker et al. (2022) may be in-
appropriate for an object with such a long spin period (see
also Szary et al. 2014; Szary, Melikidze & Gil 2015), and the
radio luminosity may in fact be closer to ≈ 3× 1026 erg s−1

– much lower than Ėsd.
In the standard picture of magnetic-dipole braking (cf.

Sec. 2.3), the characteristic magnetic field strength for a

neutron star reads Bp ≈ 6.4× 1019
√
PṖ G. The P -Ṗ upper

limits therefore hint towards a huge magnetic energy. This
observation, combined with the high degree of linear polari-
sation in the pulses, led Hurley-Walker et al. (2022) to sug-
gest that GLEAM-X J1627 may be a magnetar. In this Sec-
tion, we examine this suggestion in the theoretical context
of radio emission mechanisms (Sec. 2.1), crustal magnetic
field evolution (Sec. 2.2), braking physics (Sec. 2.3), and nu-
merical simulations of birth properties (Sec. 2.4). The Swift
XRT observations of GLEAM-X J1627 are then discussed
in Sec. 3.

2.1 Death valley

A neutron star crust provides a reservoir of free electrons
that are continuously accelerated into the magnetosphere by
induction-generated electric fields as the star spins. In ‘gap’
regions where the Goldreich & Julian (1969) charge den-
sity is comparatively low, the electric field along magnetic
field lines can be sufficiently intense that photons emitted by
accelerated charges possess the requisite energy to pair pro-
duce. It is generally put forth that e+e− production is an es-
sential ingredient in the powering of coherent radio emissions
from neutron stars (Sturrock 1971; Ruderman & Sutherland
1975; Chen & Ruderman 1993; Hibschman & Arons 2001)
(cf. Melrose, Rafat & Mastrano 2021). Secondary charges

2 Hurley-Walker et al. (2022) note that while the MWA, over the

course of its eight years of operation, has accumulated around
. 200 hours of observing time within 15◦ of GLEAM-X J1627,

the data span many different array configurations, frequencies,

and observing modes. It is therefore difficult to formally deduce
the source duty cycle. Uncertainties notwithstanding, they argue

that a ∼ 2% duty cycle is likely, similar to the ∼ 5% cycle of the

radio-loud magnetar XTE J1810–197 (Eie et al. 2021).
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generated by curvature- or inverse-Compton-produced pho-
tons can themselves be accelerated and emit photons3, cul-
minating in a pair cascade. Beam instabilities, where free
energy associated with streaming motions is transferred to
plasma waves, then lead to radio emission (though again
cf. Melrose, Rafat & Mastrano 2021, who argue this picture
requires revision).

In this scenario, there is a maximum potential drop,
∆Vmax, which can be produced in the magnetosphere, viz.

∆Vmax ≈
2π2BdR

3
?

c2P 2
, (1)

for stellar radius R?, speed of light c, and polar dipole
strength Bd. This maximum must exceed that which is re-
quired for the pair production mechanism to activate. In a
curvature radiation and polar-gap scenario, this entails (Ru-
derman & Sutherland 1975)(

e∆Vmax

mec2

)3 ~H
2mecR2

c

Bp
BQED

&
1

15
, (2)

where BQED = m2
ec

3/e~ ≈ 4.4×1013 G is the Schwinger field
for electron mass and charge me and e, respectively, ~ is the
reduced Planck constant, and H denotes the gap thickness.
Note that the numerical factor 1/15 in (2) depends weakly
on the angle made between the direction of photon prop-
agation and B; see the discussion around equation (19) in
Ruderman & Sutherland (1975) for more details. Moreover,
the polar field strength Bp may exceed the dipole value, Bd,
which is the relevant quantity at large radii. The curvature
radius of a magnetic field line, Rc, scales inversely with the
multipole order. Depending on the assumptions one places
on the magnetic configuration, most notably H, Rc, and
Bp/Bd, a variety of possible ‘death lines’ arise.

There are two main radii characteristic to the magne-
tosphere of an isolated object, being the stellar radius and
the light-cylinder radius, RLC = cP/2π. Chen & Ruderman
(1993) posit that depending on the magnetospheric twist, H
and Rc can assume a variety of values that are built from
these two radii, such as (R?RLC)1/2, R?(R?/RLC)1/2, and so
on. For polar-gaps, the thickness H may also scale with the
dimensionless ratio β = Bp/Bd, as multipoles can dominate
over the dipole component near the stellar surface. In real-
ity, a force-free magnetospheric model, though possibly with
some displacement currents, is necessary to determine the
gap size and curvature radius self-consistently for some field
geometry. Nevertheless, we can explore the various extrema
by taking the approximate scalings considered by Chen &
Ruderman (1993) and others.

Following Chen & Ruderman (1993) (though see also
Hibschman & Arons 2001; Szary, Melikidze & Gil 2015),
there are four types of polar-gap scenario that we consider:

(a) Pure central dipole. This is the simplest such model,
where Bp = Bd, Rc = (R?RLC)1/2 and H =
R?(R?/RLC)1/2. The required field strength for pair-

production is Bd,min = 2.2× 1012(P 15/8R
−19/8
6 ) G.

3 Above hot polar caps with temperatures exceeding ∼ 106 K,
collisional interactions between photons could potentially also

produce abundant pairs through the Breit & Wheeler (1934) in-

teraction γγ → e+ + e− (Jones 2022).

Table 1. Minimum polar dipole field strengths required for

GLEAM-X J1627, assuming a death line according to the charac-
terisation given in the main text. The final column shows Bd,min

for a canonical radius R6 = 1, with the bracketed number corre-

sponding to a larger radius of 13 km. The second column indicates
the strength of the surface field relative to the dipole component,

which influences the cap thickness, H, and curvature radius, Rc.

Magnetic geometry Bp/Bd Bmin
d,16 (R6 = 1.3)

(a) Pure dipole 1 101 (58.8)

(b) Twisted dipole 1 2.30 (1.32)

(c) Starspot 2 2.10 (1.21)

5 1.88 (1.08)
10 1.72 (0.99)

(d) Twisted multipoles 2 0.279 (0.165)
5 0.222 (0.131)

10 0.187 (0.111)

(b) Twisted dipole. As above, though instead Rc = R?. We

find Bd,min = 2.7× 1011(P 13/8R
−17/8
6 ) G.

(c) Starspot configuration. Numerical simulations of
crustal Hall drift tend to find that concentrated ‘mag-
netic spots’ emerge near the polar-cap (e.g., Viganò
et al. 2013; Suvorov, Mastrano & Geppert 2016), where
Bp � Bd. Taking Rc = R? and a reduced cap
size H = β−1/2R?(R?/RLC)1/2 yields Bd,min = 2.7 ×
1011(β−1/8P 13/8R

−17/8
6 ) G.

(d) Twisted multipoles. Similar to case (c), though with
maximum pitch angle between the magnetic field and the
direction of emitted photons, sin θ ≈ H/Rc (and thus
H ≈ Rc = R?). Effectively, one assumes the magne-
tosphere is so twisted that a curvature-radiation photon,
emitted almost parallel to B, crosses another part of the
cap’s open field line bundle at a large angle. This gives
Bd,min = 9.2× 1010(β−1/4P 3/2R−2

6 ) G.

Table 1 displays the minimum polar dipole strength
Bd,min, in the context of the death lines (a)–(d) described
above, for a range of surface-to-dipole ratios, Bp/Bd, and a
canonical radius R? = 10 km, such that GLEAM-X J1627
can activate as a radio pulsar. Taking instead a stellar ra-
dius of 13 km allows for an easier switch on, as shown by the
numbers in parentheses. Rows show different values for the
relative strength of multipoles, which influence the curva-
ture radius and gap thickness, as described above. Although
lines (b) through (d) imply high multipole orders (` & 102)
when interpreted via the numerical simulations of Asseo &
Khechinashvili (2002), for instance, magnetohydrodynamic
evolutions in proto-magnetars indicate that the generation
of high-order multipoles in the interior is a generic quality
of strongly-magnetised systems (Kiuchi et al. 2018; Lander
et al. 2021). Lander et al. (2021) found that truncating their
numerical output to harmonic expansions with `max < 32 led
to sizeable inaccuracies in the inferred field strength (see also
Sec. 2.2). Fallback accretion onto the proto-star, or later in
life, can also twist field lines near the stellar surface (Melatos
& Priymak 2014; Suvorov & Melatos 2020).

We emphasise that the above models, while phenomeno-
logical, represent the extrema that could be expected for a
given activation mechanism. It is unlikely that any given

© ? RAS, MNRAS 000, 1–12
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line applies to the entirety of the neutron star population at
all times. For example, magnetospheric twists (lines b and
d) and starspots (line c) are dynamical in nature and sub-
ject to diffusion, implying that the radius of curvature is
a function of time. Regarding magnetars in particular, Be-
loborodov (2009) suggests that their radio activation may
be related to quake activity in the crust, where overstressed
zones fracture and flow plastically, dragging the magnetic
footpoints with them and pumping a current (‘j-bundle’)
into the magnetosphere (see also Beloborodov & Thomp-
son 2007). Overshearing events may also be expected from
spindown (Baym & Pines 1971), which tends to be faster
in magnetars. Magnetospheric twists can survive on & year-
long timescales (Parfrey, Beloborodov & Hui 2013), until the
field lines relax to the pre-twist (or some other) equilibrium.
During a twisting episode one may expect that either lines
(b) or (d) apply, after which a dipole or starspot configura-
tion is reinstated (lines a or c) depending on the surface-field
multipolarity. This may help to explain why certain magne-
tars are radio loud while others are not, depending on the
waiting time between twist injections (see also Morozova,
Ahmedov & Zanotti 2012).

Detailed simulations of pair cascades in magnetar envi-
ronments were carried out by Medin & Lai (2010) to ex-
amine whether the polar gap story, discussed above, ap-
plies in super-strong fields (see also Thompson & Duncan
1996; Baring & Harding 1998; Beloborodov & Thompson
2007). Although they find the cascade proceeds differently
for fields above and below BQED, mostly because of the sup-
pression of synchrotron emission in strong fields, the over-
all multiplicity λ is relatively insensitive to B. The energy
spectrum of electron-initiated cascades depends mostly on
the polar-cap voltage, and hence the spin period, and not
B alone. The critical multiplicity, necessary for radio acti-
vation, that they find in the strong-field case is λdeath ≈
1.5× 107(Bp/1012G)−1/6(Rc/108cm)2/3 (see their Sec. 4.2).
For untwisted dipoles this implies Bd,min ∝ P 2, similar to
line (a) though marginally steeper. For highly-twisted fields
with Rc ∼ R, one recovers lines qualitatively similar to ei-
ther (b) or (d) from their results, depending on the field
topology. Therefore, although the overall slope of death lines
in B-P space may vary depending on how the cascade pro-
ceeds, the death valley defined as the area spanned by lines
(a) through (d) is a reasonable approximation for the valley
extrema, even for magnetars4.

Figure 1 shows death lines in the context of the wider
neutron star population. Although noting the caveats dis-
cussed above, we see that all known, pulsating objects lie
above the overall valley, with the possible exception of
GLEAM-X J1627 (shown by a black star). The vertical axis
shows the dipolar field strength of known objects, which is
relatively uncertain: one requires a braking model to esti-
mate this quantity. We assume that the standard magneto-
dipole picture [equation (5) with n = 3] applies, though

4 Given the high degree of nulling and that only bright and vari-
able single pulses were detected from GLEAM-X J1627, it may be

that the radio activity is not attributable to traditional cascades.
Different death lines altogether may apply, such as the fast radio
burst death lines described by Wadiasingh et al. (2020), which

can be satisfied with somewhat weaker fields (see their equation
9).

allow for uncertainties in the inclination angle, π/4 6 α 6
π/2, and the stellar radius, 10 6 R?/km 6 13. Note that
polarisation data from radio pulsars indicate that α spans
an even larger range (e.g., Rankin 1990). Therefore, indi-
vidual death lines have some width, and pulsar positions on
the diagram have some uncertainty (see Tab. 1). Although
the mean of line (a) cuts right through the middle of the
population, inclinations tending towards alignment weaken
the intrinsic torque, and thus predict a larger B for a given
Ṗ . It was argued by Contopoulos & Spitkovsky (2006) that
radio pulsars may evolve towards an aligned configuration
(α→ 0), and hence even line (a) could be sufficient in most
cases. Evolution towards alignment is also observed in 3D
magnetospheric simulations (Philippov, Tchekhovskoy & Li
2014) (though cf. Lander & Jones 2018). For many systems
however it is likely that dynamical phenomena, such as mag-
netospheric twist injections via magnetically- (Beloborodov
2009) or spindown-induced (Baym & Pines 1971) quakes,
or starspot formation (Zhang, Gil & Dyks 2007), play a
role in pair cascade phenomena. Lines (b) through (d) may
therefore only apply sporadically over∼ year-long timescales
(Parfrey, Beloborodov & Hui 2013).

In the context of Fig. 1, we see that the pure dipole
[model (a)] is unable to explain the radio switch-on of
GLEAM-X J1627 unless the polar field takes on super-
virial values, Bp & 1018 G. This is in contrast with all
(other known) radio-loud magnetars, namely PSR J1745–
2900, PSR J1622–4950, XTE J1810–197, 1E 1547.0–5408,
Swift J1818.0-1607, PSR J1119–6127 and SGR 1935+2154
(red stars). This line fails to explain the pulsar population
at large though, cutting through the middle of the diagram.
Only in the case of a highly-twisted configuration [model
(d)] can the local field of GLEAM-X J1627 assume values
Bp . 1016 G. For these models, the minimum required for
the surface field is still greater than the maximum polar field
amongst all other 31 known magnetars, with the runner up
being SGR 1806–20 (Olausen & Kaspi 2014), an extraor-
dinarily bright and young (< kyr) burster, which boasts a
polar field strength Bp ≈ 4× 1015 G.

The uncertainty implied by the final column of Tab. 1
is a lower limit, as consideration of outer gap models (Chen
& Ruderman 1993), thermionic emissions (Szary, Melikidze
& Gil 2015), and general-relativistic corrections (Hibschman
& Arons 2001) can also adjust the voltage drop. Outer-gap
models, however, tend to fare worse. For example, for the
partially-inclined, outer magnetosphere accelerator model
[Eq. (27) of Chen & Ruderman (1993)], the relevant death
line, 5 logBp − 12 logP ≈ 69.5, demands a magnetic field
for GLEAM-X J1627 that exceeds the virial limit. Szary,
Melikidze & Gil (2015) argued, in the context of a partially-
screened gap, that the polar cap must be below some crit-
ical B-dependent temperature, else thermionic emissions
effectively screen the acceleration potential (such consid-
erations are pertinent to the observational absence of X-
ray emissions; see Sec. 3). Similarly, the general-relativistic
Lense-Thirring corrections discussed by Hibschman & Arons
(2001) may be important for GLEAM-X J1627, despite its
long spin period, because the Goldreich & Julian (1969)
plasma density and the Lense-Thirring frequency both scale
linearly with the rotation rate. Näıvely applying the ‘low-
altitude’ estimate for the pair multiplicity computed by Hib-
schman & Arons (2001), which includes Lense-Thirring pre-
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Figure 1. Bd − P diagram overlaid with death ‘lines’ (a)–(d), as shown by the coloured curves (see plot legends). Each curve comes

with some thickness because we allow for uncertainties in the stellar radius, 10 6 R?/km 6 13, and the polar-to-dipole field strength

ratio, 1 6 β 6 10. Overlaid are known objects, with available Ṗ measurements, from the ATNF pulsar catalogue (http://www.atnf.
csiro.au/research/pulsar/psrcat; Manchester et al. 2005) with ‘ordinary’ radio pulsars shown by black diamonds, those in binaries

with black squares (for which B-field estimates are even more uncertain as they depend on accretion assumptions), radio-loud magnetars

with red stars, and radio-quiet magnetars with blue circles. The (vacuum dipole) upper limit for GLEAM-X J1627 is indicated with a
black star. The Bd values for other pulsars come from the standard dipole-braking formula (5) with n = 3 for a range of obliquities

(π/4 6 α 6 π/2); these variations, together with those on R? and timing errors on Ṗ , imply some uncertainty on the dipole strength. For

magnetars (except J1119), mean values from the McGill catalogue are used (Olausen & Kaspi 2014). In principle, all objects lie above
the overall valley, defined as the area between the top of line (a) and the bottom of line (d), with the possible exception of GLEAM-X

J1627, unless it has a highly-twisted magnetosphere (Rc ∼ R?) with a polar dipole field strength exceeding ∼ 1015G.

cession and is appropriate when Bp/(1012 G) & P/(1 s) [see
their Eq. (69)], we obtain a minimum polar field strength
Bp,min ≈ 2 × 1016 G, comparable to lines (b) and (c). The
Hibschman & Arons (2001) models however invoke cap tem-
peratures set by backflowing positrons, which may be unre-
alistically low for GLEAM-X J1627 because internal heating
driven by field decay is likely to be non-negligible (see Sec.
3); thermal transport simulations would be necessary to self-
consistently assess the valley structure in this case.

2.2 Hall-plastic-Ohm decay

A simplified picture of the neutron star crust is that of a
rigid, ion lattice strewn with mobile electrons. The latter
carry a current as they flow relative to the ions, gradually
advecting the field lines that thread the crust. This pro-
cess of Hall drift, while conserving magnetic energy, can act
to accelerate Ohmic decay through a sequence of cascades
to smaller-scale magnetic structures, possibly aided further
by thermoelectric effects (see Gourgouliatos, De Grandis
& Igoshev 2022, for a review). The Hall timescale obeys

τHall ∝ B−1, and thus magnetar crusts are particularly
prone to field decay. Depending on the initial conditions
however, the system may enter into an ‘attractor’ state
where the Hall term vanishes (Gourgouliatos & Cumming
2014). Although we will not consider this complication fur-
ther, a Hall-stalled evolution may help GLEAM-X J1627 to
maintain a strong field while cooling quickly as it ages.

As magnetic gradients form, Maxwell stresses are ex-
erted on the crust. For magnetar-like field strengths B &
1015 G, the crust may not be sufficiently malleable to ab-
sorb these stresses, and rather a crustal failure may occur
(Duncan 1998; Lander et al. 2015). Crustquakes are popu-
lar models for the progenitors of magnetar outbursts, such
as giant flares (e.g., Göǧüş et al. 2000) or fast radio bursts
(e.g., Suvorov & Kokkotas 2019). Once the crust experi-
ences a failure however, it is unlikely to ‘heal’ immediately
and rather may enter a state of azimuthal shearing termed
plastic flow (Beloborodov & Levin 2014; Lander & Gourgou-
liatos 2019; Kojima, Kisaka & Fujisawa 2022). Plastic flow
is generally a dissipative process, and thus depending on the
‘plastic viscosity’, the Hall effect may be enhanced, implying
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that numerical Hall-Ohm (as opposed to Hall-plastic-Ohm)
investigations underestimate the degree of field decay. On
the other hand, plastic flows can move against the existing
flow of the electron fluid (Gourgouliatos & Lander 2021),
and thus inhibit magnetic dissipation by counteracting the
formation of the small-scale (i.e., highly multipolar) mag-
netic substructures most susceptible to Ohmic decay. The
density-dependent, and hence radially-stratified, nature of
the electron fluid flow also facilitates the growth of a toroidal
field, making an investigation of a realistic Hall-plastic-Ohm
system a challenging task.

The evolution of the crustal magnetic field B is de-
scribed by the induction equation

0 =
∂B

∂t
+∇×

[ c

4πene
(∇×B)×B

− vpl ×B +
c2

4πσ
∇×B

]
,

(3)

for electron number density 1034 . ne/cm−3 . 1036 and
conductivity 1016 . σ/s−1 . 1024, where vpl denotes the
plastic flow velocity. The lower limit for the electrical con-
ductivity applies to the crust-magnetosphere interface, while
the latter is appropriate for the inner crust (Akgün et al.
2018). A proper description for vpl, including a determina-
tion of characteristic plastic speeds, requires an additional
equation of motion, typically set by the requirement that
a Stokes flow is induced in regions of excess stress (deter-
mined, e.g., by the von Mises criterion; Lander et al. 2015).
Following Aguilera, Pons & Miralles (2008), we construct an
approximate model by replacing the gradient operator with
the inverse of a relevant lengthscale, L, yielding (see also
Lander 2022)

dB

dt
= − B

B0

B

τHall
+
vplB

L
− B

τOhm
, (4)

with τHall = 4πeneL
2/cB0 and τOhm = 4πσL2/c2 read off

from (3), with small-scale structures dominating the choice
of L. Equation (4), which is subject to the initial condi-
tion B(0) = B0, reduces to the phenomenological Hall-Ohm
model of Aguilera, Pons & Miralles (2008) when vpl = 0.

In the simulations of Lander & Gourgouliatos (2019), it
was found that larger B0 values lead to swifter plastic flows,
and more precisely that doubling B0 leads to an approxi-
mately 3-fold increase in vpl. For magnetar-level fields and
low plastic viscosities, these authors (see also Gourgouliatos
& Lander 2021; Gourgouliatos, De Grandis & Igoshev 2022)
found that vpl can approach a few hundred cm per year
in regions where field lines are particularly tangled. How-
ever, slower plastic speeds emerge in the bulk of the crust,
and no flow at all occurs in unstressed regions. As we have
washed out all spatial dependencies in building relation (4),
the flow is nominally non-zero everywhere, rather than only
in regions localised around failures. We thus consider instead
spatially-averaged speeds of vpl . 40 cm yr−1 for cases with
ultra-strong fields. Note that if vpl is negative (i.e., if one
takes ∇ → −1/L rather than ∇ → 1/L), plastic flow in-
stead accelerates field decay; such cases have been observed
in the studies cited above, depending on the plastic viscosity.

Figure 2 shows solutions to equation (4) for several ini-
tial field strengths 1 6 B16 6 50, in both the Hall-Ohm
(Aguilera, Pons & Miralles 2008, solid curves) and Hall-
plastic-Ohm (dashed curves) cases, where the plastic flow

B0=10
16G

B0=510
16G

B0=10
17G

B0=510
17G

vpl=0.5cm/yr

vpl=3.8cm/yr

vpl=7.5cm/yr

vpl=38cm/yr

(d): Bp,min=410
15G

0.01 0.10 1 10 100
1014

1015

1016

1017

Time (kyr)

B
p
(G

)

Figure 2. Evolution of the polar field strength, Bp(t), given as a

solution to equation (4) for both Hall-Ohm (vpl = 0, solid curves)

and Hall-plastic-Ohm (vpl 6= 0, dashed curves) evolutions, for sev-
eral birth field strengths and plastic velocities (see colour-coded

legends). The dotted, horizontal line shows the minimum field
strength set by the type (d) death lines with Bp/Bd ∼ 2 consid-

ered in Sec. 2.1.

velocity is chosen to scale with B in the manner described
above. To provide an optimistic but realistic5 scenario, we
set L = 105 cm, ne = 1036, and σ = 1024 s−1; smaller val-
ues lead to faster decays. When vpl 6 0, the field enters a
state of rapid decay after ∼ 1 kyr, reducing by an order of
magnitude after only ≈ 2 kyr in the ultra-strong case with
B0 = 5 × 1017 G. The dotted line illustrates the minimum
field strength required to fulfil the death valley requirements
discussed in Sec. 2.1. We remind the reader that even if the
dipole field is of order Bd ∼ 1015 G, the surface field implied
by the death valley constraints is of order & 4× 1015 G; see
Tab. 1.

Demanding that Bp & 4×1015 G at present implies that
the system can be at most ∼ 20 kyr old independently of the
birth field strength if plastic flow is ignored, because one has
τHall ∝ B−1

0 . Such a conclusion may be in tension with the
observed spin period of GLEAM-X J1627 (see Sec. 2.3), un-
less the star underwent a period of extreme spin-down early
in its life (from, e.g., propellering fallback material shortly
after birth, as discussed by Ronchi et al. 2022; Gençali, Er-
tan & Alpar 2022). Including a sufficiently rapid plastic flow,
vpl & 30 cm yr−1, however stalls the impact of the Hall ef-
fect (Gourgouliatos & Lander 2021), allowing the field to
decay only on the true Ohmic timescale, τOhm � 102 kyr.
In this case, field strengths of order & 5 × 1015 G can be
maintained over relatively long timescales if B0 ∼ 1017 G.

2.3 Braking mechanism

Neutron stars in isolation spin down gradually as electro-
magnetic and gravitational torques are applied, the mag-
nitude of which can be phenomenologically quantified in
terms of a braking index, n. For a centered dipole that never

5 Note that, because |∇B|/B ∝ `−1 for a general `-pole, if one

were to assume a purely dipole field for all t, a longer lengthscale

L . R? could be justified, which would extend the Hall time. Such
an assumption would, however, be inconsistent with the twisted

surface configurations studied for death valleys in Sec. 2.1.
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decays one has n = 3, while for a general `-pole we have
n = 2` + 1. Leading-order contributions from gravitational
radiation, being quadrupolar, also give n = 5, though with
a different prefactor. Values n < 3 are also possible for an
oblique and/or precessing rotator (Melatos 1997, 1999), or in
cases where particle outflows dominate the spin-down torque
(Harding, Contopoulos & Kazanas 1999; Thompson et al.
2000). It is therefore useful to consider an evolution with an
arbitrary braking index.

The spin evolution of an inclined rotator in vacuum can
be described by (e.g., Manchester & Taylor 1977)

Ṗ = (2π)n−1 B
2
p sin2 αP 2−nR3+n

?

6I0cn
, (5)

for moment of inertia I0 and magnetic inclination angle α.
The quantity n in (5) represents the observational brak-
ing index only if Bp is constant, though in the absence
of P̈ data we treat it as phenomenological. We adopt the
general-relativistic Tolman VII equation of state, for which
I0 = 0.38M?R

2
? (Lattimer & Prakash 2001) for stellar mass

M?. Equation (5) provides two useful pieces of information.
Firstly, the present-day observations of P and Ṗ provide
an estimate for Bp for a given braking index. Secondly, by
solving equation (5) for some (time-dependent) choices of
n and Bp, one can infer the age of the system. Given that
we anticipate the object was born rapidly rotating so as to
explain its large field strength (see Sec. 2.4), its present-
day period must far exceed its birth period P0, though age
(τ) estimates from equation (5) are insensitive to P (0) for
P (0) � P (τ). Note that magnetospheric (Spitkovsky 2006;
Philippov, Tchekhovskoy & Li 2014), spheroidal, general rel-
ativistic, or offset corrections (Pétri 2022) can be accounted
for in the above to adjust the effective Bp value; one ob-
tains a hybrid Spitkovsky (2006) formula, for example, by
replacing B2

p sin2 α in expression (5) with B2
p(1 + sin2 α).

We solve equation (5) simultaneously with the volume-
averaged induction equation (4) for several values of Ṗ (τ) 6
1.2× 10−9ss−1 (Hurley-Walker et al. 2022) assuming an or-
thogonal rotator, α = π/2. We fix n by demanding Bp(τ) =
5× 1015 G, as it is difficult to explain the present-day radio
switch on if the field is weaker (see Fig. 1, keeping in mind
the caveats noted in Sec. 2.1). The three a priori free pa-
rameters, namely B0, τ , and n, are uniquely determined by
the specified values of Ṗ (τ), Bp(τ), and P (τ). Solutions are
built through a shooting method: a set of initial conditions
are iteratively determined such that there exists an age τ
for which the aforementioned conditions are met.

Figure 3 shows the evolutions of the spin period (top
panel) and the polar magnetic field (bottom) for cases where
plastic flow is ignored. Even for a relatively large range of the
present-day period derivative, 6.0× 10−11 6 Ṗ (τ)/(ss−1) 6
1.2×10−9, the evolutions proceed in a similar manner. This
occurs because we require that the present-day B field is still
strong, Bp(τ) = 5×1015G, so as to accommodate the death
valley minima discussed in Sec. 2.1. In the run with Ṗ (τ) =
6.0× 10−11 ss−1, for example, the birth field strength must
exceed 1017G so that it can survive long enough (until τ =
12kyr) to ensure that the present-day switch-on minimum is
met, which implies greater spindown during early times t�
τ . As such, even if a factor & 10 weaker Ṗ (τ) is assumed than
the best-fit value reported by Hurley-Walker et al. (2022),
predictions for the age are quantitatively similar in cases
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Figure 3. Solutions to equation (5) for the rotational period
P (t) (top panel), assuming a time-dependent magnetic field Bp(t)

whose evolution is governed by (4) (bottom panel), for a variety

of Ṗ (τ) values (see plot legends). The plastic velocity is set to
zero in these examples. The age, braking index, and birth field

strengths are set by the conditions that P (τ) = 1091.17s and
Bp(τ) = 5× 1015G for some given value of Ṗ (τ).

where plastic flow and other torques are inactive (cf. Ronchi
et al. 2022; Gençali, Ertan & Alpar 2022).

By contrast, evolutions carried out for vpl 6= 0 are shown
in Fig. 4. In these cases, Ṗ (τ) makes a significant difference
for the age prediction: for Ṗ (τ) = 1.2 × 10−9 ss−1 we find
τ = 8kyr, while for the smaller value Ṗ (τ) = 6.0×10−11 ss−1

the age prediction increases to τ = 47kyr. This is because
plastic flow stalls field decay (see Fig. 2), allowing the star
to match Bp(τ) = 5×1015G without having to be born with
a field exceeding 1017G. In this way, spindown is slower in
the early stages and the star can be older. Increasing the
plastic velocity can increase the age further; in the limit
that vpl → ∞ (or τOhm → ∞) the field does not decay at
all, and the age is simply given by the characteristic value
τ ∝ P (τ)/Ṗ (τ), which can be arbitrarily large if Ṗ tends
towards zero.

2.4 Birth conditions: field amplification

To a large degree, it remains an open question as to how
magnetars acquire their intense fields, especially large-scale
dipoles. The saturation amplitude of the core field in the case
of dynamo activity shortly after birth could reach . 1016 G
for convective heat fluxes of order & 1039 erg cm−2s−1

© ? RAS, MNRAS 000, 1–12



8 A. G. Suvorov & A. Melatos

n=2.65, P

= 1.210-9ss-1

n=2.69, P

= 6.010-10ss-1

n=2.84, P

= 6.010-11ss-1

τ=
8
ky
r

τ=
10
ky
r

τ=
47
ky
r

PGLEAM-X J1627 = 1091 s

0.01 0.10 1 10 100

50

100

500

1000

Time (kyr)

S
pi
n
pe
ri
od

(s
)

n=2.65, P

= 1.210-9ss-1

n=2.69, P

= 6.010-10ss-1

n=2.84, P

= 6.010-11ss-1

τ=
47
ky
r

τ=
10
ky
r

τ=
8
ky
r

B(τ)=51015G

0.01 0.10 1 10 100

1×1015

5×1015

1×1016

5×1016

1×1017

Time (kyr)

P
ol
ar
fi
el
d
st
re
ng
th

(G
)

Figure 4. Similar to Fig. 3, though with a non-zero plastic ve-
locity whose value is set by the scaling discussed in Sec. 2.2, i.e.,

doubling B relative to some fixed value implies a 3-fold increase

in vpl, where we set vpl = 0.5 cm yr−1 for B0 = 1016G.

(Thompson & Duncan 1993). Provided that an ‘inverse cas-
cade’ can operate, where energy from turbulent patches is
transferred into a large-scale dipole (cf. Guilet et al. 2017;
Raynaud et al. 2020), birth fields of this magnitude are suf-
ficient for all of the known Galactic magnetars.

Mechanisms beyond dynamo activity can amplify a
magnetic field. In particular, the Kelvin-Helmholtz and
magneto-rotational instabilities can potentially lead to satu-
ration magnetic energies of order Umag ∼ 1051 erg provided
that the star is born with a (sub-)millisecond period (Kiuchi
et al. 2018; Ciolfi 2020a,b; Shibata, Fujibayashi & Sekiguchi
2021). We stress however that numerical studies reporting
such large magnetic energies do so in the context of merger
remnants, which generally possess more angular momentum
and seed magnetic fluxes than stars born from core-collapse.
Regardless, magnetic energies of this order imply an up-
per limit to the volume-averaged magnetic field strength at
birth, viz.

〈B〉max ≈ 7.7× 1016

(
Umag

1051 erg

)1/2(
R?

10 km

)−3/2

G. (6)

If the core field is at least as strong as the surface one
(see also Sec. 3), expression (6) implies that Bp . 〈B〉max.
The numerical simulations referenced above therefore sug-
gest it is difficult to justify values exceeding Bp(t = 0) ∼
1017 G (though cf. Suvorov & Glampedakis 2022), even if
toroidal fields (Glampedakis & Lasky 2015) or intense mag-

netic spots (Viganò et al. 2013; Suvorov, Mastrano & Gep-
pert 2016) are localised in the crust.

3 IS THE MAGNETAR HYPOTHESIS
EXCLUDED BY THE ABSENCE OF
X-RAYS?

Follow-up searches were carried out with the Swift X-
ray Telescope for 2 ks. An upper limit of FX < 1.9 ×
10−13 erg s−1cm−2, is found for the flux in the 0.3–10keV
band, with FX < 1.5× 10−13 erg s−1cm−2 applying instead
for a blackbody fit6 at kT ∼ 0.1 keV. Based on the greatest
distance allowed by the dispersion measure, dmax = 1.8 kpc,
this gives LX 6 7 × 1031 erg s−1 for the X-ray luminosity
(Hurley-Walker et al. 2022). A followup search conducted by
Rea et al. (2022) implies an even tighter upper-limit for this
dmax, LX 6 2×1030 erg s−1. In this section, we review mod-
els of thermal regulation in magnetars as a means to predict
the surface temperature as a function of field strength (Sec.
3.1), which is quantitatively applied to GLEAM-X J1627 in
Sec. 3.2.

3.1 Heating and cooling

The absence of thermal X-rays in particular poses a chal-
lenge to the magnetar interpretation of GLEAM-X J1627:
the magnetised electron-proton plasma in the core experi-
ences friction with the approximately static neutron fluid,
gradually heating up the star while depleting magnetic en-
ergy (Goldreich & Reisenegger 1992).

Ambipolar heating, which sets a floor value to the tem-
perature for a given age, is counteracted by neutrino cooling
(Turolla et al. 2011; Ho, Glampedakis & Andersson 2012;
Viganò et al. 2013; Anzuini & Melatos 2021; Anzuini et al.
2022a). There is, therefore, a quasi-static balance tempera-
ture, Tbal, set by matching the (time-dependent) heating and
cooling rates, which generally must be several times 108 K
to explain observations from active magnetars (Thompson
& Duncan 1996; Beloborodov & Li 2016).

Performing a volume average, the core temperature evo-
lution can be approximately described by the first law of
thermodynamics,

CV
dTcore

dt
= Q̇B − Q̇ν , (7)

for heat capacity CV ≈ 2 ×
1020(Tcore/109K)(ρ/ρnuc)

1/3 erg K−1cm−3 (Beloborodov &
Li 2016). Here, Q̇B and Q̇ν are the heating and cooling rates
provided by magnetic field decay and neutrino emission,
respectively. The quantity ρnuc is the nuclear saturation
density, which may be exceeded in the core of a particularly
heavy neutron star or if the equation of state (EOS) is
soft. For the Akmal, Pandharipande & Ravenhall (1998)

6 Note that, in general, power-law components and not just one
or more blackbodies are also needed to fit magnetar spectra, see

Table 2 in Coti Zelati et al. (2018). For 4U 0142+61, for example,
blackbody emissions represent ∼ 25% of the total X-ray power
(Rea et al. 2007). Spectral complications can be accounted for

crudely in the models here via the efficiency parameter ε intro-
duced below.
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EOS [which passes constraints from GW170817 (Abbott
et al. 2018) and can accommodate the heaviest pulsar
observed to date, PSR J0740+6620, with M = 2.08+0.07

−0.07M�
(Fonseca et al. 2021)], a star of mass 1.39M� has a central
density ρc = 9 × 1014 g cm−3 ≈ 3.2ρnuc. This increases to
ρc = 1.1× 1015 g cm−3 for a 1.66M� star.

Following Beloborodov & Li (2016) and others, the
two main cooling mechanisms we consider are the modified
(mUrca) and the fast, direct Urca (dUrca) mechanisms; the
former is thought to be the dominant neutrino mechanism in
(non-superfluid) nucleon matter (ρ . 2ρnuc; Yakovlev et al.
2002), while the latter may activate in the core of particular
dense stars (ρ ∼ 4ρnuc; Lattimer et al. 1991). The presence
of hyperons may reduce fast cooling thresholds (Anzuini &
Melatos 2021; Anzuini et al. 2022a).

The mUrca cooling rate can be approximated by
(Friman & Maxwell 1979)

Q̇Mν ≈ 7×1020

(
Tcore

109K

)8(
ρ

ρnuc

)2/3

RM erg s−1cm−3, (8)

where RM 6 1 is a suppression factor relevant if either pro-
tons or neutrons are superfluid, whereupon the breaking of
Cooper pairs instead becomes the dominant cooling mech-
anism at densities ρ ∼ ρnuc (e.g., Page et al. 2009). We
henceforth ignore such complications in our phenomenologi-
cal heating model (7), though these should be considered in
realistic magnetothermal modelling if the core temperature
drops below the superfluidity onset value 1 . Tcrit/108K .
10 (Potekhin, Pons & Page 2015). The dUrca cooling rate
is given by (Lattimer et al. 1991)

Q̇Dν ≈ 1027

(
Tcore

109K

)6

erg s−1cm−3, (9)

which exceeds (8) by several orders of magnitude for tem-
peratures in the range of interest.

The rate of heating, provided by ambipolar diffusion,
can be estimated through (Beloborodov & Li 2016)

Q̇B ≈
τpn
ρp

(
B2

4πL

)2

, (10)

for core field strength B which varies over lengthscale L,
where 1/τpn denotes the rate of p-n collisions per proton (ig-
noring core exotica), given by (Yakovlev & Shalybkov 1990)

τ−1
pn ≈ 4.7× 1018

(
Tcore

109K

)2(
ρ

ρnuc

)−1/3

s−1. (11)

In the simplified model (7), a magnetar, born with tem-
perature T0 . 1011 K, reaches a quasi-static balance temper-
ature Tbal (i.e., dT/dt = 0) after & 10 years (even less with
dUrca), where the temperature remains until field decay sets
in (∼kyr for B ∼ 1016G). Assuming a present-day core field
of ∼ 1016G, these balance temperatures read

TMbal ≈ 8× 108

(
B2

16

L5

)1/5(
ρ

ρnuc

)−7/30

K, (12)

for mUrca, and

TDbal ≈ 1.3× 108

(
B2

16

L5

)1/4(
ρ

ρnuc

)−1/12

K, (13)

for dUrca.
Core-crust thermal transport depends primarily on the

chemical composition of the stellar envelope and the mag-
netic stratification, which influence the photon opacity (Tsu-
ruta et al. 1972). Given a surface temperature Ts, the flux

Fs = σSBT
4
s , (14)

for Stefan-Boltzmann constant σSB ≈ 5.67 ×
10−5erg cm−2 s−1K−4, defines a surface luminosity

Ls = 4πR2
?

∫ 1

0

d (cos θ)Fs. (15)

The co-latitude (θ) dependence in (15) comes through the
angle between the magnetic field, assumed dipolar (see be-
low), and the surface normal (see Beloborodov & Li 2016, for
more details), which affects the thermal conductivity tensor.
For a slow source (i.e., ignoring rotational corrections to the
metric tensor), the redshifted luminosity seen by an observer
at infinity is then L∞s = Ls(1− 2GM?/c

2R?).

3.2 Magneto-thermal modelling

Numerical simulations for the core-surface temperature re-
lationship were carried out by Potekhin et al. (2003). Us-
ing their analytic fits (which are too long to repeat here;
see their Appendix A), we calculate the luminosity an ob-
server expects to see from GLEAM-X J1627 as a function
of the core field strength, assuming the system is in thermal
quasi-equilibrium with balance temperature (12) (mUrca) or
(13) (dUrca) and that there are no other heat sources. For
young (� kyr) stars or ones where Joule heating, mechani-
cal heating, or positron backflow from the magnetosphere is
also significant, higher temperatures are expected. We fur-
ther assume an iron envelope, as a crust composed of lighter
elements (e.g., accreted materials) conducts heat more ef-
ficiently and predicts a higher Ts for a given B. Landau
quantization, which we also ignore, similarly leads to higher
temperatures, because electrons are forced to move along
the field lines, thereby suppressing their ability to transfer
heat radially.

Figure 5 shows the balance temperature (12) (red
curves; left axis) as a function of the core field strength,
where we consider core densities of ρ = ρnuc (upper curves)
and ρ = 4ρnuc (lower curves) and the mUrca cooling rate
(8). Figure 6 is similar, though instead with the dUrca
rate (9); note the different scales. To provide an optimistic
outlook, we take L = R? so that the magnetic energy is
predominantly concentrated in low multipoles (cf. Footnote
5). The right axes (blue curves) show the surface luminos-
ity (15) witnessed by an observer at infinity. These fig-
ures illustrate that there is generally an upper limit for
the core field strength implied by the absence of X-rays.
For example, even if we assume a tiny X-ray efficiency
of ε . 0.1% (i.e., LX . 10−3L∞s ), the Chandra observa-
tions of GLEAM-X J1627, which translate into an upper-
limit of LX ∼ 1030 erg s−1 (Rea et al. 2022), require core
field strengths of B . 3.1 × 1014 G for ρ = ρnuc and
B . 5.5 × 1014 G for ρ = 4ρnuc, as shown by the dashed,
vertical lines in Fig. 5. Larger, percent-level efficiencies place
even tighter constraints. The corresponding limits for dUrca
are much less restrictive, viz. B . 5.2×1015 G for ρ = 4ρnuc
for ε = 0.1%, or B . 1.8× 1014 G for ε = 10%.

In the magnetothermal evolutions carried out by
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10 A. G. Suvorov & A. Melatos

Figure 5. Quasi-static core temperatures (red curves) set by bal-

ancing mUrca cooling and ambipolar heating [expression (12);

left axis], as a function of the magnetic field strength, for two
different densities, ρ = ρnuc (upper curve) and ρ = 4ρnuc (lower

curve). The right-axis (blue curves) shows the predicted, redshift-

corrected surface luminosity (15). An upper limit to L∞s implies
an upper limit to the internal B field, thereby issuing a con-

straint on GLEAM-X J1627, for which LX,max ≈ 1030 erg s−1.

The solid, horizontal line corresponds to this upper limit for a
conversion efficiency of ε . 0.1%, i.e., LX . 10−3L∞s , which

translates into upper limits for B (dashed, vertical lines) for a
given core density.

Figure 6. Similar to Fig. 5 though with direct Urca cooling (9)

and also a greater efficiency, ε = 10% (lower, solid line).

Anzuini et al. (2022b), it was shown that the surface lumi-
nosity of a 1.8M� magnetar (B & 1015 G) with Joule heating
only dips below & 1033 erg s−1 at times t . Myr post-birth,
even if there are hyperons and fast cooling mechanisms are
active (see Figures 1 and 2 therein). This estimate, which
is a factor ∼ 5 more restrictive than the most optimistic,
ambipolar model used here (see Fig. 6), is at odds with the
minima required by the radio activation mechanisms (see
Fig. 1). This casts doubt on a magnetar interpretation for
the source, unless the thermal luminosity is much higher,
or the system is old (Ronchi et al. 2022; Gençali, Ertan &
Alpar 2022; Beniamini et al. 2022). We emphasise however
that a realistic investigation for GLEAM-X J1627 requires
a proper magnetothermal evolution in the presence of an
ultra-strong field, which is difficult (though see Rea et al.
2022).

We close by noting that the magnetothermal study of
Perna & Pons (2011) found that the waiting time distribu-

tion for flares from young (. kyr) magnetars peaks at ∼ 1 yr,
and thus the absence of any flare phenomena in the ∼ 2 ks
window, where the source was observed with Swift, is not
entirely surprising. For a source that is several kyr old, the
peak of the waiting time distribution shifts to & 3 yr. Fur-
thermore, bursts may be missed if beamed away from Earth,
making it less clear how long one might need to observe be-
fore expecting a flare. However, a plastically-flowing crust
could be even hotter than one that never breaks because
thermoplastic waves can dissipate magnetic energy, the ef-
fects of which resemble deflagration fronts in combustion
(Beloborodov & Li 2016). Targeted searches would be use-
ful in this direction to shed light on the matter.

4 CONCLUSIONS

The source GLEAM-X J1627 was recently discovered by
Hurley-Walker et al. (2022), who reported an extremely long
spin period (P = 1091.17s) together with a possibly large
period derivative (|Ṗ | < 1.2×10−9 ss−1). The magnetic field
strength implied, assuming a neutron star undergoing mag-
netic dipole braking (though see Loeb & Maoz 2022; Katz
2022, for a white dwarf interpretation), comfortably exceeds
1016 G when using the best-fit value Ṗ = 6.0 × 10−10 ss−1

(Ruderman & Sutherland 1975). In this paper, a critical
examination of the magnetar interpretation is carried out,
though under the proviso that model-based specifics are in-
escapable and conclusions cannot be asserted strongly based
on the limited data at hand.

Magnetospheric gap models require a minimum mag-
netic field strength, for a given period, for the switch-on of
the star as a radio pulsar (Goldreich & Julian 1969; Stur-
rock 1971; Hibschman & Arons 2001; Medin & Lai 2010).
For canonical stellar parameters, we find in Sec. 2.1 that
minimum fields of order ∼ 1016 G appear to be necessary,
even when assuming a high degree of multipolarity, long-
lived twists in the magnetosphere (Beloborodov 2009), and
small curvature radii Rc ∼ R (Medin & Lai 2010). If the star
has a large radius, R? & 13 km, this requirement may drop
to Bp,min . 5 × 1015 G. Standard electromagnetic braking
theory suggests that the star is between ∼ 10 and 50 kyrs
old, depending on the historical braking index and field evo-
lution model (though cf. Ronchi et al. 2022; Gençali, Ertan
& Alpar 2022; Beniamini et al. 2022). Assuming ages much
larger than 10 kyr and a present-day ∼ 5×1015 G polar field,
a Hall-Ohm back-extrapolation implies a birth strength of
. 1017 G, and further that field decay was stalled to some
degree, possibly by plastic opposition of the electron fluid
motion in the crust (Lander & Gourgouliatos 2019; Gour-
gouliatos, De Grandis & Igoshev 2022). This points towards
there having been a large angular momentum reservoir at
birth to support intense field amplification via some com-
bination of dynamo activity, Kelvin-Helmholtz action, or
magneto-rotational instabilities (Ciolfi 2020a,b).

A simple magneto-thermal model is employed in Sec. 3
to show that the competition between heating induced by
field decay and neutrino cooling implies a particular sur-
face luminosity, depending on assumptions on the thermal
conductivity, stellar composition, and Urca channel. The
lack of strong thermal emissions from the source (LX .
1030 erg s−1; Rea et al. 2022) is difficult to reconcile with the
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radio requirements, unless fast cooling mechanisms are in
operation (Lattimer et al. 1991). A heavier star with larger
moment of inertia, which is generally easier to cool quickly
(Anzuini et al. 2022a), could also help to alleviate the ten-
sion between the available spin-down power and observed
radio luminosity; see Sec. 2.

Another clue about the nature of GLEAM-X J1627
comes from the transient character of its radio pulsations.
Hurley-Walker et al. (2022) noted that the source (visibly)
pulsated for only 3 months and then abruptly turned off,
indicating an overall duty cycle of only ∼ 2% within the ob-
servational monitoring window (see also Footnote 2). This
could occur, if the source hovers near the death line, with
magnetohydrodynamic evolutions triggering its descent into
the graveyard around March of 2018. For example, a crustal
fracture may have injected twist into the magnetosphere
prior to the object’s discovery, allowing it to temporarily
access line (d); see Fig. 1. In the case of the so-called ro-
tating radio transients (RRATs), which similarly display
high degrees of nulling, it was suggested by Zhang, Gil &
Dyks (2007) that concentrated starspots may emerge near
the poles, sporadically allowing the host star to rise above
the death line (see also Sec. 2.1, Suvorov, Mastrano & Gep-
pert 2016, and references therein).

Magnetar-like X-ray bursts are known to suppress radio
pulsations in many neutron stars; bursts observed in PSR
J1119–6127 by XMM-Newton and NuSTAR were coincident
with the shut-off of the source as a radio pulsar (Archibald
et al. 2017), for example [see also Coti Zelati et al. (2018) for
a discussion on other sources]. If GLEAM-X J1627 is regu-
larly bursting, as would be expected if Bp & 1016 G and the
crust frequently succumbs to Maxwell stresses, this could
also explain the high degree of nulling. The absence of any
X-ray activity (Hurley-Walker et al. 2022) casts doubt how-
ever on this interpretation, though geometric factors related
to beaming and directionality may explain this. Finally, the
population study recently conducted by Sheikh & MacDon-
ald (2021) indicates that there is a (weak) correlation be-
tween the spin period and nulling fraction in radio pulsars.
The high nulling fraction and long spin period of GLEAM-X
J1627 fits within this scenario. Regardless, further monitor-
ing of the source in both the radio and X-ray bands will help
to unveil its magnetar nature or otherwise.

If indeed GLEAM-X J1627 boasts a polar field strength
greater than 1016 G, as suggested by its place in the P–Ṗ dia-
gram and the death valley considerations (Sec. 2.1), it would
have been an ample source of gravitational waves when
born. Even in the absence of a toroidal field, the quadrupo-
lar ellipticity of the source could easily reach ∼ 10−4 (e.g.,
Haskell et al. 2008; Mastrano et al. 2011). The source, lo-
cated ∼ 1.3 kpc from Earth (Hurley-Walker et al. 2022),
would have been visible to the advanced Laser Interferom-
eter Gravitational-Wave Observatory (aLIGO) for P � 1s.
From the braking analysis given in Sec. 2.3, if the birth pe-
riod was at most a few ms (as argued in Sec. 2.4), the source
would have been sufficiently bright in gravitational waves
to enable detection for ∼ years. The existence of GLEAM-
X J1627 therefore adds further incentive to perform blind,
gravitational-wave searches for magnetar-like sources (see
also Beniamini et al. 2022).
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