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Pulsars are rapidly spinning neutron stars, that radiate at the expense of their strong magnetic field
and their high surface temperature. Five decades of multi-wavelength observations showed a large
variety of physical parameters, such as the spin period, the magnetic field and the age, and of
observational properties, especially in the radio and X-ray band. Isolated neutron stars have been
classified according to the presence of thermal or non-thermal emission, and whether they show
a constant flux, rapid flares and bursts or long-standing outbursts. One of the current challenges
in the study of such objects is to explain these different manifestations in the context of a unified
evolutionary picture. On the other hand, recent findings show that the classes of isolated neutron
stars are more connected than previously thought, and that non only magnetars hold a complex

magnetic field topology in the crust and above the surface.
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1. The Isolated Neutron Stars zoology

Neutron stars have been detected for the first time as radio pulsating sources in 1967 [1], and
in the subsequent fifty years more than 3300 have been registered! [2]. They have mainly been
discovered thanks to the detection of their pulsed non-thermal emission, at wavelengths spanning
from radio to y-rays, and they can be isolated stars or members of a binary system.

The energy that sustains pulsar emission is supplied by their fast rotation (Section 1.1), via
the braking operated by their intense magnetic field, that is assumed to be dipolar. Under these
very simple assumptions, three characteristic quantities can be inferred from the period P and its
derivative P: the so-called spin-down luminosity

Ero = 4% Ins PP, (1)

where Ins ~ 10% g cm? is the moment of inertia, the dipolar magnetic field on the surface

Baip = 3.2x 10Y (PP)!2 G, )
and the characteristic age
P
Te = —, 3
©= 55 3)

that takes this form if the current period is way larger than the initial period Py.

With the advent of X-ray satellites and all-sky surveys, several thermally emitting isolated
neutron stars (IN'Ss) have been discovered at the center of supernova remnants (SNRs) (Section 1.3),
or as serendipitous sources with a very soft X-ray stable spectrum (Section 1.4), or as extremely
flaring sources (Section 1.2).

P and P play a fundamental role in characterizing the pulsar properties, and the neutron star
population is usually represented in the P — P diagram (shown in Figure 1), as the ordinary stars
are represented in the Hertzsprung-Russell diagram; the different classes of INSs are placed on
different zones of the diagram.

In the following, I will review the main X-ray properties of INSs and the links that are emerging
among the different classes. On this topic, see also [3-6].

1.1 Rotation-powered pulsars

The rotation-powered pulsars (RPPs) are the bulk of INSs and are detected because of their
pulsed emission. Nowadays more than 3000 RPPs are known, and they have been detected from
the radio band to the very-high energy y-rays (see e.g. the recent result on Vela pulsating emission
at 20 TeV [8]). They also show optical/UV/X-ray thermal emission from the cooling surface and
from hot spots heated by returning currents [9, and references therein].

RPPs fill the central region of the P — P diagram (Figure 1, black dots); a newborn pulsar
appears in the top-left corner and, according to the magnetic-dipole braking model, it evolves along
the Bgijp constant lines (dashed), crossing the 7. constant lines (dotted). The bottom-right corner of
the plot is empty because when pulsars cross the so-called “death line” [7], they are too old and too
slow to maintain the required potential difference for pair production in the vacuum gap [10, 11].

thttps://www.atnf.csiro.au/research/pulsar/psrcat/.


https://www.atnf.csiro.au/research/pulsar/psrcat/

X-ray observations of INS Michela Rigoselli

10° \~L\IIIIIIIJ. [T TTTTIT [T TTTTIT [ T TTTTI [ T TTTTII
1_0“6 Rotation!powered pulsar

High-B pulsar ~ _ ~ B
Magnetar
XDINS

Period Derivative [ss™']

Ll NREESH Ccol L L Lol NN
1073 1072 107! 10° 10! 10°
Period [s]

Figure 1: P — P diagram of pulsars. The bulk of the pulsar population is made up of the rotation-powered
pulsars (black dots), sub-divided into high-B pulsars (green diamonds) and millisecond pulsars (orange dots).
A significant fraction of the pulsars (10%) are in a binary system (grey circles). The other classes of INSs
plotted here the magnetars (blue dots), the XDINSs (red squares) and the CCOs (light blue triangles). Lines
of equal characteristic age (dotted, 10* — 10'? yr) and equal dipole magnetic field (dashed, 10® — 10'* G) are
indicated. The radio pulsar death line B/P? = 1.7 x 10'! G s72 [7] is also shown. The data are taken from
the ATNF Pulsar Catalogue [2].

Actually, there is a population of RPPs that have 7. > 1 Gyr that are still detected: they are
known as millisecond pulsars (MSPs) because of their short and stable period (P < 16 ms [12],
P < 1078 557! see Figure 1, orange dots). They are old pulsars that have been spun up through the
accretion of matter from the binary companion at some time in the past, as part of a binary system.
The majority of them still have a companion star and they emit powerful non-thermal emission in
the radio and X-ray band, plus thermal X-rays from heated polar caps (see e.g. [13] for a review).

Among the young RPPs, there is a sub-sample of objects having magnetic fields larger than

m2c3

:h ~4.4%x10° G 4)

Bgep =

(see Figure 1, green diamonds). They are usually referred to as high-B pulsars (see the review
[14]), and they do not constitute a separated class of INSs, but they act as ordinary pulsars most of
the time, and suddenly show bursting phenomena as the magnetars (see Section 1.2) or share the
spectral properties of the XDINS (see Section 2.1).
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1.2 Magnetars

Magnetars? are INSs that have been discovered thanks to their repeated bursting activity3 [16]
and pulsating emission (P ~ 2 —12s, P ~ 107 = 107!2 s s7!) in the X-ray band. It was soon clear
that they could not be powered by rotation, as their X-ray luminosity exceeds E; by some orders
of magnitude, but by their very strong magnetic field [17-19] (Bgip ~ 104 — 10" G, see Figure 1,
blue dots). Recent reviews on magnetars are [20, 21], see also Andrei Beloborodov’s contribution.

The persistent X-ray emission of magnetars is characterized by soft thermal spectra (kKT ~
0.2 — 0.6 keV) plus a power-law component in the hard X-ray band with photon index I' = 1 — 4,
commonly interpreted as resonant Compton scattering of thermal photons by charged particles
flowing along the closed field lines of the twisted magnetosphere [22]. The continuum is often
absorbed by absorption features [23, 24, e.g.] that, if interpreted as proton cyclotron features provide
a magnetic fields

myc _ Eabs
Beyep = Eabs%(l +2)7 =~ ; keV 1.3x 10" G, 5)

where z ~ 0.2 is the gravitational redshift.

Recently, polarization patterns from the three brightest magnetars in quiescence were detected
between 2 — 8 keV by the IXPE satellite [25-27], see also Roberto Taverna’s contribution. In the
radio band only few magnetars are detected, and they are characterized by large variability both
in flux and pulse profile shape on timescale of days, by a very flat spectrum (@ > —0.5) and high
polarization [28, 29].

Recent discoveries challenged the long standing belief that magnetars must posses supercrit-
ical magnetic fields (Eq. 4): there are radio pulsars that sometimes show bursting activity (PSR
J1846-0258 [30], PSR J1119-6127 [31]) and there are neutron stars acting like magnetars but
with a dipolar magnetic field lower than 4 X 1013 G (SGR J0418+5729 [32], Swift J1822—-1606
[33] and 3XMM J1852+0033 [34]). This topic was considered in more details in [35]. Detailed
calculations show that a local magnetic field > 10'* G should be necessary to break the crust,
in order to produce bursts and outbursts [36, 37]; these values can be provided by the internal
toroidal components and higher-order multipoles [e.g. 38]. For this reason, objects with similar
dipolar magnetic field strength as inferred from their timing parameters can display very different
behaviors.

1.3 Central Compact Object

The central compact objects (CCOs) form a class of INSs that are found in the center of young
(0.3 — 7 kyr) SNRs, that emit only in the X-rays and have no counterparts at any wavelength [39].
A review on these objects can be found in [40].

At present, the class counts a dozen objects, three of which are pulsators [41-43]. The CCOs
are detected in the soft X-ray range, and their spectra are exclusively thermal, with high temperatures
(0.2 = 0.5 keV) and very small emitting radii (ranging from 0.1 to a few km). Two sources show
absorption features at 0.7 — 0.8 keV [44, 45], that have been interpreted as electron cyclotron lines

2A catalog of magnetars can be found at http://www.physics.mcgill.ca/~pulsar/magnetar/main.html, see also [15].
3See also http://magnetars.ice.csic.es/#/outbursts for a complete catalogue of outbursting magnetars.
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due to a magnetic field of the order of

mecC ~1 E b 9
Beyee = Eabsi(l +2)7 & 01 k::V 7.2x10° G. (6)

The three pulsating CCOs (see Figure 1, light blue triangles) have periods of 0.1—-0.4 s and spin
derivatives of about 10717 s s! [46, 47], from which weak dipole magnetic fields (Bgip, ~ 10'° G)
and high characteristic ages (7. ~ 108 yr) are derived. This is at variance with the SNR associations,
and the reason could be that the approximation of Eq. 3 is no longer valid because these sources
have P ~ Py.

Also the picture of CCOs as weakly magnetized INSs has issues: the high pulsed fraction
(up to 64% [46]) and the steep surface temperature distribution cannot be easily explained without
invoking magnetic fields of 10'* — 10'> G [48] (see also Section 4.3). To explain this tension, the
“buried B scenario” was invoked: the actual strong field is screened by the matter which fallback
onto the star after the supernova explosion [49, and references therein]. One remarkable CCO
in SNR RCW 103 shows a 6.7-hr X-ray periodicity of yet unknown origin as well as distinctly
magnetar-like behavior [50, 51]. Such long spin periods in young non-accreting objects can be
explained in a model where a strong magnetic field of the star interacts with a fallback disc (see
Section 3.2).

1.4 X-ray-dim Isolated Neutron Stars

Among INSs, the so-called X-ray-dim isolated neutron stars (XDINSs) represent a peculiar
class of nearby sources, characterized by their thermal emission in the X-ray band, with faint
optical/UV counterparts [52] and no confirmed detection of radio pulsations [53]. Reviews on
XDINSs can be found, e.g., in [54, 55].

They are seven INSs discovered in the nineties by the ROSAT satellite and soon gained the
nickname of “Magnificent Seven”. The XDINSs have spin periods in the range P ~ 3 — 17 s and
period derivatives of a few 107'% ss~! (see Figure 1, red squares), which result in characteristic
ages of 7. ~ 1 — 4 Myr and magnetic fields of the order of a few 10> G.

Their very soft (kT < 0.1 keV) X-ray spectra are well reproduced by a simple blackbody with
little interstellar absorption, with the additional presence of broad absorption lines at 0.2 — 0.4 keV
in most sources [56-59], and narrow, phase-variable ones in few cases [60, 61]. If these lines are
interpreted as proton cyclotron features or atomic transitions [62, e.g.], and if the variable
X-ray radiation is modeled taking into account anisotropic thermal conductivity [63], the
magnetic fields estimated are of the same order as those derived from the spin-down rate
assuming magnetic dipole braking.

1.5 The magneto-thermal unification

The variety of the observational appearance of young INSs must find an explanation, given that
they cannot be different classes: the sum of their birthrates exceeds the rate of Galactic core-collapse
supernovae, which is about 1/60 yr~=! [62, 64].

The idea is to find a combination of initial distributions and evolutionary laws that allows
to unite all known types of sources in one framework; this must also include transitions between
different types of activity and appearance of hybrid behavior. Nowadays it is believed that such
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scenario must include magnetic field evolution, namely its decay and a possible re-emergence on a
time scale ~ 10%* — 10° yr, and a significant contribution of non-dipolar fields.

In a few words, the magnetic field evolves in the solid crust decaying due to the Ohmic
dissipation and the Hall drift [65-67]. The timescales of these two processes are:

droL? 6 o L 2
Tonm =~ % 44 x 10 (1024 s—l) (1 km) yr )
4rn,el’? n B = L 2
o el 6.4%10° ( ) 8
THl = — p 0 em3/Tor 6] \Tkm/ " ®)

where o is conductivity and L is the characteristic length of magnetic field variations.

On the other hand, the surface temperature lowers because of the neutron star cooling. Given
that these two quantities are related to each other and evolve together [68], they have to be studied in a
comprensive auto-consistent model, called “magneto-thermal evolution” [69, and reference therein]:
temperature affects crustal electrical resistivity, which in turn affects magnetic field evolution, while
the decay of the field can produce heat that then affects the temperature evolution.

There is quite general agreement that the magnetic field of relatively young neutron stars
decays on timescales of 10* — 10° years, depending on the conductivity, thickness of the crust,
and strength and structure of the initial field [70]. On the other hand, population synthesis
studies [71] suggest that old pulsars show no significant magnetic field decay over their life
time (timescales larger than 10°-10'0 years [72]). This issue remains somewhat open, but can
be tentatively solved by the assumption that the magnetic field is maintained by two current
systems: long living currents in the superconducting core support the large scale dipolar field
and are responsible for the spin down of old pulsars, while currents in the crust support the
short living part of the field [73].

Recent X-ray observations provided new evidences of link between the classes of INSs, and
challenge the current theoretical models.

2. Links between XDINS and RPP

The link between XDINS and RPP has been reinforced when a radio high-B pulsar was observed
sharing timing and spectral properties with the XDINSs (Section 2.1), and when weak non-thermal
emission was detected in the cumulative X-ray spectra of two XDINSs (Section 2.2).

2.1 The case of PSR J0726-2612

PSR J0726-2612 is slowly rotating (P = 3.4 s), highly magnetized (Bgjp = 3 X 1013 G)
radio pulsar: its timing parameters are in the range of those of the XDINSs, but it does show radio
pulsations. The similarity with the XDINSs was reinforced by X-ray observations with the Chandra
satellite [74], that revealed a soft thermal spectrum and pulsations with a sinusoidal, double-peaked
profile with a pulsed fraction of 30%.

Rigoselli et al. 2019 [75] analyzed deep XMM-Newton data of PSR J0726—-2612 and reported
that the soft X-ray spectrum can be well fit by two blackbodies (temperatures k7| = 74t(;1 eV and
kT, = 140*%9 eV, radii R = 10.4*%3 dypc km and Ry = 0.5%0° dipe km) plus a Gaussian line in
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91%_%23 keV and with a broadening of o = 0.08’:%_%32 keV.

The inferred magnetic field is B ~ 5 x 103 G (see Eq. 5) is in good agreement with the dipole

absorption with the line placed at £ = 0.3

magnetic field.
Assuming a distance of 1 kpc, the luminosity of PSR J0726-2612 is L = (4.0*41) x 10

ergs™!.

This is greater than its spin-down luminosity, as for the XDINSs, but is in reasonable
agreement with the expected thermal luminosity of a ~200 kyr-old pulsar.

Rigoselli et al. 2019 [75] also tried to model the double-peaked pulse profile, but no simple
model based on blackbody emission could reproduce the observed pulse profile. Whatever the
mechanism responsible for the surface emission, the presence of a strong magnetic field results in
some degree of anisotropy in the emitted radiation. In the case of a magnetized atmosphere, more
complicated energy-dependent beaming patterns are produced. The best match with the data was
obtained assuming emission from two antipodal hot spots with an effective temperature of 0.5 MK,
and (Q — u) ~ (Q —LOS), where Q and u are the rotation and the magnetic axes, respectively, and
the LOS is the direction of the line of sight.

While most of the XDINSs have single-peaked pulse profiles, two of them (RX J0720.4-3125
[76] and RX J1308.6+2127 [77]) show double-peaked profiles similar to PSR J0726-2612, although
with smaller pulsed fractions (18% and 11%, respectively). The inferred geometries for these two
objects are (Q — u) ~ 90° and (Q — LOS) = 45°; with the usual assumption that the radio beam
coincides with, or is close to, the magnetic dipole axis, such a large impact parameter can naturally
account for the fact that their radio emission is not visible from the Earth. Contrary to the two
XDINSs, PSR J0726—-2612 should lie inside this region and this might explain why it is detected
in the radio band, while the two XDINSs are not (see Figure 2, left panel).

2.2 The case of RX J1856.5-3754

The soft X-ray pulsar RX J1856.5-3754 is the brightest (Fx ~ 1.5 x 10~ ergs™' cm™2 [79])
and closest (d = 123’:1115 pc, [80]) member of the XDINS class. Its pulsation, at P = 7.05 s [81]
and P = 3 x 107'* ss™! [82], was detected despite a very small pulsed fraction PF =~ 1.2%. The
timing parameters yield Eyo; = 3.4 x 100 ergs™!, 7. = 3.7 x 10° yr and Bgip = 1.5 % 1013 G. Its
X-ray spectrum resembles a pure blackbody emission with temperature k7T =~ 60 eV, even though
the emission in the optical band (V ~ 25.7 [83]) lies above the extrapolation of a single-temperature
X-ray blackbody at low energies.

The brightness, simple spectrum, and steadiness of its emission make RX J1856.5-3754 an
ideal target for the calibration of XMM-Newton, that observed it about every six months since 2002.
Using all the 2002-2022 data from the XMM-Newton EPIC-pn camera, De Grandis et al. 2022
[78] obtained a 0.3 — 7.5 keV spectrum having 1.43 Ms of net exposure time, that showed a hard
excess with respect to the pure blackbody emission [see also 84, 85]. They report a best fit made
up of the sum of two blackbodies (temperatures k77 = 61.9 = 0.1 eV and kT, = 138 + 13 eV, radii
R; =4.92*0% kmand R, = 318 . m) and a power law (photon index I" = 1.4*%3 _flux in the 2 - 8
keV band of (2.5’:%.76) x 1071 ergs~! cm~2 (see Figure 2, right panel).

The luminosity of the non-thermal component corresponds to 1073 times the spin-down power

Eo:. This value is consistent with what is observed in rotation powered X-ray pulsars with higher

Eot [e.g. 86], so that a magnetospheric origin for this component appears as the most natural option.
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Figure 2: Left panel: Visibility of a radio beam with aperture of ~ 8° as a function of the angles between
Q—p, and Q- LOS. The estimated positions for PSR J0726-2612, RX J0720.4-3125 and RX J1308.6+2127
are shown (see Section 2.1). Adapted from [75]. Right panel: Total X-ray spectrum of RX J1856.5-3754
obtained with XMM-Newton data (see Section 2.2). The best-fitting model with two blackbody (blue and
red) and a power-law (green) components is superimposed in the top panel. The two bottom panels show
the residuals for the two-blackbody plus power law fit (2BB+PL) itself and for the two blackbody (2BB) fit,
which yield unsatisfactory residuals at E > 1 keV. On the contrary, the residuals below 0.6 keV are at a level
< 2%, well below the instrument effective area uncertainties. Adapted from [78].

Hints for pulsations above 2 keV were reported, and this would reinforce the magnetospheric origin
and the link to the RPPs.

De Grandis et al. 2022 [78] analyzed also 20 years of XMM-Newton data of RX J0420.0-5022,
the XDINS having the second highest E; of the class. They found a hard excess that can be fit either
with a second blackbody of a power law, or their sum. Also in this case, the putative non-thermal
component would have an efficiency Lpy / Eot ~ 1073, Can we expect that the other five XDINSs
have a non-thermal component too? If we assume a similar efficiency and we consider the E,ot Of
the remaining stars, the expected X-ray flux should be Fpr. < 1076 ergs~! cm~2. This level of flux
is beyond the sensitivity of the current facilities, but maybe Athena could achieve it*.

3. New (?) flavors of INSs

Thanks to X-ray (Section 3.1) and radio (Section 3.2) current facilities, new flavors of INS have
been discovered. The effort is now to make them fit into the classical magneto-thermal evolutionary
model.

3.1 Thermally emitting INSs

Calvera (1RXS J141256.0+792204) is an enigmatic X-ray pulsar with properties that do not
fit easily with those of the known classes of INSs. It was discovered in the ROSAT all sky survey

4https://www.cosmos.esa.int/web/athena/study-documents.


https://www.cosmos.esa.int/web/athena/study-documents

X-ray observations of INS Michela Rigoselli

as a soft X-ray source with high X-to-optical flux ratio, qualifying it as an INS candidate [87]. Its
spectral properties (thermal X-ray only, absence of radio or y-ray counterpart) resemble those of
XDINSs (Section 1.4) and CCOs (Section 1.3), and for these reasons it was initially considered as
a possible new member of the “Magnificent Seven” class and nicknamed “Calvera”. However, it
was later discovered that Calvera has a spin period of 59 ms [88] and is spinning down at a rate
P =3.2x10713 557! [89]. These timing parameters give a characteristic age 7. = 2.9 x 10° yr and
a dipole magnetic field Bg;, = 4.4 X 10! G, similarly to middle-aged RPPs.

A magnetized hydrogen atmosphere model, covering the entire star surface and having an
anisotropic temperature map, provides a good description of the phase-resolved spectra and energy-
dependent pulsed fraction [90]. The inferred distance d ~ 3.3 kpc, coupled with a Galactic latitude
b = +37°, provide an unusually high height above the Galactic disk (z ~ 3 kpc). This supports
the idea that Calvera was born in the Galactic halo, most likely from the explosion of a run-away
massive star or, possibly, in a more unusual event involving a halo star, such as, e.g., the accretion
induced collapse of a white dwarf.

Zane et al. 2011 [88] reported the presence of diffuse X-ray emission about 13" west of Calvera,
with spectral properties consistent with a SNR; recently, radio [91] and y-ray [92, 93] counterparts
of this remnant were discovered. These findings might imply that Calvera is younger than inferred
from its timing parameters. The refined measurement of the proper motion (coming soon) could
confirm or discard the association between Calvera and this supernova remnant.

The storage of several hundreds of ks of XMM-Newton and Chandra pointings, and the in-
creased sensitivity of the all sky survey in the soft X-ray band provided by eROSITA allowed
us to discover new INS candidates even in the absence of pulsations. This could be caused by
an unfavorable orientation of the rotation and magnetic axes, or by the intrinsic lack, or faint-
ness, of non-thermal magnetospheric emission. The most promising INS candidates are 2XMM
J104608.7—-594306 [94, 95], 4XMM J022141.5-735632 [96, 97], eRASSU J065715.3+260428
and eRASSU J131716.9-402647 [98], but with the data release of the first eROSITA catalog we
expect a significant enlargement of the sample [99, 100].

3.2 Long Period Pulsars

Finally, there is a new emergent class of pulsars characterized by a long period: PSR
J2251-3711 [P = 12.1 s, 101], PSR J1903+0433 [P = 14.0 s, 102], PSR J0250+5854 [P = 23.5 s,
103], and PSR J0901-4046 [P = 75.9 s, 104]. They are located near magnetars and XDINSs on the
P — P diagram, therefore they are characterized by high Baip ~ 10"% — 10" G and long 7. ~ 107 yr,
but they are radio sources without any X-ray counterpart [105, 106]. An even more exotic object is
without any doubts GLEAM-X J162759.5-523504.3 (hereafter GLEAM-X), that showed pulsating
radio emission with a period of ~ 18 minutes [107]. The period derivative is not measured, yet,
preventing robust determination of the source nature, but the upper limit of P < 2 x 107 ss~! sets
an incredibly strong Bgip < 3 X 106, Differently from the others long period pulsars observed so
far, GLEAM-X is a transient source with a very variable flux, showing periods of “radio outburst”
lasting a few months, a 90% linear polarization, and a very spiky and variable pulse profile. The
properties of GLEAM-X resemble in some sense those of the 6.7-hr pulsating source at the center
of SNR RCW 103, see Section 1.3.
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This new (?) class of radio pulsar challenges our comprehension of radio emission mechanism,
as they lie well below the “death line” obtained in the standard framework of inner vacuum-gap
curvature radiation®, see Figure 1, and they have a radio luminosity > E, indicating that the
emission is not generated purely by spin down but that an additional source of energy (magnetic?)
is needed. The upper limits on the X-ray luminosity confirm that they are rather old neutron stars
and do not discard the similarities with the magnetar family [108].

The location of these pulsars on the P — P diagram is hard to reconcile in the classical magneto-
thermal evolution, because such strong magnetic fields would decay in timescales smaller than the
inferred 7. (for fields ~ 10" G, Ty can be as small as ~ 100 yr, see Eq. 8). Possible solutions
are either real ages of these objects are much smaller than their characteristic ages due to large
initial spin periods, or some mechanism prevents the crustal magnetic field from decaying in time
[see 109, and refrences therein]. Associations with white dwarfs instead of neutron stars have been
considered and discarded [108], but not because of the spin periods: white dwarfs with P < 70 s
have been found both in binary systems [110, 111] and as isolated sources [112].

4. Multipolar magnetic field

In this section I will report the growing evidences that the magnetic field has complicated
field lines (multipolar and toroidal components) in the crust and above the surface also in ordinary
RPPs: they concern the polar cap size (Section 4.1), the presence of absorption features in the soft
X-ray band (Section 4.2), and the thermal surface map that can be inferred from timing and spectral
analysis (Section 4.3).

4.1 Polar cap size

When the neutron star has more than one million years, thermal X-rays are produced from hot
spots, which are heated by backward-accelerated magnetospheric particles. The relation between
non-thermal and thermal emission mechanisms is of particular interest for the study of particle
acceleration in the pulsar magnetosphere [113-116].

In the classical dipolar scenario, the hot spots are identical and antipodal, are situated in
correspondence of the magnetic poles and have a size Rgip = V 27R3/Pc ~ 145P1_S1/ 2
XMM-Newton and Chandra observations have been devoted to measure the characteristics of the

m. Several

hot spots of the brightest old pulsars. Currently, there are only eight pulsars older than 1 Myr with
a hot spot emission detected with enough confidence, while in the majority of cases the presence of
a thermal component is still under debate [117-119]. The emitting radii, inferred with blackbody
fits, are a few meters only, and not all the pulse profiles are symmetric.

It was proposed [120, 121] that such a small emitting areas can be explained if we consider
that, close to the star surface, the magnetic field is stronger than the dipolar field and described by
multipolar components:

Riip ? 2
Bpc = Baip Roc ~ 107 Bgip &)

5Although this tension can be reconciled if a space-charge-limited flow model with a multipolar magnetic field
configuration is considered [104].

10
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and the conservation of the magnetic flux through the polar cap area explain why we observe
Rpc ~ 10 — 40 m. The asymmetry of the pulse profile also denotes that the geometry of the
magnetic field close to the surface may be off-centred, and this would imply two caps non-identical,
non-antipodal, and out of phase with respect to the radio main peak. Recent results obtained with
NICER [122-125] also report evidences for non-dipolar magnetic fields, but they refer to the older
MSPs that have Bgip ~ 10° G.

These discrepancies can also be addressed using more realistic thermal models, accounting for
the effects of magnetic field on either a condensed surface or an atmosphere. It is well known that
atmospheric models are harder than blackbodies, thus yielding best-fit temperatures a factor about
two lower and, as a consequence, larger emitting areas. For three pulsars, the latter are consistent
with the dipole polar cap (PSR B0950+08 [126], PSR B0823+26 [127], PSR B0943+10 [128]).
Moreover, differently from the isotropic blackbody emission, the magnetic field imprints a beaming
on the emergent radiation, even if the surface temperature is uniform, and the resulting pulse profiles
are naturally non-symmetrical [75]. However, these models depend on many more parameters than
a simple blackbody, such as the chemical composition, the star mass and radius, the magnetic field,
the system geometry, that in most cases are unknown and are difficult to constrain in these rather
faint old pulsars.

4.2 Absorption lines

Usually, cyclotron features are detected in the (thermal) X-ray spectra of particular classes
of INSs (Sections 1.2, 1.3, 1.4), that have the appropriate magnetic field to produce electron or
proton absorption lines, respectively. On the contrary, for the ordinary pulsars (with Bgjp ~ 102 G)
neither of this conditions is satisfied at the star surface and hence no analogous cyclotron features
are expected in soft X-rays (Eqq. 5 and 6).

Nevertheless, in the last few years some ordinary RPPs (PSR J1740+1000[129], PSR B1133+16
[117], and PSR B0656+14 [119]) showed evidence for the presence of features in their X-ray spectra
at about ~ 0.5 keV. The case of PSR J1740+1000 is extremely intriguing because, after a glitch
occurred in 2012, the X-ray spectrum has changed and the absorption lines seem to have disappeared
[130].

If the electrons are responsible for such features, they must be located high in the magnetosphere,
at several stellar radii above the stellar surface where the dipole field is weaker (B o« (/R)~3). Thus,
the X-ray photons can be produced on the surface or in the magnetosphere. Alternatively, if the lines
are attributed to protons close to the star surface, then a magnetic field B = 4.5x 103 G ~ 10x Bip
is needed. This is not implausible if we consider that, on the surface, the dipole approximation may
be no longer valid, but a source of soft X-ray photons on the surface, with an extension appropriate
for this context (i.e. Rpc = Raip/ V10 ~ 40 m, see Eq. 9), is needed.

4.3 Thermal emission

The phase-resolved spectral analysis of the X-ray thermal component can help to interpret
the temperature map of the neutron star surface, that is directly influenced by the magnetic field
structure. The bulk of thermal energy is stored in the star interior, that is essentially isothermal,

3

and arises from the envelope, that is only 100 m thick and has a density up to 10'° g cm™3. In
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Figure 3: Pulsed fraction vs age (left panel) and ratio of the two emitting radii vs ratio of the two temperatures
derived from 2BB fits of thermal spectra (right panel). The black dots represent RPPs (#1 PSR J0108—-1431
[131], #2 PSR B0823+26 [127], #3 PSR B0943+10 [128], #4 PSR B0950+08 [126], #5 PSR B1929+10[132],
#6 PSR J0007+7303 [133], #7 PSR J0357+3205 [134], #8 PSR J0538+2817 [135], #9 PSR J0633+0632
[136], #10 PSR J0633+1746/Geminga [137], #11 PSR B0656+14 [119], #12 PSR B0833—45/Vela [138], #13
PSR B1055-52 [130], #14 PSR J1357-6429 [139], #15 1RXS J141256.0+792204/Calvera [90], #16 PSR
B1706—44 [140], #17 PSR J1740+1000 [130], #18 PSR J1741-2054 [141], #19 PSR B1822-09 [142], #20
PSR J1836+5925 [143], #21 PSR J1957+5033 [144], #22 PSR J2021+4026 [64]), the green dots represent
high-B pulsars (#23 PSR J0726-2612 [128], #24 PSR J1119-6127 [145], #25 PSR J1819-1458 [146]),
the red dots represent XDINSs (#26 RX J0420.0-5022, #27 RX J0720.4-3125, #28 RX J0806.4—-4123,
#29 RX J1308.6+2127, #30 RX J1605.3+3249, #31 RX J1856.5-3754 and #32 RX J2143.0+0654, [147]),
the light blue dots represent CCOs (#33 RX J0822.0—-4300 [45], #34 1E 1207.4-5209 [44], #35 CXOU
J185238.6+004020 [148], #36 1WGA J1713.4-3949 [149]; #37 XMMU J172054.5-372652 [150]; #38
XMMU J173203.3-344518 [151], #39 CXOU J232327.9+584842, [152]). Both panels show the overall
expected regions for an isotropic emission and a dipolar magnetic field [153] (in magenta) and the hot spots
from returning currents (in orange).

the presence of a strong magnetic field, the electron transport in directions perpendicular to the
field is heavily suppressed, while it is enhanced parallel to the field, resulting in an anisotropic heat
transport and a non-uniform temperature distribution on the surface [154, e.g.].

There are two quantities that are directly correlated to the temperature map: the pulsed fraction
of the thermal component, and the ratio between the multiple components that are needed to fit the
thermal spectrum. Both of these quantities are represented in Figure 3 for all the thermally emitting
RPPs (black), high-B pulsars (green), XDINSs (red) and CCOs (light blue) known.

The left panel of Figure 3 shows the pulsed fraction as a function of the INS age. There is
no correlation between the PF and the age, nor between the INS class. While for the older (> 10°
yr) RPPs the high pulsed fraction can be explained with the small size of the emitting area and a
favorable orientation of Q, u and the LOS (orange area), there are at least four objects younger
than 10* yr (PSR J2021+4026 [64], PSR J1119-6127 [145], PSR J1357+6429 [139] and PSR
J1852+0040 [148]) for which we expect that the thermal emission comes from a large fraction
of the cooling surface. In case of isotropic emission, several authors [75, e.g.] showed that the
maximum PF expected should be <0.3 (magenta area), even if the emitting area is smaller than the
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entire surface [155] and even if the temperature distribution is influenced by a dipolar magnetic field
[153]. We need a non-isotropic emission mechanism, as in the case of magnetized atmosphere,
or a highly inhomogeneous temperature distribution, that can be produced only with multipolar
component and/or toroidal component [156—158].

The right panel of Figure 3 shows instead all the INSs whose thermal spectrum can be fitted with,
at least, two blackbodies, that mimic the two extremes of a more complex temperature distribution.
Therefore in this plot all the old RPPs are excluded because the surface has cooled down and it
is not longer visible in the X-rays. The figure shows the ratios of emitting radii (Rpot/Rcola) and
temperatures (Thot/7Tco1d), values that are model and distance independent.

It is very striking to observe that, for all these INSs except three (Geminga [137], RX
J0420.0-5022 and RX J1856.5—3754 [Section 2.2]), the ratio Ryot/Rcoid is in the range 0.03 — 0.3.
Thus it is difficult to interpret the hotter and colder components in terms of emission from hot spots
and from the whole surface (R < 200 m and R ~ 12 — 16 km, respectively, see orange area). We
also note that all different INS classes are placed in the same area of this space parameter: this
means that, despite the differences, they have a similar thermal map. This is indeed quite surprising
since the surface temperature is expected to evolve in time and to be sensitive to the initial magnetic
field configuration in the star crust (see [159] for a review). Yakovlev 2021 [160] and Rigoselli et al.
2022 [130] showed that the simplest case of a blackbody emission with a temperature distribution
resulting from a dipolar magnetic field [153] gives values of the Rpot/Rcold and Thot/Tcold ratios
clearly inconsistent with the observed ones (magenta area).

5. Final remarks

Recent findings show that the XDINS class is probably more variegate than previously thought:
two of the softer objects show non-thermal emission, that could have a magnetospheric origin as
for the ordinary pulsars, while the absence of radio emission that was the main difference between
XDINSs and RPPs could be explained by orientation effects.

The analysis of timing and spectral X-ray data of different classes of INSs support the mounting
evidence that ordinary RPPs may have complicated thermal maps and magnetic fields capable to
induce cyclotron absorption in the keV energy range, as already seen for XDINSs and magnetars
in quiescence. The latter were successfully interpreted with 3D magneto-thermal simulations of
strong and tilted toroidal magnetic fields [161-163].

It would be interesting to apply similar models also to other classes of INSs and, even more, to
investigate the possible cause of the observed clustering in temperatures and radii ratios, that cover
sources with a large spread of ages and magnetic field strengths.
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Discussion
ENRICO BOZZO: Can you comment on the number of the detected XDINSs?

MICHELA RIGOSELLI: I think that depends on the definition of XDINSs: are they defined
as thermally emitting neutron stars? We found that there are at least two XDINSs with an X-ray
non-thermal component, and there are other neutron stars that show only a thermal component (as
Calvera, for example). Are they defined as radio silent neutron stars? There is PSR J0726—-2612 that
has an X-ray spectrum similar to those of XDINSs but shows a radio pulse. Are they characterized
by their timing parameters? One of the XDINSs does not show pulsation, but there are the recently
discovered long period pulsars and the low-B magnetars that share a similar position on the P — P
diagram.
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