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In this paper we present the science potential of the enhanced X-ray Timing and Polarimetry (eXTP) mission, in its new configura-
tion, for studies of strongly magnetized compact objects. We discuss the scientific potential of eXTP for quantum electrodynamic
(QED) studies, especially leveraging the recent observations made with the NASA IXPE mission. Given eXTP’s unique com-
bination of timing, spectroscopy, and polarimetry, we focus on the perspectives for physics and astrophysics studies of strongly
magnetized compact objects, such as magnetars and accreting X-ray pulsars. Developed by an international Consortium led by
the Institute of High Energy Physics of the Chinese Academy of Sciences, the eXTP mission is expected to launch in early 2030.
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1 Introduction

The enhanced X-ray Timing and Polarimetry mission (eXTP)
is a science mission designed to study the state of matter un-
der extreme conditions of density, gravity, and magnetism
[1, 2]. In the new baseline, eXTP will be launched in early
2030. The payload of the mission consists of three main
instruments: the Spectroscopic Focusing Array (SFA), the
Polarimetry Focusing Array (PFA) and the Wide-band and
Wide-field Camera (W2C). Here we provide a brief intro-
duction to the scientific payloads. For a detailed description
and comparison with other missions, please refer to the white
paper of the whole eXTP project [3].

The SFA consists of five SFA-T (where T denotes Tim-
ing) X-ray focusing telescopes covering the energy range
0.5-10 keV, featuring a total effective area of 2750 cm2 at
1.5 keV and 1670 cm2 at 6 keV. The designed angular res-
olution of the SFA is 6 1′ (HPD) with a 18′ field of view
(FoV). The SFA-T are equipped with silicon-drift detectors
(SDDs), which combine good spectral resolution (∼180 eV
at 1.5 keV) with very short dead time and a high time reso-
lution of 10µs. They are therefore well-suited for studies of
compact objects emitting X-rays at the shortest time scales
and even for the bright X-ray sources up to 10−7 erg cm−2 s−1

[2]. The SFA array also includes one unit of the SFA-I (where
I signifies Imaging) telescope equipped with pn-CCD detec-
tors (p-n junction charged coupled device), to enhance imag-

ing capabilities, which would supply strong upper limits to
detect weak and extended sources, though suffering the pile-
up effects when observing bright sources. The expected FoV
of SFA-I is 18′ × 18′. Therefore, the overall sensitivity of
SFA could reach around 3.3×10−15 erg cm−2 s−1 for an expo-
sure time of 1 million seconds (Ms). Since it is not excluded
that the SFA might in the end include six SFA-T units, simu-
lations presented here have taken this possibility into consid-
eration.

The PFA features three identical telescopes, with an an-
gular resolution better than 30′′ (HPD) in a 9.8′ × 9.8′ FoV,
and a total effective area of 250 cm2 at 3 keV (considering
the detector efficiency). Polarization measurements are car-
ried out by gas pixel detectors (GPDs) working at 2-8 keV
with an expected energy resolution of 20% at 6 keV and a
time resolution better than 10µs [2, 4-7]. The instrument
reaches an expected minimum detectable polarization (MDP)
at 99% confidence level (MDP99) of about 2% in 1 Ms for
a milliCrab-like source, as shown in Figure 1. In the cur-
rent MDP calculation, the background is neglected under the
assumption that the source is significantly brighter than the
background. When the background cannot be neglected for
weak sources (0.01 mCrab, ∼2 × 10−13 erg cm−2 s−1), the
MDP changes from 20% to 29% with an exposure of 1 Ms,
which is inadequate for confident measurements.

The W2C is a secondary instrument of the science
payload, featuring a coded mask camera with a FoV of

https://doi.org/10.1007/s11433-025-2796-y
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Figure 1 The estimated minimum detectable polarization at the 99% confi-
dence level achievable by eXTP/PFA. The calculations are performed assum-
ing a power-law spectral shape with a photon index of 2.1 and considering
different 2-10 keV flux levels and exposures.

approximately 1500 square degrees (Full-Width Zero Re-
sponse, FWZR). The instrument achieves a sensitivity of
4 × 10−7 erg cm−2 s−1 (1 s exposure) across the 30-600 keV
energy range, with an angular resolution of 20′ and an en-
ergy resolution better than 30% at 60 keV.

It is fascinating to study the behavior of matter and radia-
tion in strong magnetic fields, especially at strengths near or
even far beyond the quantum critical field Bq ≃ 4.4 × 1013 G.
Magnetars (observationally identified as anomalous X-ray
pulsars, AXPs, and soft-gamma repeaters, SGRs) and pul-
sars in high-mass X-ray binaries supply astrophysical labo-
ratories to reveal the nature of strongly magnetized sources.
In the previous eXTP white paper dedicated to strong mag-
netism science, many topics have been discussed, such as
the potential of the mission to investigate quantum electro-
dynamic (QED) effects, or the bursting activity and accre-
tion mechanisms in neutron stars (NSs) [8]. However, since
that publication, the design of the eXTP mission has evolved.
Moreover, from the scientific point of view the situation un-
derwent a rapid change, due to the operation of Polar-light
and IXPE which achieved polarization measurements in X-
rays, and collected data that lead to a quantum leap in our
understanding of strongly magnetized sources [9-18].

With its much larger effective area, combined with a
unique and unprecedented suite of scientific instruments on-
board, eXTP offers, for the first time, the possibility to make
simultaneous high resolution spectral, timing, and polarimet-
ric observations of cosmic sources in the 0.5-10 keV energy
range. In this white paper we present an updated discussion
of the science potential for studies of strongly magnetized ob-
jects, based on the optimized current design of eXTP, and on
the knowledge accumulated based on the recent IXPE find-
ings.

2 Ultra-strong magnetic fields

2.1 QED

According to the theory of quantum electrodynamics, strong
magnetic fields B, in excess of the so-called quantum criti-
cal field Bq ≈ 4.4 × 1013 G, make the vacuum dichroic and
birefringent [19, 20]. As a result, the polarization vector of a
wave propagating in vacuum must be either parallel or per-
pendicular to the k-B plane (with k being the wave vector).
These two normal modes of polarization are referred to as
ordinary (O) and extraordinary (X), respectively [21]. For
B . Bq the difference ∆n in the refraction index between the
O- and X-mode photons is

∆n =
α

30π

(
B
Bq

)2

, (1)

where α is the fine-structure constant [22]. For typical mag-
netic fields that can be achieved in laboratory (B . 105 G)
∆n turns out to be exceedingly small and challenging to mea-
sure, and this is the reason why so far only upper limits have
been set on vacuum birefringence despite being ∼90 years
since this phenomenon was first theorized [23].

NSs possess magnetic fields far stronger than those of any
other cosmic source, with a typical strength of ≈1012 G or
higher. As such, they offer an alternative pathway to test
vacuum birefringence by studying the properties of radiation
coming from (or near to) their surface. There, the length scale
ℓB over which the direction and strength of the magnetic field
change is much larger than the typical scale of variation of the
wave polarization direction, ℓE [24]. As a consequence, the
polarization vector rotates adiabatically around k, maintain-
ing a fixed orientation with respect to the (local) magnetic
field. In this way, despite the change in the magnetic field di-
rection along the photon trajectory, photons polarized in the
O (X) mode remain in the O (X) mode up to a distance from
the NS that roughly corresponds to the so-called polarization-
limiting (or adiabatic) radius [25, 26]. The exact expression
of this quantity depends on the radial scaling of the magnetic
field, and, for instance, under assumption of a dipolar field is
given by

rpl ≈ 80
(

Bp

1014 G

)2/5 ( E
1 keV

)1/5 ( RNS

10 km

)1/5

RNS , (2)

where Bp is the star magnetic field strength at the pole, RNS

is the NS radius, and E is the photon energy. An important
point is that, independently of the complexity of the mag-
netic field topology near the star surface, according to the
most commonly-accepted scenario the magnetic field can be
reasonably approximated as a pure dipole at such a large dis-
tance from the star surface (any multipolar component would
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have substantially decayed). Therefore, escaping radiation
crosses rpl at different positions, where, however, the orien-
tation of the magnetic field is roughly the same. As a result,
the polarization state of the observed radiation is expected
to closely follow the O/X-mode ratio at the emission, al-
lowing one to gain insight into the emission mechanism that
produced the signal. In contrast, if QED effects were not
present around the star, the direction of the polarization vec-
tors would not change as radiation travels to the observer,
while the magnetic field does. This implies that the nor-
mal polarization modes would be washed out, thus substan-
tially reducing the observed polarization degree (PD), even
for photons originally emitted as polarized at 100% [26, 27].

If, on the other hand, the magnetic field at the surface
is dominated by higher-older multipoles, the polarization-
limiting radius may assume values different from those pro-
vided by eq. (2). By way of example, Figure 2 shows
the behavior of rpl as a function of the (total) surface mag-
netic field and the photon energy for a pure dipole, dipole
+ quadrupole 3 times as strong at the surface, and dipole
+ octupole 9 times as strong at the surface. Generally, the
polarization-limiting radius tends to decrease when the field
is dominated by higher-order multipoles. Nevertheless, at
typical magnetar field strengths (& 1014 G) and for photon
energies within the eXTP PDA working band (2-8 keV), rpl

attains quite large values (& 50 RNS in the quadrupolar con-
figuration and & 30 RNS in the octupolar one). Despite the
presence of multipolar components changes rpl, at such large
distances from the star the dipole is anyway dominant. In
this situation, a substantial difference in the polarization de-
gree with or without considering QED effects (as described
above) is still expected. However, clear effects on the polar-

ization angle behavior, as a result of the more complex mag-
netic field topology, should be visible (as discussed in detail
in the following).

Among NSs, magnetars, with magnetic fields in the range
1014-1015 G (i.e., 100-1000 times stronger than those of the
most common rotation-powered pulsars [28]) and emission
peaked in the X-rays [29], are the best targets for observ-
ing this QED effect at work. In these sources, rpl is about
100 RNS (as shown by eq. (2)), so that the expected polariza-
tion pattern closely follows that at the emission. The same
considerations hold also for other classes of strongly mag-
netized NSs, like the X-ray dim isolated neutron stars (for
which B ≈ 1013 G).

Nevertheless, the difference expected in the polarization
signal when computed with and without taking into account
vacuum birefringence tends to reduce as the emitting region
shrinks. In fact, if photons originate from a very small, local-
ized spot on the star surface, the mutual orientation of their
polarization vectors with respect to the star’s magnetic field
is basically the same even at the emission point (because the
magnetic field is almost uniform across the spot), and the
polarization modes are not changing much along the photon
path. Hence, in this case, the intrinsic polarization degree
(where for intrinsic we mean the polarization degree at the
emission point, so at the star surface) should not be much
different from the observed one, regardless of the presence
of QED effects [30]. This is shown in Figure 3 [31], where
the observed degree of polarization is plotted as a function of
the size of the emitting region, for a computation made either
with (QED-on) or without (QED-off) accounting for QED ef-
fects (in this example, radiation is assumed to be intrinsically
polarized at about 100% in the X mode). So, for the detection

Figure 2 Contour plots of the polarization-limiting radius for a pure dipole (left, see eq. (2)), dipole + quadrupole 3 times as strong at the surface (middle),
dipole + octupole 9 times as strong at the surface (right), as a function of the (total) magnetic field strength at the surface and of the photon energy.
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Figure 3 Polarization degree of radiation emerging from a standard (mag-
netized) cooling atmosphere, with Bp = 1014 G and T = 0.5 keV (as that
modeled in ref. [31]), covering a cap on the star surface at one of the mag-
netic poles, for different values of the semi-aperture angular size of the cap
(15◦-65◦, step 10◦). For each cap size, the plot shows the maximum value
of the phase-averaged polarization degree that can be observed at Earth,
among all possible orientations of the observer’s line-of-sight and of the
star’s magnetic-dipole axis with respect to the star rotation axis. The cyan
(orange) line with filled circles refers to models computed with (without)
considering vacuum birefringence.

of a high polarization degree to be a proof of vacuum bire-
fringence, observations should target highly magnetized NSs
for which the X-ray radiation originates from a sufficiently
large emission region (typically & 12% of the star surface),
which implies a low pulsed fraction.

Transient magnetars (hereafter TMs), if observed rela-
tively soon after the onset of an outburst event, satisfy this re-
quirement (see sect. 2.4.2 for further details); but also some
of the known persistent magnetars do. Among the magne-
tars observed so far by IXPE, the only one exhibiting a quite
low pulsed fraction, ≈ 5%, is SGR 1806-20 [11]. How-
ever, despite the long exposure time (≈ 1 Ms), the low flux
level, ≈ 4 × 10−12 erg cm−2 s−1 in the 0.5-10 keV range pre-
vented a secure measurement of the polarization properties
with IXPE. In this respect, eXTP, with its increased effective
area, promises a much better sensitivity, ensuring a secure de-
tection with similar or shorter exposure times. An example
is shown in Figure 4 [32], where we report the expected de-
gree of polarization for a 1 Ms simulated observation of SGR
1806-20 made with eXTP, compared to an IXPE observation
of the same duration. The calculation is based on the same
model discussed in ref. [11], i.e., thermal emission from a
condensed surface region located along the magnetic equator,
reprocessed by resonant Compton scattering (RCS) in the in-

ner magnetosphere (see sect. 2.2.2). The plots clearly show
that an observation performed by eXTP (central panel) will
lead to a significant improvement of the IXPE measurement
(left panel), allowing for a signal detection above MDP99 in
all the energy bins across the entire 2-8 keV band, for the
model self-consistently computed considering QED effects
(passing from a level of significance ≈99% to >99.99% for a
1 Ms exposure time). This will provide a confirmation of the
theoretical interpretation of the emission, which could not be
firmly obtained with IXPE because the polarization was mea-
sured only in a single energy bin at 99% confidence level. In
order to show how eXTP polarization measurements may be
used to test vacuum birefringence, we performed an analo-
gous simulation without including QED effects. As the right
panel of Figure 4 shows, the polarization in this case is ex-
pected to be much lower than that in the previous case in all
energy bins.

To better illustrate the improvement granted by eXTP on
magnetar polarization measurements, Figure 5 shows the
energy-dependent polarization degree as measured by IXPE
for the AXP 1RXS J170849.0-400910 (see ref. [10]) com-
pared with a simulated observation by eXTP obtained for the
same observing time (1 Ms) starting from a theoretical model
which gives a similar behavior of the polarization properties
as a function of the energy1). In the latter case, a remark-
able reduction in MDP99 and errors is evident, confirming
that eXTP will enable significantly improved results with re-
spect to IXPE for the same observation time or, alternatively,
ensure no loss of significance even with reduced exposure
times.

An alternative way to probe whether vacuum birefringence
is indeed at work around magnetars is by looking at how
the polarization properties of the observed X-ray emission
change with the star’s rotational phase. IXPE observations
have shown that, for persistent magnetars, the polarization
degree and angle exhibit different phase-dependent behaviors
[10,12,14,33], with the former following the light curve and
the latter oscillating according to the rotating vector model
(RVM) [34, 35]. The behavior of the polarization degree can
be explained if the polarization signal originates close to the
star surface, and in such a case it will give insight into the
emission geometry. Instead, we investigate the behavior of
the polarization angle, which is completely unexpected for
persistent magnetars, given that the RVM assumes dipolar
magnetic fields, like those expected in rotation-powered pul-
sars. In magnetars, instead, the magnetic field close to the
surface is likely far from being dipolar. The only way out

1) The model, discussed in ref. [10], assumes the neutron star endowed with a magnetic field with polar strength 5× 1014 G, with emission from a polar cap
covered by a magnetized atmosphere (with tempereature ≈ 0.8 keV and semiaperture ≈ 10◦) and from an equatorial belt with the condensed surface exposed
(with temperature ≈ 0.6 keV, colatitudinal aperture ≈ 30◦ and covering 270◦ in azimuth).
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Figure 4 Simulated 1 Ms observations of polarization degree (blue points with error bars) from SGR 1806-20, performed using the ixpeobssim suite [32]
with IXPE (left-hand panel) and eXTP (central panel) response functions. Emission is assumed to come from two equatorial spots of the star condensed
surface, reprocessed by RCS in the inner magnetosphere. Another eXTP simulation, obtained for the same model but neglecting vacuum birefringence effects
(QED-off), is shown for comparison in the right-hand panel. In each plot, the shaded histogram shows the corresponding MDP99.

Figure 5 Left panel: Phase-integrated, energy-dependent polarization degree (blue points with error bars) as observed by IXPE from the AXP 1RXS
J170849.0-400910 [10]. Right panel: Same for a simulated eXTP observation obtained using the ixpeobssim suite, assuming the source emitting from a hotter
polar spot covered by a magnetized atmosphere and a warmer equatorial region with the condensed-surface exposed (see text for details), for a 1 Ms observation
time. In each plot, the shaded histogram shows the corresponding MDP99 and errors are given at 1σ.

of this conundrum is to invoke vacuum birefringence. If the
polarization-limiting radius is large enough (as in magnetars,
see eq. (2)), the pattern observed at infinity in the polarization
degree reflects that of the emission near the surface, while the
observed polarization vector mimics the magnetic field topol-
ogy at rpl ≫ RNS, where only the dipolar component is im-
portant. The capability of eXTP to make phase-resolved ob-
servations of persistent magnetars with a large accuracy, and
to expand the number of observable targets including other
classes of sources, is crucial to reaffirm and consolidate this
conclusion, which is currently based on few preliminary re-
sults achieved up to now with IXPE.

The situation would be different assuming more complex
magnetic field topologies, with stronger multipolar compo-
nents superimposed on the (weaker) dipole field (as in the
examples provided in Figure 2). In this cases, however, a

substantial deviation of the phase-dependent polarization an-
gle from the RVM is expected, as the axial-symmetry of the
dipolar configuration would be definitively broken2). The
same can be expected for alternative scenarios assuming, for
example, nonlinear expansions of quantum-electrodynamics
(like, e.g., within the Born-Infeld scheme discussed in ref.
[37]). In this respect, the better sensitivity of the eXTP detec-
tors with respect to previous instrumentation will be certainly
capable of resolving such deviations in future observations,
allowing for a more thorough understanding of the magnetic
field topology of magnetar sources.

2.2 Spectral appearance

Building upon the comprehensive discussion in the preced-
ing section, which thoroughly addressed the main tests of

2) This holds true as long as the dipole and multipolar components do not share the same magnetic axis, which is, however, a quite unlikely situation for
young sources such as magnetars (see ref. [36]).
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QED effects attainable with X-ray polarimetry, the ensuing
section will delve into how the forthcoming eXTP measure-
ments can help in characterizing the intrinsic physical prop-
erties of highly magnetized cosmic sources like magnetars
and X-ray pulsars.

2.2.1 Cyclotron resonant scattering features

Proton CRSFs in magnetar spectra Some of the currently
known magnetar sources, such as SGR 0418+5729 and AXP
1E 2259+586, exhibit absorption features at X-ray energies,
with peculiar variability across the rotational phase. SGR
0418+5729 entered an outburst phase in 2009, when the X-
ray flux increased to ≈5×10−12 erg cm−2 s−1, and at that time
an absorption line was detected in the spectrum by XMM-
Newton, RXTE, and Swift, with a line energy in the 1-5 keV
range [38]. An absorption line was also visible in the spec-
trum of AXP 1E 2259+586, in two distinct sets of XMM-
Newton observations, performed in 2002 and 2014, centered
at an energy of ∼0.7 keV [39]. The presence of this spec-
tral line has been further confirmed by a joint XMM-Newton
and IXPE observation performed in 2023 [12]. Furthermore,
spectral lines with similar properties have also been observed
in the AXP Swift J1822.3-1606 [40], as well as in some X-
ray dim isolated neutron stars (XDINSs) [41, 42].

In some cases the absorption features were phase-
dependent, leading to their interpretation in terms of proton
cyclotron resonant scattering features (CRSFs) produced by
a baryon-loaded bundle of magnetic field lines, confined to a
very small portion of the star magnetosphere very close to the
surface. Photons originating from an underlying hotspot on
the star’s surface are partly intercepted by the charged par-
ticles (mainly protons) streaming along the magnetic loop.
During this process, those photons with energy equal to the
proton cyclotron energy (in the particle frame) are resonantly
scattered out of the observer’s line of sight, resulting in
a well-defined, phase-dependent absorption feature, as ob-
served in the spectra. The proton cyclotron resonance is ex-
pected to occur at an energy Ep ≈ 0.44B14 keV (with B14 the
magnetic field in units of 1014 G); hence, from the energy
at which the observed line is centered one can infer the lo-
cal strength of the star magnetic field. Interestingly, for SGR
0418+5729 and AXP 1E 2259+586, the local magnetic field
is found to be ≈ 1015 G and 3 × 1014 G, respectively, both of
which are much higher than the dipolar values inferred from
the spin-down measurement in these sources.

Figure 6 shows the simulated 0.5-10 keV spectrum of SGR
0418+5729 (in the phase range 0.62-0.64) obtained with
six SFA-T for an exposure time of ≈ 870 ks, compared to
an analogous observation of XMM-Newton reported in ref.
[38]. In both cases, the cyclotron feature is not included in

the spectral model used for the fitting; therefore, its presence
is evident in the residuals. It is clear that eXTP would de-
tect the same feature at a much higher significance within the
same exposure time.

The IXPE observation of 1E 2259+586 allowed one to
measure the X-ray polarization properties of such an absorp-
tion feature for the first time, revealing a peculiar behavior
of the degree and angle of polarization as a function of the
rotational phase. In particular, the degree of polarization at-
tains the largest values (≈30%) at the minimum of the pulse
profile, while it drops below the detection threshold in the
rising phases of the light curve. Consequently, the polariza-
tion angle oscillates following the RVM model. However,
poor statistics make it difficult to determine if a 90◦ swing
(indicative of a polarization mode switch) occurs. Ref. [12]
found that these results are compatible with the reprocess-
ing of photons via RCS in a localized magnetic loop. How-
ever, due to the low flux of the source, the IXPE observa-
tion was not sufficient to constrain the observed quantities
to more than ∼2.5σ, even with an exposure time ≈1.2 Ms.
The strong increase in the effective area ensured by eXTP,
as well as the possibility of performing spectral and polar-
ization observations at the same time from the same source,
promise to increase the sensitivity for targets such as AXP
1E 2259+586. Such a systematic spectro-polarimetric study
of CRSFs in magnetars (and, possibly, in other classes of
highly magnetized NSs, such as the XDINSs) will help to
identify the nature of the lines, potentially allowing one to
map the surface magnetic field strength and topology in these
sources. Transient magnetars, during outburst phases, may
also exhibit similar lines in their spectra. In this case, their
study will allow one to resolve the untwisting of the magnetic
loops above the heated surface region during the outburst de-
cay, providing an independent test of the magnetar scenario
(see sect. 2.4.2).

Electron CRSFs in X-ray pulsars spectra For X-ray pul-
sars (XRPs), CRSFs due to resonant scattering onto elec-
trons are considered the most direct method for measuring
the magnetic field strength in the emission region, that is, in
the vicinity of the NS surface. Currently, approximately 40
XRPs are known to exhibit absorption features in their spec-
tra [43, 44]. However, the vast majority of known CRSFs
are located in the hard X-ray band, above ∼20 keV. This bias
arises in part due to the complex nature of XRP spectra below
10 keV, where multiple spectral components, including the
soft excess, iron emission line, iron edge, and hard contin-
uum, overlap, leading to strong degeneracies that complicate
the identification of additional absorption features. As a re-
sult, the measured distribution of magnetic field strengths
in XRPs is skewed toward higher values. Another challenge
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Figure 6 Observational and simulated results from XMM-PN and eXTP SFA for SGR 0418+5729. The top-left panel shows the pulse profile in the 0.5-10
keV energy range observed by XMM-PN, with the energy-phase evolution diagram plotted below, where the grayscale intensity represents spectral variations
over the pulse phase and energy. The top-right panel compares the effective areas of the XMM-PN detector (black) and eXTP-SFA (red). The bottom-left
panel displays the X-ray spectrum in phase 0.62-0.64 obtained from XMM-PN with an exposure time of 870 s, with the corresponding residuals shown in the
lower sub-panel. The bottom-right panel presents the simulated X-ray spectrum obtained from eXTP-SFA for the same exposure time and spectral model, with
residuals plotted in the lower sub-panel for comparison.

in CRSF detection is their potential phase dependence. In
some cases, CRSFs appear only within a narrow range of spin
phases, making them difficult to detect in phase-averaged
spectra. However, several CRSFs below ∼10 keV have been
discovered [45-47], some of which are phase-transient, a
finding that highlights the need for detailed phase-resolved
spectral analysis. Conducting such an analysis requires ex-
ceptionally high photon statistics, which will be provided by
eXTP/SFA. A key advantage of eXTP is its ability to per-
form simultaneous energy-resolved polarimetry with the PFA
instrument in the same energy band. This unique combina-
tion will enable an unambiguous identification of CRSFs in
soft X-rays by detecting the characteristic 90-degree swing
in the polarization position angle, expected due to mode con-
version at the electron-cyclotron resonance [48,49]. This po-
larization signature will break degeneracies caused by com-
plex spectral continua, providing a robust confirmation of

CRSFs and offering new insights into the structure of mag-
netized atmospheres and accretion columns. Futhermore,
CRSF energies provide a direct probe of the local magnetic
field strength, which is sensitive to both the height and lati-
tude of the accretion region and hence crucial for constrain-
ing the surface magnetic topology of neutron stars. While the
correlation between higher-energy CRSFs (> 10 keV) and
accretion rate, driven largely by changes in the accretion col-
umn height, is well-established in accreting pulsars [43, 44],
the behavior of low-energy (< 10 keV) CRSFs remains un-
explored. As CRSF energies trace emission height [50] and
phase-resolved polarization measurements inform on the pul-
sar geometry [51], simultaneous spectroscopy and polarime-
try are therefore key to capturing how magnetic field config-
urations and accretion geometries evolve with accretion rate
and time. The unprecedented sensitivity and photon statistics
of instruments like SFA and PFA will uniquely enable the
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first measurements of low-energy CRSF evolution and po-
larization in accreting pulsars, magnetars and PULXs. Such
observations hold the potential to fundamentally advance our
understanding of the physics of extreme magnetic fields and
accretion processes in neutron stars.

2.2.2 Magnetized atmosphere and magnetic condensation

There is no doubt that the surfaces of accreting NSs in close
binary systems are covered with gaseous envelopes. As a re-
sult, the emergent radiation originates from the upper layers
of this envelope, which can be called the atmosphere (see, for
example, the atmospheres of X-ray bursters [52]). However,
the question of the presence of gaseous atmospheres also
around isolated NSs remained open for a long time. Obser-
vational data support the idea that emergent radiation may be
formed in an atmosphere of at least one class of isolated NSs,
the central compact objects (CCOs), young sources still lo-
cated near the center of their supernova remnants [53]. Prob-
ably, the envelopes of these NSs have formed as a result of
fallback accretion just after their birth [54].

The problem of modeling the transport of radiation in
magnetized NS atmospheres has been extensively investi-
gated in the literature. The first self-consistent models for
fully ionized atmospheres with weak magnetic fields B ≈
1012-1013 G were presented by refs. [55, 56], and then ex-
tended and refined, either improving microphysics or consid-
ering different scenarios, by many authors [57-63].

The atmospheres of more highly magnetized NSs (B &
1014 G are more challenging to model, but have been stud-
ied in connection with magnetars to explain the thermal
blackbody-like component detected in their emission spectra
(see refs. [64-67], see also ref. [68] for a review).

Instead of using Stokes parameters, the standard approach
consists in solving a system of coupled radiative transfer
equations for the specific intensities of ordinary and extraor-
dinary photons. The opacities relative to these two polar-
ization modes differ at photon energies below the electron
cyclotron energy

Ecyc = ~
eB
mec
= 11.6B12 keV, (3)

where ~, c, e, and me are the reduced Planck constant, light
speed, charge and mass of an electron while B and B12 denote
magnetic field and magnetic strength in units of 1012 Gauss.
The main effect is suppression of the X-mode opacity by a
factor (E/Ecyc)2 [69]. Therefore, a typical feature of mag-
netic atmospheres for which kTeff ≪ Ecyc is the presence
of two photospheres, one for X-mode and the other for O-
mode photons. The X-mode photosphere is located deeper
in the atmosphere, and therefore, at least if the NSs is mod-

eled as a passive cooler without heat deposition in its exter-
nal layers, its temperature is higher than that of the O-mode
photosphere. As a result, such an atmosphere should radiate
mainly in the X-mode, and its emergent radiation should be
almost completely linearly polarized.

However, this conclusion may change as the QED vacuum
polarization effects are taken into account (see sect. 2.1). For
a given magnetic field strength, a so-called “vacuum reso-
nance” can occur at a depth in the atmosphere where vacuum
and plasma contributions to the dielectric tensor balance, and
such depth depends on the plasma density, photon energy and
direction. The evolution of polarization in crossing such a
resonance is poorly understood, and several studies indicate
that complete or partial mode conversion can occur [70-72].

If mode conversion occurs, it may affect the emergent po-
larization in a way that depends on the relative positions of
the X and O photospheres and of the vacuum resonance. For
those photons for which the vacuum resonance is located
deeper than the X-mode photosphere, the polarization re-
mains the same as in the absence of vacuum polarization and
is expected to be X-mode dominated. If, instead, the vacuum
resonance is at a density lower than that of the photosphere
of both polarization modes, the outcome may differ. Since
X-mode photons decouple at higher densities (i.e., deeper in
the atmosphere), there will be more X-mode photons than
O-mode photons as radiation crosses the resonance. Here, a
large fraction of X-mode photons convert into O-mode pho-
tons and, with both modes decoupled, this results in radiation
being O-mode-dominated at the observer. If the resonance
lies between the two photospheres, with the X-mode pho-
tosphere deeper inside than the resonance, the flux before
the resonance is dominated by X-mode photons, while O-
mode ones prevail once the resonance is crossed. However,
at this depth, the X-mode photons are free to travel to the
observer, whereas the O-mode ones are still trapped and con-
tinue to interact, potentially changing into the X-mode, until
they eventually reach the O-mode photosphere, resulting in a
spectrum that remains dominated by X-mode photons. These
phantomatic effects have a profound effect on the polariza-
tion properties of emergent radiation [73], and eXTP will be
crucial in probing them. The effects of mode conversion may
also potentially suppress strong proton cyclotron absorption
spectral lines [68].

However, the possibility that the radiating surface of mag-
netars is described by a classical semi-infinite atmosphere
without its own energy sources is still strongly debated (see
ref. [31]). Possibly, energy can be released throughout the
entire thickness of the atmosphere as a result of magnetic
field dissipation. Heat deposition in the outer layers by re-
turning magnetospheric currents can also largely affect po-
larization [74, 75]. eXTP has the revolutionary capability
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to observe the polarization of thermal radiation from a large
number of magnetars, extending the preliminary finding by
IXPE, and this will unveil the properties of the radiating sur-
face responsible for the thermal component in the spectra of
magnetars.

In the presence of a strong magnetic field, the NS atmo-
sphere may turn into a condensed state. This occurs for suf-
ficiently low temperatures, at which atoms, elongated along
the direction of B, form molecular chains via covalent bond-
ing [76-79]. Such elongated atoms settle on the star’s surface
in a solid/liquid phase, leaving the NS surface exposed (a
phenomenon called “magnetic condensation”). There is in
fact theoretical and observational evidence that this may oc-
cur in some of the colder and more magnetized NSs, such as
magnetars (see the next section and references therein) and
possibly the XDINSs (the so-called “Magnificent Seven”)
[61, 80]. The discrimination between atmospheric and con-
densed surface emission can be easily performed by eXTP,
since low polarization degree is expected for radiation com-
ing from a condensed surface (. 20%, dominated by either
O- or X-mode photons according to the geometry of view
[27, 31]). Another exciting potentiality of eXTP would be
the detection of polarization of X-ray emission from CCOs,
since it could resolve the problem of the chemical composi-
tion of the atmospheres of some of these non-pulsating ob-
jects, such as those in the supernova remnants Cas A [81]
and HESS J1731-347 [82]. When these sources have been
modelled by making the simple assumption that temperature
is uniform on the surface, some authors obtained the con-
clusion that their atmospheres are made of carbon [83], and,
in the case of HESS J1731-347, this led to the estimate of
an extremely low mass of the NS, ∼0.8M⊙ [84]. On the other
hand, the assumption of constant temperature is probably un-
realistic, in particular in presence of high magnetic fields:
the presence of magnetised envelopes can effectively intro-
duce anisotropies in the heat distribution and lead to complex
thermal maps [85, 86]. In fact, an alternative and intriguing
scenario is that these NSs host instead very high magnetar-
like magnetic fields buried by fall-back accretion (see ref.
[87]), in which case their surfaces may exhibit hot spots cov-
ered by hydrogen atmospheres. In that case, the absence of
pulsations may be attributed to a very unfavorable viewing
geometry [88]. As discussed in ref. [89], for carbon atmo-
spheres the expected polarization is not detectable, while de-
tecting even a modest degree of polarization (up to a few per-
cent for the CCO in HESS J1731-347, in the 2-8 keV band)
would support the hot spot hydrogen atmosphere hypothe-
sis. These authors estimated that measuring this polarization
with IXPE required a long exposure time of a few million
seconds, while eXTP, with its enhanced sensitivity, would be
excellently placed to make the detection.

2.2.3 Spectral-continuum polarimetry in magnetars

Observations of persistent magnetar sources show that soft
X-ray spectra (0.5-10 keV) are characterized by the superpo-
sition of a thermal component, i.e., a blackbody with temper-
ature T ≈ 0.5 keV, and a power-law tail, characterized by a
spectral index Γ typically between 2 and 4 [29,90]. The most
viable interpretation of this phenomenology is given by the
twisted-magnetosphere model [91]. The internal magnetic
field of magnetars is highly wound [92]. Magnetic stresses
acting on the crust induce plastic deformations, and this re-
sults in a transfer of helicity from the internal to the exter-
nal magnetic field. The external field becomes twisted and
non-potential, and this forces charge carriers (typically elec-
trons and positrons) to stream along the closed field lines,
filling the inner magnetosphere with (relativistic) particles.
Thermal photons coming from the star surface may interact
with particles via RCS, which is responsible for the power-
law tails observed in the spectra at soft X-ray energies [93].

The nature of the thermal component remains an open
problem. Given the ultra-strong magnetic fields of these ob-
jects, emission from the star surface may either emerge from
a magnetized atmosphere (possibly bombarded by the return-
ing magnetospheric currents) or from a “bare” condensed
surface. Despite the fact that the spectrum emitted in the
two cases is expected to be not much different (and close to
a blackbody distribution), polarization properties are poles
apart [31]. As mentioned above, a much lower polariza-
tion degree is characteristic of radiation from a condensed
surface, compared to the case of a magnetized atmosphere,
for which a high polarization degree is generally expected,
even when QED mode conversion is accounted for. Because
for magnetar-like magnetic fields (& 1014 G), the energy at
which mode switching occurs is outside the 2-8 keV band,
the working energy range for GPD-based polarimeters like
IXPE and eXTP [73].

Polarization measurements of magnetar persistent emis-
sion are therefore crucial to understand the physical nature
of the observed radiation. This has already been achieved
in the past 3 years by IXPE, which has observed five persis-
tent magnetars. The low polarization degree (5%-20%) mea-
sured in 4U 0142+61 [33], 1RXS J170849.0-400910 [10],
1E 2259+589 [12, 14], and 1E 1841+045 [15, 16] suggests
that condensed surface emission likely dominates the spec-
trum of these objects at soft X-ray energies (2-3 keV). In
the case of 4U 0142+61, the polarization fraction was found
to decrease with energy up to 4-5 keV, where it becomes
compatible with zero, then increases again, reaching ≈ 35%
at the high-energy end of the instrumental range. Corre-
spondingly, the polarization angle is observed to swing by
90◦ indeed at around 4-5 keV supporting a scenario in which
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low-energy (blackbody) and high-energy (power-law) spec-
tral components are characterized by two different normal
modes. These findings agree with the twisted magnetosphere
model. In fact, photons reprocessed by RCS in the star mag-
netosphere are expected to emerge predominantly polarized
in the X-mode, at a level close to 33% [31,93,94], consistent
with the observed 6-8 keV value within the errors. Thermal
photons should be emitted by the star condensed surface, be-
ing polarized at a lower polarization degree and, likely, in the
O-mode. A similar behavior (i.e., small polarization at low
energies and a possible 90◦ swing of the polarization angle)
has also been suggested for 1E 2259+586 [12], although low
counting statistics prevented any firm conclusion.

An alternative explanation for the properties observed in
4U 0142+61 has been proposed: photons are reprocessed in
a magnetized atmosphere, and the low polarization degree
is produced by partial mode conversion at the vacuum res-
onance [95]. In this way, the 90◦ swing of the polarization
angle can be explained without invoking magnetospheric re-
processing via RCS. In this respect, new observations with
eXTP may help in determining the most reliable model, both
increasing the sensitivity with respect to previous IXPE mea-
surements and assessing a larger number of targets, with
fluxes too low for a significant detection with current X-ray
polarimeters.

Different behaviors have been observed in the AXPs
1RXS J170849.0-400910 and 1E 1841-045. Although the
relatively low degree of polarization at low energies (2-
4 keV) still argues in favor of a condensed surface origin,
it increases monotonically with energy, up to 60%-80% at
6-8 keV. Moreover, contrary to the case of 4U 0142+61,
the polarization angle is basically constant throughout the
2-8 keV range. In 1E 1841-045, a simultaneous observa-
tion with NuSTAR allowed us to associate the high degree
of polarization at high energies with a power-law compo-
nent, which still dominates at ∼6 keV [15, 16]. Such a
broad-band analysis was not possible for 1RXS J170849.0-
400910, making it difficult to understand whether the ob-
served polarization properties can only be attributed to sur-
face/magnetospheric emission. Once more, eXTP observa-
tions of these sources (with both the SFA and PFA instru-
ments) will provide invaluable insight, helping to fully char-
acterize the spectral continuum of magnetar sources.

2.3 Magnetic field structure

2.3.1 RVM and beyond

The RVM can explain the phase-dependent behavior of the
polarization angle observed in radio [96] and X-ray pulsars,
both accreting [97] and isolated ones [10, 12, 33]. In fact, as

discussed above, QED effects should ensure that the polar-
ization angle as a function of the rotational phase follows the
RVM even if emission comes from an extended region on (or
close to) the star’s surface.

Using the RVM, one can obtain important information
about the source geometry, mainly the magnetic obliquity α
(i.e., the angle between the magnetic axis and rotational axis)
and the inclination angle ζ between the line of sight and rota-
tional axis, as well as the position angle ψ0 of the rotational
axis projected onto the plane of sky. In each phase, the ob-
server sees different position angles (PAs, position angle of
the rotating “vector” relative to the meridian plane defined by
the rotational axis and line of sight). Therefore, compared to
the case of an NS endowed with a dipolar magnetic field,
the RVM will be modified if (1) the “vector” intrinsically
changes with time (e.g., due to forced or free precession) or
(2) the field topology deviates from a dipole, e.g., because of
the presence of a toroidal component (a twist). A variable PA
is often seen in the case of magnetar radio emission [98, 99].
PAs that can not be modeled by the simple form of RVM are
also reported in pulsars and FRBs [96, 100]. They all point
to a dynamic magnetosphere with a magnetic field geometry
more complex than the simple dipole field.

The geometry of a rotating dipole field is shown in Fig-
ure 7. Using simple arguments from spherical trigonometry,
it is possible to obtain PA as a function of phase (see ref.
[35])

tanψ =
sinα sin ϕ

sin ζ cosα − cos ζ sinα cos ϕ
. (4)

The labeling of different angles here (α and ζ) follows that
of pulsar astronomy, where the RVM is firstly proposed and
widely used. In modeling the observations, the rotational
phase angle ϕ is replaced by ϕ − ϕ0 and the PA ψ by ψ − ψ0,
where ψ0 is the position angle at phase ϕ0, chosen such that
it corresponds to the phase of the meridian plane defined by
the rotational and magnetic axis.

Change of the geometry due to precession Actually in eq.
(4), except for the factor (sin ζ, cos ζ), the remaining factors
are (sinα cos ϕ, sinα sin ϕ, cosα). It is the unit vector along
the magnetic axis. Therefore, when the NS is precessing, the
relative position of the magnetic axis can also be calculated
by: (1) finding the direction of the magnetic axis in the body
frame of the NS and (2) finding the direction of the magnetic
axis in the inertial frame using the coordinate transforma-
tion of rigid body kinematics (described by three Eulerian
angles). Then the corresponding RVM for a precessing NS
can be found, which is similar to eq. (4) but more compli-
cated [97].
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Figure 7 Geometry of a rotating dipole. At the observational point, the
magnetic axis makes a position angle ψ with the meridian plane defined by
the rotational axis and line of sight. A twisted dipole field is shown in red
(Figure 1 in ref. [103]).

In practice, a simpler and straightforward approach can be
used by fitting the observed polarization angle with the stan-
dard RVM model at different epochs. Then, different sets
of RVM parameters (α, ζ, ϕ0, ψ0) will be obtained. In the
case of forced precession, the rotation axis of the NS experi-
ences a significant change, due to gravity effects produced by
a companion star or a fallback disc. Then, the magnetic axis
is dragged together with the spin, so that α remains constant.
In contrast, free precession arises because of an aspherical
deformation of the star, possibly produced by the strong B-
field. In this case the rotation axis is practically fixed in space
(which approximately coincides with the star’s angular mo-

mentum), so that ζ and ψ0 are constant, while the inclination
α of the magnetic axis varies in time, as a consequence, ϕ0

also changes.
We simulate the possible precession signal with the model

prediction which could be measured by RVM and timing re-
sults as shown in Figure 8. The oscillation signal could obvi-
ously be detected from the timing results and the inclination
angle obtained from the RVM fitting with the exposure of
1.6 Ms.

Change of field line geometry due to the twist of the mag-
netic field The difference between magnetars and normal
radio pulsars is not only their magnetic field strength, but also
their field topology. Magnetars, in fact, may have twisted
dipolar fields and even twisted multipolar fields, although
the geometry of the large-scale field line is dominated by
the twisted dipole field at some distance from the surface
[91, 101, 102].

For a self-similar twisted dipole field, the magnetic field
is proportional to r−(2+n), where the radial index n takes val-
ues between 0 (for the limiting situation of a split monopole)
and 1 (corresponding to a purely dipolar field). The twist
grows as magnetic helicity is transferred from the tangled in-
ternal field to the external one, causing a slippage of crustal
platelets and injecting magnetic energy into the upper crust.
This is believed to power magnetar outbursts. However,
once implanted, the twist must decay to provide the currents
needed to support it [91, 101, 102].

For a twisted magnetic field, the RVM will also be modi-
fied. According to the “rotating vector model for magnetars”,
the RVM curve is modified with respect to the shape expected
for purely dipolar fields (see eq. (4)), being stretched over a

Figure 8 A simulation to probe long-term and short-term precession together with RVM and timing results for 4U 0142+61. In the left figure, upper panel
shows the inclination angle measurement based on RVM method with exposure 1.6 Ms. The frequency oscillation measurements induced by precession are
plotted in the bottom panel. In the right figure, upper panel shows timing residuals with an assumption precession period of 55 ks and amplitude of 0.1 s
considering the energy range 3-10 keV with net exposure 400 ks. The frequency oscillation measurements induced by precession are shown in the bottom
panel.
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wider range of values and shifted in rotational phase [26,
103]. This translates into a monotonic change of ψ0 and ϕ0

over time, according to the direction in which the magnetic
field lines are twisted. Previous radio observations of mag-
netars found some hints of an untwisting magnetic field [99].

If X-ray polarization observations of magnetars are per-
formed during an outburst, a monotonically evolving PA (es-
pecially ψ0 and ϕ0) is expected. This is shown in Figure 9,
where the polarization angle resulting from different 1 Ms
eXTP simulations is shown (see refs. [26, 103]). Four stages
of an outburst have been considered, characterized by dif-
ferent values of the flux 1-10 keV (unabsorbed) and of the
radial index n of the globally twisted field (see ref. [91]).
For simplicity, the source emission is modeled assuming a
BB distribution (at a temperature 0.5 keV, constant across the
surface), 100% polarized in the X-mode. According to the re-
sults shown in Figure 9, the deviation from the classical RVM
for different magnetic field twists can be clearly resolved by
eXTP observations with sufficiently long exposure.

2.3.2 Precession of neutron stars

In the freely precessing-magnetar scenario, the measured
modulation period Pm is considered to be the magnetar’s pre-
cession period Pp, which can be theoretically determined as

Pp ≃ P/|ϵB|, (5)

where P and ϵB are respectively the magnetar’s spin period
and magnetically induced ellipticity. Here, depending on
the configuration of internal fields (i.e., whether the inter-
nal fields are poloidal-dominated or toroidal-dominated), the
ellipticity can be either ϵB > 0 or ϵB < 0. Assuming that
the magnetar has a possible ellipticity |ϵB| ∼ 10−4 as in-
ferred from the magnetars 4U 0142+61, 1E 1547.0-5408,
SGR 1900+14, and SGR 1806-20 [104-107], and a typical
spin period P ∼ 1-12 s [28], then it would have a precession
period Pp ∼ 104-105 s. If the magnetar’s precession ampli-
tude of spin period is around sub-second as observed for the
above four magnetars in hard X-ray band [104-107], our sim-
ulated results show that the periodic modulation in its mag-
netic tilt angle could be detected by the eXTP through X-ray
timing observations as shown in Figure 8 with net exposure
of 400 ks and precession period of 55 ks with energy range
3-10 keV, which could be merged with other observations.

We also expect that detection of free precession of mag-
netars using eXTP may provide us valuable information on
the following two open issues: (1) whether free precession
of magnetars could indeed be damped (namely, decay with
time); (2) the specific viscous mechanisms that damp free
precession of magnetars. For the first issue, polarization mea-
surements of the radio emission of the magnetar XTE J1810-

Figure 9 Phase-dependent polarization angle behaviors obtained for dif-
ferent 1 Ms eXTP simulated observations, reproducing different stages of
a magnetar outburst, characterized by different values of the 1-10 keV un-
absorbed flux with 1-10 keV unabsorbed flux: 10 × 10−10 (red), 8 × 10−11

(green), 6 × 10−11 (orange), and 4 × 10−11 erg cm−2 s−1 (cyan). The star
magnetic field is assumed to be self-similar and globally twisted, with dif-
ferent values of the radial index n (see ref. [91]) for each outburst phase,
i.e., n = 0.96 (corresponding to a global twist angle ∆ϕN-S = 0.6 rad), 0.98
(∆ϕN-S = 0.4 rad), 0.99 (∆ϕN-S = 0.2 rad), and 1.00 (∆ϕN-S = 0 rad, dipolar
field), respectively. Radiation is assumed to follow a blackbody distribution
at a temperature 0.5 keV, constant across the surface, 100% polarized in the
X-mode. All the simulations are performed using the ixpeobssim suite [32]
with the eXTP response files. Notice that the error bars on the polarization
degree are within the marker size.

197 have recently shown that its free precession was damped
on a time scale of months [108]. However, X-ray polarization
observations of this magnetar are still lacking and it is unclear
whether similar evidence could be found in X-ray band. Fur-
thermore, for the above four magnetars that may be freely
precessing [104-107], no observational evidence shows that
their free precessions are damped. As a result, sophisticated
X-ray polarization observations of magnetars by eXTP will
help to figure out this issue.

The second issue could be addressed if free precession of
magnetars is found and their magnetic tilt angles are mea-
sured simultaneously. The damping of the free precession
of magnetars is mainly due to the mutual frictions between
the superfluid neutrons and other particles in the interior of
the NS, which can be characterized by the number of preces-
sion cycles ξ [109-112]. Using the method proposed in refs.
[111, 113], we may set constraints on ξ of some magnetars
and ordinary young pulsars when their magnetic tilt angles
are accurately measured. From the value of ξ, we can grasp
the specific viscous mechanisms that damp the free preces-
sion of NS [110-112]. Finally, combining the measured pre-
cession periods with surface thermal emissions of magnetars,
their internal magnetic fields can also be probed [114]. Inves-
tigation of the magnetic fields of magnetars is also important
for understanding gravitational wave radiation from magne-
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tars [115].

2.4 Magnetically driven activities

2.4.1 Glitches

The typical pulsar glitch is an abrupt increase in spin fre-
quency (∆ν), with the fractional glitch size ∆ν/ν ∼ 10−11-
10−5, and in many cases the glitches are accompanied by a
step increase (∆ν̇) in the absolute value of spin down rate (ν̇),
with ∆ν̇/ν̇ ∼ 10−5-10−2. Theoretically, there are mainly two
models for the glitch phenomenon, the starquake model [116-
118] and the superfluid vortex model [119,120]. For a recent
review on the glitch phenomenon, see refs. [121, 122].

In recent years, much progress has been made on observa-
tions of the glitch phenomenon, among which are radiative
changes associated with glitches in magnetars and rotation-
powered pulsars, spin-down glitch (also named anti-glitch)
in magnetars and rotation-powered pulsars, delayed spin-up
glitches in young pulsars, and the association of glitch/spin-
down glitch-fast radio bursts.

The spin-down glitch is characterized by a sudden and per-
manent decrease in spin frequency of pulsars within short
timescales, and it should be distinguished from the case of
over-recovery glitches (for instance, the PSR J1522-5735
glitch [123]) or net spin-down due to an enhanced post-glitch
spin-down rate (for instance, glitch in the high magnetic field
pulsar PSR J1119-6127 [124, 125]). The first spin-down
glitch was observed in the magnetar 1E 2259+586, and it
was accompanied by an X-ray burst, flux enhancement in
2-10 keV, pulse profile change, and a period of enhanced
spin-down rate [126]. 1E 2259+586 exhibited another spin-
down glitch of a similar size to the previous one in April
2019, but this spin-down glitch was radiatively silent [127].
Later, another spin-down glitch was identified in the anoma-
lous X-ray pulsar 1E 1841-045, with no significant variations
in the pulsed X-ray emission of the 0.5-10 keV flux [128].
Similarly, three spin-down glitches were found in the ul-
traluminous accreting pulsar NGC 300 ULX-1, without de-
tection of pulse profile or spectral changes coincident with
these glitches [129]. Recently, a radiatively quiet spin-down
glitch was detected in the rotation-powered pulsar (RPP)
PSR B0540-69 [130], extending the spin-down glitch phe-
nomenon to a wider pulsar population.

The physical origin of spin-down glitch is still unclear, and
we do not know whether the radiation-loud and radiation-
quiet spin-down glitches share the same physical origin.
Based on the detection or non-detection of pulsed X-ray flux
enhancement and pulse profile changes, the spin-down glitch
could theoretically be of internal or external origin. The first
group includes theories that transfer angular momentum from

the crust to the superfluid component. Generally, the faster-
rotating superfluid component transfers angular momentum
to the slower-rotating crust. However, in some cases, this
process could be reversed. It is proposed that the fraction of
normal and superfluid components in NSs depends not only
on the temperature but also on their spin lag, and changes in
spin lag will result in matter transformation between super-
fluid component and normal component in pulsars with high
internal temperature and strong toroidal magnetic fields, re-
sulting in an abrupt spin-down glitch in some cases [131].
It is also explored that the possibility of vortices migrating
inward instead of outward to explain spin-down glitches in
the accreting pulsar NGC 300 ULX-1 [132]. Ref. [133] pro-
posed the radially inward transportation of vortex lines due
to broken plate motion following crustquakes.

The second group includes theories of collisions be-
tween NSs and asteroids/comets [134], enhanced particle
wind braking [135, 136], partial opening of the magneto-
sphere [137], pulsar shape reconfiguration due to the decay
of internal toroidal magnetic field [138, 139], etc.

The biggest differences between the first and second
groups lie in the existence and the level of X-ray flux en-
hancement. Theoretically, little flux variation is expected for
internal models, while large flux variations are expected in
the magnetospheric models, and these flux variations will
also be correlated with the timing variations during the spin-
down glitch event. Taking spin-down glitches in 1E 2259 +
586 as examples, to distinguish whether spin-down glitches
originate from the interior or from the external of this pulsar,
the lower limit of detectable variations in X-ray flux should
be of the order of ∼10−13 erg cm−2 s−1 [136]. For eXTP, ob-
servations with an exposure time of 10 ks will satisfy this
requirement. Therefore, the eXTP program is promising in
setting constraints on the mechanism of spin-down glitch
through X-ray observations.

In RPPs, only rare cases of clear correlations between
glitches and emission changes such as pulse profile and spec-
tral characteristics have been found in pulsars such as PSRs
J0742-2822, B1822-09, and J0835-4510 [140-142], suggest-
ing an internal origin for most glitches and the existence of
the angular momentum reservoir in RPPs [143]. The theory
of how the internal vortex motion results in emission changes
in RPPs is still establishing [140].

However, in magnetars, a large fraction of glitches or spin-
down glitches are associated with burst and/or outburst be-
haviors [144-146], and the magnitude of magnetar glitches
(∆ν) falls at the far end among all pulsar glitches in the his-
togram of ∆ν versus normalized counts [147]. Why magne-
tar glitches behave differently from RPPs glitches or whether
magnetar glitches and RPPs glitches share the same physical
origin is an open question. It is proposed that large-scale
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crust failures due to vortex pinning stresses in a spinning
down NS could give rise to glitches and bursts of X-ray and
gamma-ray due to the release of elastic energy [148]. Ref.
[149] proposed that the Hall drift of the strong and highly
multipolar crustal magnetic fields in young magnetars may
generate magnetic stress and induce frequent failures, which
result in glitches and possibly fast radio bursts (FRBs).

Starquakes in magnetars might trigger FRBs as revealed
by some theoretical and statistical works [149-153]. The en-
ergy functions of FRBs have a universal break which is sim-
ilar to that of the frequency-magnitude relationship of earth-
quakes. Such a break and the change in power-law indices
across this transition can be explained by magnetar starquake
models [154]. The energy released during the starquakes is
estimated to support X-ray bursts via resonant inverse Comp-
ton scattering [155]. The quake model predicts that FRBs
will be associated with glitches and quasi-periodic oscilla-
tions (QPOs), which are expected to be found in the associ-
ated X-ray bursts [156]. Currently, several FRB-like bursts
from SGR J1935+2154 are found to be associated with the
source spin changes. Ref. [157] found a glitch candidate be-
fore FRB 200428; the fast rise of this glitch was followed by
a delayed spin-up rise, similar to that observed in the Crab
pulsar [158]. It is reported that two neighboring glitches
within a time interval of approximately nine hours with great
details, and the two glitches bracket an FRB on 2022 Oc-
tober 14 [159]. Rapid spin-down phase was observed be-
tween the two glitches. Previously, ref. [160] reported a
spin-down glitch around 2020 October 5 that occurred be-
fore three FRB-like bursts, and the observational cadence
seems to be much lower than that in ref. [159]. The possi-
bility that this spin-down glitch is actually a glitch followed
by an enhanced spin-down rate (just as what was observed
by ref. [159]) is worthy of consideration. Note that, apart
from starquakes, other models such as tidal capture of an as-
teroid by a magnetar could also result in the observed spin
changes and FRB-like bursts simultaneously [161]. Given
the apparent association between glitches/spin-down glitches
and galactic FRBs, quick responses and high-cadence obser-
vations around the epoch of FRBs should be conducted. If the
galactic FRB and glitch/spin-down glitch association is con-
firmed to be a necessity rather than a coincidence by eXTP,
then a comprehensive research on the physical origin of these
glitches/spin-down glitches through flux, pulse profile, polar-
ization position angle variations, and so on, may shed light on
the physical origin of galactic FRBs.

We have simulated the possible glitch signal to study the
connection between burst activities and glitch behaviors as
revealed by previous studies [162]. We selected the anoma-
lous X-ray pulsar 4U 0142-61 as the target for observational
simulation. This pulsar exhibits a broad single-peak pulse

profile. Its flux within the 0.5-10 keV energy range is ap-
proximately 0.035 counts cm−2 s−1[163]. By performing an
analysis with its energy spectrum and the effective area of
eXTP, when eXTP conducts an observation of 4U 0142-61
for 1 ks, a timing accuracy of approximately 5×10−3 in phase
can be achieved. With an observation frequency of obtaining
one TOA every five days, the spin frequency (ν) and its first
derivative (ν̇) can be extracted by utilizing the TEMPO2 soft-
ware to fit the TOAs accumulated within each 100 d [164].
As shown in Figure 10, the minimum detectable amplitude of
a glitch by eXTP is ∆ν/ν ∼ 10−9 with the typical exposure.
The detection capability of eXTP will help confirm whether
all galactic FRBs detected in the future are associated with
glitches.

2.4.2 Bursting activity and outburst phases

Bursting activity and outbursts in magnetar sources
One of the most distinctive behaviors of magnetars is the
occurrence of events in which huge amounts of energy are
released over different timescales, which, in many cases, led
to the discovery of new magnetar sources. Persistent mag-
netars are characterized by the emission of short (0.1-1 s)
bursts, with luminosities in the range 1039-1041 erg s−1, and
intermediate (1-40 s) flares, with peak luminosities ranging
from 1041 to 1043 erg s−1 [29]. The rarest giant flares, with
luminosities up to ≈ 1047 erg s−1 in the short (0.1-0.2 s) initial
spike and decreasing down to ≈1044 erg s−1 in the ∼100 s pul-
sating tail (modulated at the spin frequency of the star), have
been definitively observed from only three magnetars (SGR
0526-66, SGR 1900+14, and SGR 1806−20, see [165-168]).
Several magnetar giant flare candidates have been reported

Figure 10 A simulation to probe the glitch event based on eXTP-SFA ob-
servations. Upper panel shows the timing residuals with the pre-glitch spin
parameters. The frequency derivative is plotted in the bottom panel. The
vertical dashed line represents the simulated glitch epoch in three panels.
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from nearby galaxies, such as GRB 200415A in NGC 253
[169]. Conversely, outbursts are typically identified in tran-
sient sources following the detection of X-ray bursts by the
wide-field instruments on-board such as Swift, Fermi, and
GECAM missions. These events are characterized by a
sudden flux enhancement (by a factor of ∼100-1000), fol-
lowed by a return to quiescence over timescales ranging
from months to several years [170]. In particular, the recent
launch of the Einstein Probe and SVOM missions has signifi-
cantly enhanced our ability to detect new magnetar outbursts
[171,172]. With its large FOV, accurate localization and cov-
erage of the hard X-ray band, eXTP/W2C will be powerful to
monitor the burst activity of known magnetars and discover
new magnetar sources either in our galaxy or nearby galax-
ies.

Currently, a comprehensive and self-consistent model to
explain the triggering mechanisms of magnetar bursts and
flares remains elusive. One proposed mechanism involves
electron acceleration along the star’s twisted magnetic field
lines, which undergo rapid reconnection within the magneto-
sphere. This process generates a cascade of electron-positron
pairs and gamma-ray photons [173]. Alternatively, particu-
larly for intermediate and giant flares, another model sug-
gests that crustal displacements, driven by the intense inter-
nal magnetic field of the star, may induce a rapid rearrange-
ment of external field lines, injecting an Alfvén pulse into
the magnetosphere [174]. These Alfvén waves may remain
trapped within the closed field-line region, dissipating into
an electron-positron pair plasma (the so-called “trapped fire-
ball”), which is predicted to produce the observed pulsating
tails in the afterglow phase. Simple radiative transfer calcu-
lations [175, 176] have shown that this latter scenario effec-
tively reproduces the spectral properties of magnetar interme-
diate flares, for which the 0.2-100 keV spectra are well fitted
by two thermal components [177]. Furthermore, this model
predicts a high degree of polarization (exceeding ∼80%) and
a constant polarization angle in the soft X-ray band [176], a
measurement well within the capabilities of eXTP (see Fig-
ure 1), despite the short duration of these events.

However, the discovered correlation between the temper-
ature and size of the emitting surface of the two blackbody
components observed in the spectra of intermediate flares has
also suggested the possibility that one of these blackbodies is
populated by ordinary photons and the other by extraordinary
photons, emerging from their respective photospheres [177].
In this scenario, the expected net polarization degree would
be significantly lower than 80%, due to the competing con-
tributions of the two normal modes. Instead, energy-resolved
polarimetric observations may detect the polarization of the
two components separately and, therefore, reveal a 90◦ swing
of the polarization angle between the hot and the cold black-

body. Consequently, polarimetric observations with eXTP
are crucial to disentangling these two scenarios and will pro-
vide unprecedented insights into the trigger mechanisms of
magnetar bursts and flares.

Observing an outburst with eXTP, with its capability of
performing simultaneous phase-resolved spectral and polar-
ization measurements, will enable the extraction of exten-
sive information regarding aspects such as the activation
mechanism of these phenomena, the energy source driv-
ing their long-term emission, and the potential correlations
with the emission of short bursts. At the onset of the
event, a spectral hardening is usually observed, followed by
a slow decay phase in which the X-ray spectral shape soft-
ens [28, 178-181]. In the spectral observations carried out
so far, radiation near the peak of an outburst is typically ob-
served to be emitted from large regions, where, due to heat
deposition, temperatures are expected to be relatively higher
than those of the rest of the surface. This situation represents
the most favorable condition to probe the effects of vacuum
birefringence (see sect. 2.1). In fact, a sufficiently high sur-
face temperature in the emitting region would prevent mag-
netic condensation of the gaseous NS atmosphere to occur,
so that the intrinsic polarization of emitted radiation can rea-
sonably be expected to be very high. Moreover, if vacuum
birefringence were not effective, the observed polarization
degree of radiation coming from such an extended and hot
cap should be much lower than the intrinsic polarization at
the emission, due to the geometrical depolarization caused
by tangled magnetic field topology at the surface (see Fig-
ure 3). Hence, measuring a high degree of polarization at the
onset of the outburst would provide long-awaited evidence
of vacuum birefringence. Furthermore, as the emitting cap
shrinks in the decay phase, an increase of the observed po-
larization degree should be observed if QED effects were not
at work, due to geometrical depolarization being less effec-
tive for emitting region sizes smaller than ≈ 40◦ (see again
Figure 3). Thanks to the increased effective area and much
shorter repointing time compared to those of IXPE, eXTP
can map both spectral and polarization properties during a
typical magnetar outburst, from the peak phase to the after-
glow, so as to put a definitive end to the long-standing prob-
lem of the observational test of vacuum birefringence.

Figure 11 shows a simulation of an eXTP observation of
a typical magnetar outburst from the template source XTE
J1810-197 [182, 183]. The simulated observation consists of
three distinct stages, for a total exposure time of t = 600 ks.
In the first stage (with exposure time t1 = 100 ks), blackbody
emission polarized in the X-mode at a 70% level (repro-
ducing emission from a magnetized gaseous layer, see sect.
2.2.2) is assumed to originate from a hot cap located at the
magnetic pole of the star, with temperature kTh = 0.9 keV
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Figure 11 Simulated eXTP observations of a typical magnetar outburst (using the AXP XTE J1810-197 as template source) for three different 1-10 keV
flux levels, 1 × 10−10 (left), 7 × 10−11 (middle), and 1 × 10−11 erg cm−2 s−1 (right), with exposure times texp = 100, 200, and 300 ks, respectively (see text for
details). The plots show the phase-integrated, energy-dependent (top row) and the energy-integrated (over the 2-8 keV range), phase-dependent (bottom row)
polarization degree, modeled in both the QED-on (blue) and QED-off (orange) regimes. In the energy/phase bins where the polarization degree is below the
corresponding MDP99, the 3σ upper limit is reported (marked by a downward arrow). All the simulations are performed using the ixpeobssim suite [32] with
the eXTP response functions.

and semi-aperture θh = 20◦, concentric to a secondary warm
cap, with temperature kTw = 0.4 keV and semi-aperture
θw = 45◦. The 1-10 keV flux in this stage is assumed to
be 10−10 erg cm−2 s−1. In the second stage (exposure time
t2 = 200 ks), the shrinking of the emitting region is simulated
by maintaining the same polarization properties of emitted
radiation, as well as hotter and warmer cap temperatures, but
with semi-apertures θh = 10◦ and θw = 20◦, respectively.
The 1-10 keV flux is now 7 × 10−11 erg cm−2 s−1. The final
stage (with exposure time t3 = 300 ks) mimics the afterglow
of the outburst, with only a warm cap (kTw = 0.4 keV) with
semi-aperture θw = 20◦, 1-10 keV flux of 10−11 erg cm−2 s−1

and the same intrinsic polarization properties for emitted ra-
diation. In all cases, the rest of the surface is assumed to emit
unpolarized blackbody radiation, characterized by a temper-
ature kTc = 0.15 keV, to reproduce emission from a con-
densed surface (see again sect. 2.2.2).

The phase- and energy-dependent polarization degrees,
computed with (QED-on) and without (QED-off) vacuum
birefringence effects, are clearly statistically distinguishable
during the onset. In particular, no significant detection is ex-
pected in the QED-off case; however, even considering the
3σ upper limits, the degree of polarization of the QED-on
simulation cannot be recovered in any bin. As expected, the

polarization observed during the shrinking phase should in-
crease, reaching values above MDP99, in the QED-off case,
while no significant variations are visible in the QED-on
case. Finally, simulations show how eXTP is able to pro-
vide a significant polarization detection even for low fluxes
(. 10−11 erg cm−2 s−1) in the QED-on case, while no de-
tectable signal should be observed in the afterglow if vacuum
birefringence effects were absent.

FRB-associated X-ray burst The association of FRB
200428 with a peculiar nonthermal X-ray burst from the
Galactic magnetar SGR J1935+2154 [184,185] suggests that
they originate from the same explosive event under extreme
magnetic environments [186-189]. The spectrum of the X-
ray burst is characterized by the higher cut-off energy with
a steeper power-law index compared to the rest of non-
FRB-association bursts in the same bursting episode, indi-
cating that the emission of FRB-association X-ray burst is
more Comptonized by the plasma. If the emission region
of the X-ray burst is close to the magnetar surface, QED
effects may play a crucial role in shaping the spectrum of
those bursts. Specifically, the synchrotron radiation cool-
ing of particles and the electron-positron pairs production via
the single-photon conversion process would significantly af-
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fect the spectrum of nonthermal particles accelerated during
magnetic reconnections, hence the observed radiation spec-
trum [190]. In such a reconnection-origin for X-ray burst,
the polarimetric measurements would enable us to learn the
configuration of twisted magnetic field lines and test the sce-
nario. As the QED effect is sensitive to the magnetic strength
(or distance to the NS surface equivalently), more association
events detected by eXTP could help to constrain the emission
radius of FRB-associated X-ray bursts.

3 Accretion under strong magnetic fields

Although magnetars represent one of the most extreme man-
ifestations of strong magnetic fields in NSs, accreting X-
ray pulsars (XRPs) offer a crucial avenue for exploring the
physics of interaction of plasma with highly magnetized
NSs. Unlike magnetars, XRPs are fueled by accretion, a
fundamental astrophysical process in which matter accumu-
lates onto a central compact object. In XRPs, where the NS
has a strong magnetic field on the order of B ∼ 1012-13 G,
the accretion process is fundamentally shaped by magnetic
forces, leading to a wide variety of observational phenomena
(for reviews, see refs. [44,191]). The interaction of accreting
plasma with a strong magnetic field gives rise to a highly
complex geometrical structure in these systems (see Fig-
ure 12) [192]. At the magnetospheric radius, where the ram
pressure of the accretion disk matches the magnetic pressure,
infalling matter is captured by the field lines and channeled
toward the magnetic poles, where its energy is converted into
X-ray emission. The structure of the emission region is de-

Figure 12 Schematic illustration of accretion geometry in X-ray pulsars.
Adopted from ref. [192].

termined by the mass accretion rate, manifesting itself either
as a localized hot spot or as a vertically extended accretion
column for luminosities below and above 1037 erg s−1, re-
spectively [50, 193, 194]. The strong dependence of the scat-
tering cross section on the magnetic field gives rise to highly
anisotropic radiation patterns (commonly known as “beam
patterns”), leading to intricate pulse profiles that reflect the
complex interplay between the geometric and physical prop-
erties of XRPs. Unfortunately, this degeneracy has so far
prevented the development of a reliable method for recon-
structing the geometric configuration of such systems solely
from their pulse profiles. However, the strong anisotropy in
the scattering cross section induced by the magnetic field was
expected to produce a high degree of polarization in the emis-
sion of XRPs [195], which, in turn, is sensitive to the geom-
etry of the emission region.

The recent launch of the Imaging X-ray polarimetry Ex-
plorer (IXPE) [196], which was expected to resolve the afore-
mentioned degeneracy, has instead revealed significant dis-
crepancies between theoretical predictions and the observed
polarization properties of XRPs (see review by ref. [51]).
This provides strong motivation for the next-generation X-
ray observatory, eXTP, which offers a significantly larger ef-
fective area for both timing and polarimetric studies.

3.1 Geometry of the system

3.1.1 Rotating vector model and NS orientation

Due to the effect of vacuum birefringence, as discussed in
sect. 2.1 for magnetars, the direction of photon polarization
aligns with the local magnetic field geometry until it reaches
the adiabatic radius. Even in XRPs, where the magnetic field
is 1-2 orders of magnitude weaker than in magnetars, this ra-
dius extends to 20-30 NS radii, where the dipole component
of the magnetic field dominates. This justifies the use of the
RVM to determine the geometric configuration of the XRP
and its orientation relative to the observer.

By now, a sample of about a dozen XRPs has been ob-
served with IXPE (see Table 1) [43, 51, 97, 192, 197-214].
Although the PD may exhibit a complex evolution pattern
over the pulse phase, the PA variations in most XRPs follow
a much simpler trend, enabling the application of the RVM.
This has enabled independent determination of the geomet-
ric configuration of at least the brightest XRPs, including the
discovery of nearly aligned and nearly orthogonal rotators
[51].

Interestingly, it was found that the RVM parameters may
change with time. In Her X-1, the geometrical parameters
(particularly magnetic obliquity) changed significantly be-
tween the “main-on” and “short-on” states. A free precession
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Table 1 A list of X-ray pulsars that have been observed by IXPE. The periods, orbital periods and cyclotron lines are adopted from refs. [43, 197]. The
geometry information obtained from the RVM model is taken from ref. [51]

Source name Period (s) Orbital period (d) Ecyc (keV) ζ (deg) α (deg) IXPE reference

Her X-1 1.24 1.7 37 25+24
−20, 90 ± 30 3.7+2.6

−1.9, 16.3+3.5
−4.1 [97, 198-200]

Cen X-3 4.8 2.09 28 70.2 (fixed) 16.4 ± 1.3 [192]

GRO J1008-57 93.5 249.5 78 130 ± 3 74 ± 2 [201]

4U 1626-67 7.7 0.02875 37, 61? – – [202]

X Persei 837.67 250.3 29 162 ± 12 90 ± 15 [203]

Vela X-1 283 8.96 25, 53 – – [204, 205]

EXO 2030+375 41.31 46.02 36/63? 128+8
−6 60+5

−6 [206]

GX 301-2 696.0 41.59 50 135 ± 17 43 ± 12 [207]

RX J0440.9+4431 202.5 155.0 32? 108 ± 2 48 ± 1 [208, 209]

Swift J0243.6+6124 9.87 28.3 146 25+8
−17 77+8

−29 [210, 211]

SMC X-1 0.717 3.892 - 91+42
−41 13+7

−6 [212]

4U 1538-52 526.42 3.73 22 77+50
−32 30+16

−13 [213]

4U 1907+09 438.0 8.37 18, 36 – – [214]

of the NS crust is proposed to explain this modulation of geo-
metrical parameters with a 35-d super-orbital period [97]. At
the same time, in two transient XRPs, RX J0440.9+4431 and
Swift J0243.6+6124, the derived geometric parameters also
changed unexpectedly and significantly within a very short
period. An additional unpulsed but strongly polarized emis-
sion component of still unknown origin has been suggested
to explain this behavior. It may arise from X-rays scattered
by outflows launched from the inner regions of the accretion
disk or the magnetospheric accretion flow [215].

Although IXPE has made significant progress in determin-
ing the geometry of XRPs, it has also raised several funda-
mental questions, which require an instrument with far more
advanced technical capabilities. One of the scientific goals
that can be achieved with the improved sensitivity of eXTP is
the expansion of the sample of XRPs with known geometry.
This will enable the verification of models of NS spin evolu-
tion within the context of binary systems. Enhanced schedul-
ing flexibility will also allow for the monitoring of bright out-
bursts from transient XRPs to determine the physical origin
of the unpulsed emission component. Finally, significantly
better count statistics will enable us to demonstrate the ap-
plicability of the RVM to such systems, rigorously examine
potential discrepancies, and further refine our understanding
of the polarization mechanisms in XRPs.

3.1.2 Precession in accreting neutron stars

Some accreting XRPs (e.g., Her X-1, SMC X-1, and LMC
X-4) exhibit periodic modulations on timescales that signif-
icantly exceed their orbital periods, a phenomenon typically
referred to as super-orbital periodicity. Among these sources,
Her X-1 is one of the best known, displaying a 35-d super-
orbital variability that has been attributed to the precession of
a warped accretion disk. In addition to the flux modulation,

its pulse profiles show systematic changes with super-orbital
phase, which may be explained by the free precession of the
NS. If the spin axis does not align with a symmetry axis of
the NS crust, free precession is expected to occur even in the
absence of a net torque over the precession period. This sce-
nario is further supported by recent research by ref. [97] us-
ing X-ray polarimetry data obtained with IXPE. In these ob-
servations, the angle between the spin axis and the magnetic
dipole differs significantly between the Main-on and Short-
on states, a variation that can be explained by free precession
of the NS. Moreover, a change in the position angle of the
spin axis on the sky may indicate a forced precession occur-
ring on a year-long timescale.

Although Her X-1 serves as a reference for studying
such mechanisms, the currently available low-statistic data
for fainter systems such as SMC X-1 remain insufficient to
definitively confirm the presence of free precession [212]. In
fact, ref. [212] reported only a possible variation in PA over
the super-orbital phase of this source. To assess eXTP’s abil-
ity to trace polarimetric properties over the super-orbital cy-
cle of faint XRPs, we performed a simulation of the expected
signal from SMC X-1 using eXTP response files. As shown
in Figure 13, eXTP can achieve significantly improved statis-
tics with the same exposure time as IXPE. With its enhanced
capabilities, eXTP will be able to conduct polarimetric obser-
vations across different super-orbital phases for an extended
sample of XRPs exhibiting this type of variability, a critical
step in understanding its physical mechanisms.

3.2 Low accretion rate: Nature of emission and physics
of the atmosphere

Observations of accreting NSs at very low luminosities re-
quire instruments with a high effective area. eXTP, with its
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Figure 13 Left panel: Swift/BAT one-day averaged light curve of SMC X-1 during one super-orbital cycle (black circles), with the simulated PA at each
segment of the cycle indicated by colored stars. Right panel: The q-u plane for each super-orbital segment, with IXPE results shown in gray. The eXTP
simulation uses the same exposure time as in ref. [212]. Based on the results from ref. [212], a linear evolution of PA is assumed in this simulation.

high sensitivity in both spectral and polarimetric capabilities,
will play a crucial role in verifying several fundamental con-
cepts related to the low-luminosity states of XRPs.

3.2.1 Nature of emission at very low luminosities

One of the long-standing challenges in the study of XRPs is
understanding the nature of their emission in the quiescent
state. This question is closely related to the verification of
the proposed centrifugal inhibition of accretion, which is ex-
pected to occur at very low mass accretion rates onto highly
magnetized NSs (the so-called “propeller effect” [216]). The
propeller effect relies on the dipole magnetic field, which de-
cays more slowly compared to the multipole field on a large
scale. As a result, it provides a straightforward approach to
confirm multipole fields by comparing the magnetic field in-
ferred by the propeller effect and other measurements, e.g.,
CRSFs generated close to the NS surface [217]. Depending
on whether this effect occurs in nature, different sources of
quiescent luminosity have been considered in the literature,
with thermal cooling of the NS and continued low-level ac-
cretion being the most probable explanations (see ref. [218]).
The key observable that can help distinguish between these
two scenarios is the shape of the energy spectrum in this state:
a soft, nearly thermal spectrum is expected in the absence of
accretion, while a much harder spectrum is expected if accre-
tion continues.

In the two transient XRPs, 4U 0115+63 and V 0332+53,
a significant softening of the energy spectrum was observed
after their possible transition to the propeller state [219].
At the same time, the authors could not rule out soften-

ing of the continuum without its transformation to the ther-
mal one. Indeed, some softening was later found in other
XRPs (GX 304−1 and A 0535+26) when their luminosity
dropped to 1034-1035 erg s−1, independent of the propeller
effect [220, 221]. This softening, however, is evident only at
energies below ∼ 10 keV, while at higher energies a second
hump in the spectrum is clearly observed, indicating the on-
going accretion. Therefore, our ability to distinguish between
the propeller state and ongoing accretion ultimately depends
on our capability to differentiate between thermal and non-
thermal spectra of XRPs in quiescence. Unfortunately, the
limited sensitivity of existing X-ray telescopes has so far pre-
vented the collection of high-quality spectra of XRPs in the
propeller (quiescent) state. However, this science will be pos-
sible to perform with eXTP/SFA.

To demonstrate this, we conducted a 50 ks eXTP/SFA
simulation of energy spectrum of an XRP in the quiescent
state, assuming an absorbed blackbody model described by
tbabs*bbody with a temperature of 0.5 keV (see left panel
in Figure 14). The flux level of the simulated source in 0.5-
10 keV was set to 10−12 erg s−1 cm−2, which corresponds to
a source with a luminosity of 4 × 1033 erg s−1 at a distance
of 6 kpc [219]. We then fitted the simulated spectrum using
both the input model and another model tbabs*powerlaw.
The fittings led to distinctly different residuals, indicating
that eXTP/SFA is capable of effectively distinguishing be-
tween these different spectral shapes even when the source is
in a quiescent state.

Another signature of the accretion process is the presence
of red noise in the source’s power density spectrum (PDS),
as demonstrated for several types of objects [222]. Therefore,
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Figure 14 Left panel: A 50 ks eXTP/SFA simulation of the energy spectrum of an XRP in the quiescent state, assuming an absorbed blackbody model with a
temperature of 0.5 and 0.5-10 keV flux of 10−12 erg s−1 cm−2 [219], which corresponds to a source with a luminosity of 4 × 1033 erg s−1 at a distance of 6 kpc.
The bottom panels show residuals to the best-fit “tbabs*bbody” and “tbabs*powerlaw” models. Right panel: A 50 ks eXTP/SFA simulation of the power
spectrum for a source with a 0.5-10 keV flux of 10−12 erg s−1 cm−2. The shapes of both the energy spectrum and the power density spectrum (dashed line) were
adopted from a faint state of 1A 0535+26 [222] (blue histogram). The red noise and the peak around 0.01 Hz caused by pulsations are clearly detectable. We
also present another scenario where no accretion occurs, and therefore the red noise is absent at low frequencies (orange histogram).

PDSs obtained by eXTP/SFA can also help distinguish be-
tween cooling NS and accreting at a low level. The instru-
mental capabilities for this purpose are illustrated in right
panel of Figure 14 where a 50 ks simulation of the power
spectrum for a source with a flux of 10−12 erg s−1 cm−2 in 0.5-
10 keV is shown. The shapes of both the energy spectrum
and the power spectrum (dashed line) in the accreting state
were adopted from a faint state of 1A 0535+26 [222]. The
red noise and the peak around 0.01 Hz caused by pulsations
can be evidently detected. We also present another scenario
where no accretion occurs and therefore the red noise at low
frequencies is absent.

3.2.2 Physics of the NS atmosphere and low PD in XRPs

One of the most striking and unexpected results of IXPE is
the discovery of PD values in XRPs much lower than any the-
oretical predictions [51]. One possible explanation is incor-
rect assumptions about the physical conditions in the radiat-
ing regions of highly magnetized NSs made in these models.

Let us consider here XRPs with luminosities below the
critical one. At low mass accretion rates (Ṁ . 1017 g s−1),
the accretion flow does not have the possibility to slow down
significantly under radiation pressure, and accretion columns
supported by radiation pressure do not form. Instead, the
kinetic energy of the freely falling ion and electron flow is
spent on heating the upper layers of the atmosphere due to
Coulomb collisions and excitation of electrons to the upper
Landau levels. As a result, the upper layers of the atmosphere
are heated to temperatures of several tens of keV, approxi-
mately to the depth of the free path of protons.

There are no exact self-consistent models of such atmo-

spheres (see refs. [48, 49, 223]). However, it is possible
to estimate the radiation properties of such an atmosphere
using a toy model in the first approximation. In such a
model, the magnetized pure hydrogen atmosphere can be
represented as two isothermal plasma layers, an upper hot
(kT ∼10-100 keV) with an exponential temperature drop to
a lower cold (kT ∼ 1 keV) semi-infinite layer (see details in
ref. [205]). Assuming that these layers are in hydrostatic
equilibrium in the gravitational field of a typical NS, we can
calculate the number densities of protons and electrons, the
opacity coefficients, and consider the radiative transport in
two polarization modes in the resulting model atmosphere.

The spectrum of the emerging radiation from such an at-
mosphere, to the first approximation, consists of two com-
ponents. A relatively cold semi-infinite layer emits an ap-
proximately blackbody, distorted by the influence of electron
scattering. The second component is represented by the radi-
ation of the optically thin plasma from the upper heated layer.
It dominates over the first component at high photon energies
due to its higher temperature, and at sufficiently low photon
energies, where its optical thickness becomes significant.

Initially, the spectrum of the second component is domi-
nated by radiation in the extraordinary mode (X-mode), since
radiation in the ordinary mode (O-mode) is more signifi-
cantly diluted by electron scattering. However, the influ-
ence of virtual electron-positron pairs in the presence of a
strong magnetic field (vacuum polarization) can significantly
change the polarization of the emerging radiation due to
mode conversion during passage through the vacuum reso-
nance (a layer of the atmosphere in which the influence of
plasma and virtual particles on photons of a given energy be-
comes the same, see details in sect. 2.1).
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The depth of the atmosphere at which the vacuum reso-
nance occurs for a given magnetic field depends not only on
the photon energy but also on the plasma density (see details
in ref. [68]). For low-energy photons, the vacuum resonance
occurs at low plasma density in the upper optically thin lay-
ers of the atmosphere. In this case, a simple exchange of
fluxes between the O- and X-modes takes place, and the PA
of the emergent radiation rotates by 90◦. Vacuum resonance
for high-energy photons occurs in dense optically thick lay-
ers of the atmosphere and does not affect the polarization of
the emergent radiation.

However, for photons with energies between these ex-
treme values, a situation may arise where the vacuum
resonance leads to approximate equality of the fluxes in
the modes. For magnetic field values typical for XRPs
(∼1012 G) and a heated atmospheric layer thickness of about
1 g cm−2, the vacuum resonance occurs in the transition layer
between the heated and cold atmospheric layers with a very
steep density gradient. This leads to the appearance of a
fairly wide band in the spectrum (a few keV), where the
fluxes of the emergent radiation are almost equal to each
other. This model can potentially explain the low polarization
of the radiation observed with IXPE in a number of XRPs
[51].

The presence of vacuum resonance in the highly magne-
tized accretion-heated atmosphere could lead to more inter-
esting effects. For example, ref. [204] performed an energy-
resolved polarimetric analysis of Vela X-1 IXPE data and
discovered a ∼90◦ swing in the PA between 2-3 and 5-8 keV
bands. Two potential scenarios have been proposed to ac-
count for this phenomenon: (1) The presence of two dis-
tinct spectral components, each exhibiting polarized emis-
sion with different values of the PA; and (2) the vacuum res-
onance in the NS atmosphere with an overheated upper layer
[205]. In the latter case, the parameters of the toy model with
an overheated upper atmosphere can be selected in such a
way that the transition from the predominance of the thermal
component of the cold part of the atmosphere to the optically
thin radiation of the overheated atmosphere occurs between
photon energies of 2-5 keV. In this case, a rotation of the
plane of polarization by 90◦ can be reproduced, see details in
ref. [205].

At the same time, the nature of the PA swings in Vela X-
1 and some other XRPs is still not fully understood. The
large effective area of eXTP enables us to perform a phase-
resolved polarimetric and spectral study to distinguish be-
tween the two possibilities mentioned above. If the PA swing
results from the vacuum resonance, the PA difference be-
tween the two spectral components would be approximately
90◦ at all pulse phases (see the simulation in Figure 15).

Figure 15 A simulation of phase-resolved spectro-polarimetric results for
Vela X-1, where each data point corresponds to a 100 ks exposure and the
phase-averaged flux in the 2-8 keV energy range is 1.8 × 10−9 erg s−1 cm−2.
This simulation assumed two spectral components: A bremsstrahlung and
a power law, each characterized by distinct PDs and a 90◦ difference in
their PAs. The phase-resolved spectral shape, as well as PDs and PAs of
the power-law component (dashed lines), were adopted from ref. [205]. The
PD of the bremsstrahlung component was assumed to be phase-independent.
The results demonstrate that eXTP is capable of precisely constraining the
PDs and PAs of both spectral components across different rotational phases.

3.3 Critical luminosity and geometry of emission region

The geometrical configuration of the emission regions at the
magnetic poles of the NS in XRPs depends on the mass ac-
cretion rate. The so-called critical luminosity, which sepa-
rates two accretion regimes, is a function of the magnetic
field strength and for a typical XRP has a value around 1037

erg s−1 [50,193,194]. Below this luminosity (the sub-critical
regime), matter falls directly onto the NS surface, and the
emission region forms a hot spot at the magnetic pole. When
the luminosity exceeds the critical value, radiation pressure
from the hot spots becomes significant, slowing the infalling
matter (the super-critical regime). As a result, a radiation-
dominated shock forms some distance above the NS surface,
below which lies an optically thick region, known as the ac-
cretion column [50, 193, 194]. The appearance of the ac-
cretion column is expected to lead to substantial changes in
both the spectral shape and the pulse profile, as the radia-
tion transfer from the polar caps is strongly influenced by the
configuration of the emission region. The most compelling
evidence for the existence of an accretion column was ob-
served in V 0332+53 and 1A 0535+262, where the CRSF en-
ergy anti-correlates with luminosity during the bright super-
critical regime. This has been interpreted as an increase in
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the height of the accretion columns as the sources become
more luminous [224, 225].

In observations, transitions through the critical luminos-
ity have been suggested for several transient XRPs based on
changes in their pulse profiles and the hardness evolution
with luminosity. This provides an indirect method to estimate
the magnetic field of an NS (e.g., refs. [226-228]). Around
the critical luminosity phase-resolved polarization properties
of XRPs are expected to change dramatically [195]. These
changes can be precisely measured with eXTP/PFA during
observations of a transient XRP. The accurate measurement
of the critical luminosity would therefore provide a crucial
test for the entire paradigm of accretion onto highly magne-
tized NSs.

High count statistics is crucial for accurately determining
the structure of emitting regions while accounting for all pos-
sible complexities. For instance, ref. [229] demonstrated that
in the case of super-critical accretion, a significant fraction of
the emission from the accretion column is intercepted by the
NS surface and reflected to the observer, the so-called “re-
flection model”. As a result, the beam function and the po-
larimetric properties of this reflected component are strongly
modified. Therefore, a comprehensive study of simultane-
ous timing, spectral, and polarimetric variations, enabled by
the unprecedented combination of the large effective areas of
eXTP’s SFA and PFA detectors, will provide valuable new
insights into the radiation processes near the magnetic poles
of NSs.

3.4 Extreme accretion: PULXs

First detected by the Einstein mission [230], ultraluminous
X-ray sources (ULXs) are bright, off-nuclear point sources
shining at luminosities LX & 1039 erg s−1, that is above the
Eddington luminosity

LEdd ≃ 1.3 × 1038 M
M⊙

erg s−1 (6)

of a 10M⊙ black hole (BH) (see reviews by refs. [231-
234]). We know now of about 2000 ULXs [235-237].
Initially thought to be powered by intermediate-mass BHs
(MBH ≃ 102-106 M⊙) accreting at sub-Eddington rates (see
ref. [238]), since the early 2000s a few pieces of evidence
pointed towards super-Eddington accretion in X-ray binaries
(XRBs) [239-241]. Firstly, they are characterized by pecu-
liar spectral states, different from those of Galactic XRBs
[242,243]. Secondly, the energy spectra of a few ULXs have
shown the presence of strong outflow winds, a key prediction
of the super-Eddington scenario [244,245]. The most striking
evidence in support of this scenario, however, came in 2014,
when coherent pulsations were detected in the X-ray flux of

M82 X-2, clearly stating that this source is an accreting NS
shining at luminosities LX > 10LEdd, the first pulsating ULX
(PULX [246]).

Since then, 5 more extragalactic PULXs emitting at lumi-
nosities far exceeding Eddington limit for an NS have been
identified [246-252], and a few more accreting NSs have
reached similar luminosities at least once (see ref. [233],
and references therein). Their spin periods are characterized
by the presence of huge spin-up rates (−10−10 s s−1 . Ṗ .
−10−11 s s−1) that support the super-Eddington nature of these
sources (see ref. [249] for the case of NGC 5907 ULX-1).
The super-Eddington nature is also supported by the magni-
tude of the orbital decay of M82 X-2 [253]. It is interesting
to note that M82 X-2 was found to show a long-term spin-
down trend [254]. PULXs are characterized by hard spectra
[255,256], practically indistinguishable from the X-ray spec-
tra of many ULXs (see ref. [257]), suggesting a much larger
population. Finally, at least 2 PULXs have shown mHz QPOs
with similar properties in the past years [258, 259].

How PULXs can reach such high luminosities is still an
open question. A (partial) solution could lie in the magnetic
field of the accreting NSs powering these systems. Particu-
larly intense dipolar magnetic fields (B & 1014-1015 G) could
help overcome the Eddington limit (see, refs. [260-262]), but
at the observed spin periods (P ≃ 0.4-18 s) PULXs should
constantly be in the propeller regime [216]. In the case of
NGC 5907 ULX-1, it has been argued that a less intense dipo-
lar component (Bd ∼ 1012-1013 G) accompanied by a strong
multipolar component near the NS surface (Bm ∼ 1014 G)
could explain its extreme luminosities LX ∼ 1041 erg s−1 ≃
103LEdd [249]. A pronounced geometrical beaming of the X-
ray radiation has also been invoked to explain the PULX lu-
minosities [263-265], but although some degree of beaming
must be present, an unrealistically high value of b ∼ 1/100
would be required to explain NGC 5907 ULX-1 luminosities
(see again ref. [249]).

The large effective area and excellent timing resolution of
the SFA, together with the polarimetric capabilities of the
PFA onboard eXTP, will significantly enhance our ability
to study PULXs. The high count rate will enable sensitive
searches for pulsations in faint or rapidly varying sources,
facilitating the discovery of new PULXs and improving our
understanding of their population properties. In addition, the
superb time resolution of the SFA may aid in detecting fast-
rotating PULXs—e.g., potential millisecond PULXs—given
the high spin-up rates. The improved photon statistics also
allow for detailed investigation of their physical character-
istics, including constraints on magnetic field strengths. In
particular, the detection of proton CRSFs may offer a direct
probe of extreme magnetic fields in these systems [266]. In
addition, the superb effective area and good timing resolu-
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tion of SFA also allow a comprehensive investigation on the
timing properties evolution across the transition between a
gas-dominated thin disk and a radiation-dominated thick disk
as did in Swift J0243.6+6124 [267]. PFA will, for the first
time, enable polarization studies of extragalactic PULXs,
which are currently beyond the reach of existing instruments,
e.g., IXPE. To date, polarization measurements have only
been achieved for Galactic ULX candidates, such as Swift
J0243.6+6124 [211], a PULX candidate with an estimated
magnetic field of ∼ 1013 G [217]. Observations of this source
have revealed phase-dependent variations in the polarization
angle which, after subtracting the contribution from an ad-
ditional component, are well described by the RVM, which
is caused by the effects of vacuum birefringence in strong
magnetic fields. With its high sensitivity and polarimetric ca-
pabilities, eXTP will open a new window into the emission
geometry and magnetic fields of PULXs, providing unique
insights into their physics and placing them in the broader
context of accreting XRPs.

4 Conclusion

The eXTP mission, scheduled for launch in 2030, will rev-
olutionize the study of strongly magnetized compact ob-
jects by combining unprecedented timing, spectral, and po-
larimetric capabilities. Focused on extreme magnetic fields
(up to 1015 G), eXTP aims to directly test quantum elec-
trodynamics (QED) effects, such as vacuum birefringence,
through phase-resolved X-ray polarimetry of magnetars and
accreting pulsars. By leveraging its high-sensitivity SFA and
PFA, eXTP will probe magnetar surface emission mecha-
nisms (condensed vs. atmospheric), track magnetic field evo-
lution during outbursts, and resolve proton cyclotron absorp-
tion features to map ultra-strong surface fields. For accreting
X-ray pulsars, eXTP will decode accretion column geometry
and super-Eddington processes in PULXs through energy-
resolved polarization and timing. W2C enables rapid de-
tection of magnetar bursts and FRB-associated X-ray flares,
while timing studies of glitches and precession will constrain
neutron star interiors. With 5-10 times higher sensitivity than
current missions, eXTP’s multi-instrument synergy will ad-
vance our understanding of QED in extreme fields, magneto-
spheric dynamics, and accretion physics, bridging quantum-
scale effects to astrophysical phenomena.

In addition, a potential configuration has been proposed,
in which one SFA detector would be replaced by an imaging
detector pnCCD (named SFA-I, together with the focusing
mirror) [268]. The effective area and the energy resolution of
SFA-I are comparable to those of the SFA unit, but its spatial
resolution is much higher, significantly enhancing eXTP’s

imaging capability. It will provide improved measurements
for weak and extended sources. In this white paper, we only
focus on point sources, for which SFA-I is mainly helpful for
more precisely estimating the background when sources are
faint. Conversely, for bright sources, e.g., in high luminos-
ity states or during bursts, SFA-I may suffer from the pile-up
effect. However, in this case, the remaining SFA units will
still be sufficient for collecting enough photons for spectral
and timing studies proposed in this white paper. Overall, re-
gardless of which configuration is ultimately implemented,
the scientific goals related to strongly magnetic objects are
not expected to be affected.
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tangelo, and K. Werner, Astron. Astrophys. 573, A53 (2015).
83 W. C. G. Ho, and C. O. Heinke, Nature 462, 71 (2009).
84 V. Doroshenko, V. Suleimanov, G. Pühlhofer, and A. Santangelo, Nat.
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97 J. Heyl, V. Doroshenko, D. González-Caniulef, I. Caiazzo, J. Pouta-
nen, A. Mushtukov, S. S. Tsygankov, D. Kirmizibayrak, M. Bachetti,
G. G. Pavlov, et al., Nat. Astron. 8, 1047 (2024).

98 M. Kramer, B. W. Stappers, A. Jessner, A. G. Lyne, and C. A. Jordan,
Mon. Not. R. Astron. Soc. 377, 107 (2007).

99 L. Levin, M. Bailes, S. D. Bates, N. D. R. Bhat, M. Burgay, S. Burke-
Spolaor, N. D’Amico, S. Johnston, M. J. Keith, M. Kramer, et al.,
Mon. Not. R. Astron. Soc. 422, 2489 (2012).

100 X. Liu, H. Xu, J. Niu, Y. Zhang, J. Jiang, D. Zhou, J. Han, W. Zhu,
K. Lee, D. Li, et al., Astrophys. J. 988, 175 (2025).

101 A. M. Beloborodov, Astrophys. J. 703, 1044 (2009).
102 H. Tong, Mon. Not. R. Astron. Soc. 489, 3769 (2019).
103 H. Tong, P. F. Wang, H. G. Wang, and Z. Yan, Mon. Not. R. Astron.

Soc. 502, 1549 (2021).
104 K. Makishima, T. Enoto, J. S. Hiraga, T. Nakano, K. Nakazawa, S.

Sakurai, M. Sasano, and H. Murakami, Phys. Rev. Lett. 112, 171102
(2014).

105 K. Makishima, T. Enoto, H. Yoneda, and H. Odaka, Mon. Not. R.
Astron. Soc. 502, 2266 (2021).

106 K. Makishima, T. Tamba, Y. Aizawa, H. Odaka, H. Yoneda, T. Enoto,
and H. Suzuki, Astrophys. J. 923, 63 (2021).

107 K. Makishima, N. Uchida, and T. Enoto, Publ. Astron. Soc. Jpn. 76,
688 (2024).

108 G. Desvignes, P. Weltevrede, Y. Gao, D. I. Jones, M. Kramer, M.
Caleb, R. Karuppusamy, L. Levin, K. Liu, A. G. Lyne, et al., Nat.
Astron. 8, 617 (2024).

109 C. Cutler, Phys. Rev. D 66, 084025 (2002).
110 S. Dall’Osso, S. N. Shore, and L. Stella, Mon. Not. R. Astron. Soc.

398, 1869 (2009).
111 Q. Cheng, S. N. Zhang, X. P. Zheng, and X. L. Fan, Phys. Rev. D 99,

083011 (2019).

112 Y. L. Yan, Q. Cheng, and X. P. Zheng, Sci. China-Phys. Mech. As-
tron. 67, 129513 (2024).

113 F. Y. Hu, Q. Cheng, X. P. Zheng, J. Q. Wang, Y. L. Yan, J. Y. Wang,
and T. Y. Luo, Res. Astron. Astrophys. 23, 055020 (2023).

114 J. Shu, Q. Cheng, and X. P. Zheng, Phys. Rev. D 111, 023038 (2025).
115 Y. L. Yan, Q. Cheng, X. P. Zheng, and X. X. Ouyang, Eur. Phys. J. C

84, 1043 (2024).
116 M. Ruderman, Nature 223, 597 (1969).
117 G. Baym, and D. Pines, Ann. Phys. 66, 816 (1971).
118 R. X. Xu, Astrophys. J. 596, L59 (2003).
119 G. Baym, C. Pethick, and D. Pines, Nature 224, 673 (1969).
120 P. W. Anderson, and N. Itoh, Nature 256, 25 (1975).
121 D. Antonopoulou, B. Haskell, and C. M. Espinoza, Rep. Prog. Phys.

85, 126901 (2022).
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