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In this white paper, we present the potential of the enhanced X-ray timing and polarimetry (eXTP) mission to constrain the equa-
tion of state of dense matter in neutron stars, exploring regimes not directly accessible to terrestrial experiments. By observing
a diverse population of neutron stars—including isolated objects, X-ray bursters, and accreting systems—eXTP’s unique combi-
nation of timing, spectroscopy, and polarimetry enables high-precision measurements of compactness, spin, surface temperature,
polarimetric signals, and timing irregularity. These multifaceted observations, combined with advances in theoretical modeling,
pave the way toward a comprehensive description of the properties and phases of dense matter from the crust to the core of
neutron stars. Under development by an international Consortium led by the Institute of High Energy Physics of the Chinese
Academy of Sciences, the eXTP mission is planned to be launched in early 2030.
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1 Introduction

The enhanced X-ray timing and polarimetry (eXTP) is a sci-
ence mission primarily designed to study laws of physics un-
der extreme conditions of density (this paper), gravity [1],
magnetism [2], and the potential time-domain and multi-
messenger transients [3] as well as observatory science [4].
eXTP is currently scheduled to launch in early 2030.

In the new baseline design, the scientific payload of eXTP
consists of three main instruments: the spectroscopic focus-
ing array (SFA), the polarimetry focusing array (PFA), and
the wide-band and wide-field camera (W2C). The SFA, PFA,
and W2C provide complementary observational capabilities
on board eXTP to constrain the equation of state (EOS) of
dense matter in neutron stars (NSs). We briefly summarize
and benchmark their key instrumentation properties-focusing
on effective area, background, and polarimetric sensitivity-
against other current and planned missions relevant to dense
matter research, and refer to ref. [5] for a detailed description.
With the large effective area of eXTP, high time resolution,
and combined spectral, timing, and polarization capabilities,
precise measurements of NS properties hold promise in con-
straining the NS EOS and the composition of dense matter in
its interior [6-8].

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 an 18′ field of view
(FoV). The SFA-T is 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 resolu-
tion of 10µs. They are therefore well-suited for studies of X-
ray emitting compact objects at the shortest time scales. The
SFA array also includes one unit of the SFA-I (where I sig-
nifies imaging) telescope equipped with pn-CCD detectors
(p-n junction charged coupled device) to enhance imaging
capabilities, which would supply strong upper limits to de-
tect weak and extended 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 exposure time of
1 Ms-ideal for constraining faint persistent or extended emis-
sion. Since it is not excluded that the SFA might in the end in-
clude six SFA-T units, simulations presented here have taken
this possibility into consideration.

The PFA features three identical telescopes, with an angu-
lar 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 de-
tector efficiency). Polarization measurements are carried out
by gas pixel detectors (GPDs) working at 2-8 keV with an
expected energy resolution of 20% at 6 keV and a time reso-

lution better than 10µs [9-13]. The instrument reaches an ex-
pected minimum detectable polarization (MDP) at 99% con-
fidence level (MDP99) of about 2% in 1 Ms for a milliCrab-
like source.

The W2C is a secondary instrument of the science pay-
load, featuring a coded mask camera with a FoV of ap-
proximately 1500 square degrees (full-width zero response,
FWZR). The instrument achieves a sensitivity of 4 ×
10−7 erg cm−2 s−1 (1 s exposure) across the 10-600 keV en-
ergy range, with an angular resolution of 20′ and an energy
resolution better than 30% at 60 keV.

The combined capabilities of eXTP’s three major
payloads—the SFA for high-throughput spectroscopy, the
PFA for sensitive X-ray polarimetry, and the W2C for tran-
sient monitoring—uniquely position the mission to deliver
next-generation constraints on the EOS of NSs across multi-
ple observational messengers and timescales (see Table I in
ref. [5] for a benchmark comparison of eXTP’s instrument
capabilities against current and planned X-ray missions):
• SFA combines high effective area with focusing op-

tics, good spectral resolution (∼ 180 eV), and microsecond
timing-surpassing the Rossi X-ray timing explorer (RXTE)
and the neutron star interior composition explorer (NICER)
in soft X-ray sensitivity.
• PFA opens a new observational window for dense mat-

ter studies by enabling phase-resolved polarimetry of surface
hotspots, aiding mass-radius inference via geometric con-
straints.
• W2C offers continuous hard X-ray monitoring (10-

600 keV) over a very wide FoV, enabling detection of rare
events like superbursts, long/intermediate X-ray bursts, and
glitch-related transients with high cadence and sensitivity.

Through the timely efforts enabled by eXTP, we will be
able to advance the understanding of several key questions
central to the long-standing challenge of determining the
EOS of dense matter:
• How does pressure depend on density, composition, and

temperature, that is, the EOS, and how does this influence the
properties of NSs?
• What is the observational evidence of the presence of

heavy baryons or deconfined quarks at the extreme densities
in NS cores, and what are the implications?
• What is the role of superfluidity in regulating thermal

evolution and glitch behavior?
• How does nuclear pasta vary throughout the deep layers

of NS crusts?
• What is the maximum possible rotation speed of an NS?

After a general introduction to dense matter, pulsars, and
the NS structure, the following sections outline the various
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techniques that eXTP will use to measure the dense matter
EOS, and explore its expected performance in more detail.
Our study emphasizes the full thermodynamics of NS matter
to understand its thermal and dynamic evolution. We tac-
tically adopt multi-wavelength observations to study dense
matter and approach the key questions in a multi-scale, multi-
messenger manner.

1.1 State of the art of dense matter

NSs are stellar objects with the highest baryonic densities
in their interior [14, 15]. They are therefore expected to al-
low us to learn about the high-density, low- and medium-
temperature regime of the quantum chromodynamics (QCD)
phase diagram [16]. Understanding the properties and phases
of QCD matter is one of the most fundamental and excit-
ing challenges in nature and is at the heart of many efforts
from both theory and experiments [17]. The EOS of QCD
matter describes the behavior of strongly interacting matter
under extreme conditions, found in different scenarios rang-
ing from cosmology and astrophysics [18] to heavy-ion colli-
sions (HIC) [19]. Moreover, reliable experimental and obser-
vational data interpretation is based on state-of-the-art theo-
retical models for extreme QCD matter.

The regime relevant for NS interiors lies in a region of
the QCD phase diagram where the theory is strongly coupled
and non-perturbative. First-principles lattice QCD provides
robust results at zero baryon chemical potential [20], but fails
at finite density due to the sign problem. Extrapolations to fi-
nite baryon chemical potential µB are only reliable at small
to moderate µB/T [21], though lattice simulations of theo-
ries where the sign problem can be avoided, such as QCD
at µB = 0 but at finite isospin chemical potential or phase
quenched QCD, can provide rigorous constraints to the EOS
at large µB [22, 23].

At extremely high densities, beyond those realized in NSs,
perturbative QCD (pQCD) calculations become applicable
and provide EOS constraints through stability and asymptotic
consistency requirements [24-26]. These calculations have
reached nearly complete next-to-next-to-next-to-leading or-
der (N3LO) precision [27, 28], with systematic uncertain-
ties from missing higher-order terms quantified via Bayesian
methods [29].

At lower densities, up to 1-2 times the saturation den-
sity, the properties of matter can be calculated from first-
principles calculations based on chiral effective field the-
ory (EFT) of QCD [30-35]. In chiral EFT, the strong in-
teractions between nucleons are given by long-range pion
exchanges and short-range contact interactions, which can
be organized in a systematic expansion in powers of Q/Λb,
where Q is a typical momentum in the system and Λb ∼ 500-

600 MeV is the breakdown scale [36,37]. Up to N3LO, it en-
ables uncertainty-quantified calculations of neutron-rich mat-
ter across multiple many-body frameworks [31, 32, 38-52].

Other model approaches include the use of the Dyson-
Schwinger equation [53] and the Nambu-Jona-Lasinio model
(NJL) [54-56]. An extended NJL description of hadronic
matter has also been successfully used to describe NS matter
[57-59].

It is known that dense matter within NSs exhibits signif-
icant quantum many-body correlation effects in the core re-
gions, such as the strong Landau damping of nucleon quasi-
particles and the renormalization of nucleon masses and
Fermi velocities [60-62]. These effects significantly impact
the NS EOS and cannot be captured by mean-field or weak-
coupling perturbative approaches [63], highlighting the need
for non-perturbative methods. The Dyson-Schwinger equa-
tion offers a promising framework, allowing a unified treat-
ment of the EOS and superfluid transition temperature [64].
Most thermal evolution models (see sect.3.4) assume a Fermi
liquid with a sharp Fermi surface and linear specific heat. In
this picture, the direct Urca (dUrca) process is only allowed
above a threshold proton fraction [65-67]. However, in the
dense NS core, strong interactions and quantum fluctuations
may induce non-Fermi liquid behavior [68], characterized by
a blurred Fermi surface and significant many-body correc-
tions to nucleon mass [62]. This can qualitatively alter neu-
trino emissivity, heat capacity, and thermal conductivity, and
may lower the threshold for dUrca processes. Cooling in ac-
creting NS crusts also depends sensitively on nuclear struc-
ture inputs [69, 70], while strong magnetic fields modify the
electron chemical potential and the number of Landau levels,
further affecting Urca rates [71].

Energy-density functional theory (EDFT)-based ap-
proaches have also been widely used to compute the EOS
of NS cores. These methods use density functionals whose
parameters are typically calibrated using a wide range of
experimental nuclear data or microscopic calculations of
neutron matter. Common implementations include nonrel-
ativistic models based on Skyrme or Gogny interactions, as
well as the relativistic mean-field theory (RMFT); see e.g.,
refs. [72, 73] for reviews. EDFT has achieved remarkable
success in the theoretical description of finite nuclei [74, 75]
involving densities that are still much lower than the nucleon
density in the core region of NS. Another approach to the
problem of nuclear binding involves working at the quark
level, to self-consistently calculate the change in the internal
structure of nucleons and hyperons immersed in the strong
scalar mean fields that arise in dense matter [76], called the
quark-meson coupling model (QMC) or the quark mean-field
(QMF) model [77-80]. With a set of five parameters charac-
terizing the coupling of mesons to the light quarks, a non-



A. Li, et al. Sci. China-Phys. Mech. Astron. November (2025) Vol. 68 No. 11 119503-5

relativistic reduction of this model yields reliable predictions
for nuclear binding energies, root-mean-square radii, and nu-
clear deformations across the periodic table [81, 82].

As a relatively different approach, holographic QCD de-
scribes non-perturbative QCD by mapping it to classical
gravity with one higher spacetime dimension, thanks to the
establishment of the holographic duality [83]. It has proven
to be a useful tool in studying various aspects of QCD mat-
ter, including the spectrum, transport properties, QCD phase
transitions, thermodynamic and transport properties, and out-
of-equilibrium dynamics; for reviews and applications, see
refs. [84-89]. Compared with other effective approaches,
it can describe different phases within the same framework
and provide a well-understood technique to treat dynamical
processes at strong coupling. Nevertheless, a unified holo-
graphic QCD theory from a top-down approach has not yet
been constructed. The holographic approach is complemen-
tary to other methods, see e.g., refs. [90-92].

1.2 Observational properties of pulsars and other NSs

Pulsars are fast-rotating, strongly magnetized NSs that emit
electromagnetic radiation from the magnetosphere (inside or
outside the light cylinder) or from the NS surface. The rota-
tion of the NS then may cause the emission to appear pulsed
to a distant observer, depending on the magnetic field incli-
nation and the observer viewing angles.

The first pulsar was discovered in the radio band in
1967 [93]; at present, more than 4000 pulsars have been
discovered with multiple telescopes, from radio to X-ray and
gamma rays [94, 95]. The known pulsars have rotation pe-
riods Pspin distributed from about 1.4 ms to 20 s [96, 97].
Millisecond pulsars (MSPs, with Pspin ∼ 1.4-30 ms) are old
NSs that have been spun up (after spinning down to periods
of order ∼ seconds) by accretion of material and angular
momentum from a companion star in a process called recy-
cling [98-100]. MSPs have comparatively weak magnetic
fields [101], typically 108-109 G, in contrast to the ∼ 1011-
1013 G typical of young NSs [102], where the reduction in
field strength could be related to the accretion needed to spin-
up the star [103]. MSP surfaces are expected to have nearly
pure composition of the lightest accreted elements, because
heavier elements sink quickly to the interior [104]. Pulsars
emit radiation across multiple wavelengths; accordingly, they
can be broadly classified into two categories: radio pulsars,
which emit primarily in the radio band, and high-energy
pulsars, which radiate in the X-ray and gamma-ray bands.
More than 300 high-energy pulsars have been discovered so
far, while relatively few pulsars have been detected in the
infrared, optical, and ultraviolet bands. Figure 1 presents
a simple sketch that illustrates the different subcategories of

Figure 1 Diagram of X-ray luminosity versus spin period. eXTP probes
a diverse range of X-ray sources, e.g., high-mass X-ray binaries (HMXBs),
low-mass X-ray binaries (LMXBs), rotation-powered pulsars, central com-
pact objects (CCOs), X-ray dim isolated NSs (XDINs), millisecond pulsars,
and magnetars, with the design and optimization of its payload driven by a
set of primary goals, including the study of the dense matter EOS.

X-ray pulsars visible to eXTP that we will discuss in what
follows.

Another, more physically-based pulsar classification con-
sists of dividing them according to the mechanism powering
their radiation: rotation-powered pulsars (RPPs), magnetars
(magnetic-powered pulsars), and accretion-powered pulsars
in binary systems. RPPs have been generally characterized
as radio pulsars, but they can also be some of the brightest
X-ray and gamma-ray sources in the sky. For example, 231
X-ray counterparts of RPP were recently identified [105] by
cross-correlating their timing positions with the Chandra and
XMM-Newton catalogs, including 98 normal pulsars (NPs)
and 133 MSPs. Their X-ray luminosity (LX) is positively
correlated with both the spin-down power (Ė) and the light
cylinder magnetic field (Blc), supporting the outer-gap model
of high-energy emission. However, because of low flux lev-
els and/or low time resolution of data from Chandra (typi-
cally ∼ 3.2 s) or XMM-Newton (73.4 ms for the full frame
mode), X-ray pulsations have been found only in 51 NPs and
18 MSPs. eXTP-SFA has a large effective area and high time
resolution, making it highly suitable for searching for X-ray
pulsations from more RPPs, and to model the X-ray pulse
profiles to determine the masses and radii of NSs (see sect. 2).

Magnetars are isolated NSs that are largely powered by
strong magnetic fields ranging from 1013-1015 G [106]. Mag-
netars have spin periods of ∼ 0.1-12 s and X-ray luminosi-
ties as high as ∼ 1036 erg s−1 [107-110]. Initially, they were
identified as a distinct class of pulsars, with rotational energy
typically much less than their X-ray luminosity and relatively
slow rotation. This led to the identification of magnetic en-
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ergy as the main power of both their persistent emission and
their different types of bursts (see refs. [111, 112], and ref-
erences therein). Observationally, anomalous X-ray pulsars
(AXPs) and soft gamma-ray repeaters (SGRs) are now also
classified as a single magnetar class. In general, their X-ray
spectra can be characterized by one or two thermal compo-
nents deriving from hot spots on their surface (kT ∼ 0.1-1
keV) and in some cases with one or two power-law compo-
nents extending to higher energies (in some cases up to ∼ 200
keV [113]). The non-thermal component is commonly at-
tributed to resonant cyclotron scattering of the seed surface
thermal photons by non-relativistic electrons in the magne-
tar magnetospheres, or by a relativistic electron component,
or in the case of hundred-keV spectra, by a relativistic elec-
tron component [114,115]. Magnetars show a large variety of
flaring activity from their long-term outbursts lasting months-
years [116], to energetic bursts and flares of magnetospheric
origin. The rare and hyper-energetic giant flares from SGRs
can have X-ray luminosities up to ∼ 1044-1047 erg s−1 with
a duration of ∼ 1-100 s. This distinctive feature may reflect
the interaction between the ultra-strong magnetic field and
the NS crust or interior.

X-ray dim isolated NSs (XDINs) are close-by isolated
NSs possibly associated with old magnetars with >1 Myr and
fields of ∼ 1013 G. They can be well described by blackbody-
like spectra or magnetised atmosphere models, correspond-
ing to thermal emission from the surface, possibly with a
phase-dependence if the surface temperature distribution is
not uniform. Furthermore, some XDINs also exhibit broad
and/or phase-dependent spectral (absorption) lines, thought
to be cyclotron resonance features originating close to the
surface [117].

Central compact objects (CCOs) are compact stars asso-
ciated with their supernova remnants and are thought to be
isolated NSs [118]. Some of them present small hot spots
detectable as X-ray pulsations (e.g., a region of R ∼ 1 km
and kT ∼ 0.5 keV). Such hot spots may require a crustal
field up to magnetar strength [119]. However, the timing
properties of CCOs suggest a relatively low magnetic field
(< 1012 G) [120]. Their young age, hot crusts, and low dipo-
lar field might be explained in terms of large episodes of fall-
back accretion after the supernova, at birth.

Recently, other source classes have shown magnetar flares
and outbursts, starting from typical RPPs [121] and the CCO
in RCW103, which has a measured spin period of ∼ 6.4 h,
reachable only via a propeller phase during supernova fall-
back accretion. Magnetar emission has then been observed
in nearly all classes of isolated NSs, probably powered by
non-dipolar field components even in objects with low dipo-
lar fields, including some old magnetars [122, 123] or CCOs
[118, 124, 125].

Accretion-powered pulsars appear when NSs in X-ray bi-
nary systems accrete matter from a companion star, and their
magnetic field is strong enough to channel the material onto
the magnetic poles. X-ray binaries can be further classified
as high-mass X-ray binaries (HMXBs) or low-mass X-ray bi-
naries (LMXBs), according to the donor star masses. Most
X-ray pulsars are observed in HMXBs. Based on the spectral
type of the donor star, NS HMXBs are also classified as su-
pergiant X-ray binaries or Be/X-ray binaries (BeXBs) (e.g.,
ref. [126]). A majority of the HMXB systems are known to
be BeXBs with young optical companions of spectral type O
or B, and they show outburst activity in X-ray [127-129].

In LMXBs, where the companion has a mass of . 2 M⊙,
the majority of accreting NSs have weak magnetic fields
(. 108 G), insufficient to strongly influence accretion, and are
non-pulsating, but there are also sources observed as accret-
ing millisecond X-ray pulsars (AMXP). LMXBs may also
show recurrent type-I X-ray bursts, which are attributed to
unstable thermonuclear burning on the surface of an accret-
ing NS, with typical durations of ∼ 10-100 s. Most impor-
tantly, the spectra associated with the bursts can be used to
constrain the properties of NSs [130]. Additionally, the burst
light curves may occasionally show pulsations called burst
oscillations, which are associated with inhomogeneous emis-
sion from the surface and can also be used to put constraints
on the NS EOS [131].

As “cosmic lighthouses”, pulsars serve as extreme labora-
tories where all four fundamental forces of nature—strong,
weak, electromagnetic, and gravitational—coexist. In the
following sections, we will see how eXTP observations of the
various kinds of NSs can help understand the physics of the
NS interiors and their extreme magnetic field environments.

1.3 Matter in NS interiors

According to current theories, a (cold catalysed) NS can
be broadly divided into two main regions, lying below a
thin atmosphere: the crust and the core, with the divid-
ing density being approximately half the nuclear saturation
density [132, 133]. Most approaches to construct the NS
EOS have employed ad-hoc matching procedures of differ-
ent EOSs for the crust and the core, computed using different
models. On the other hand, recent efforts have been devoted
to developing a unified treatment of the crust and core (e.g.,
refs. [134-139]; see the CompOSE database [140] for a collec-
tion). Indeed, it has been shown that a non-uniform treatment
of the inner crust-core EOS can lead to uncertainties as large
as ∼ 5% in the radius estimation of medium and low-mass
NSs [141-143].
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1.3.1 The crust and nonuniform nuclear matter

The crust is the outermost layer, extending from the sur-
face to a depth where the density reaches about half the nu-
clear saturation density, at which point heavy nuclear clus-
ters tend to dissolve into a uniform nucleon liquid. The
crust is divided into the outer crust and the inner crust. The
outer crust is composed of fully ionised atoms immersed in
a charge-compensating electron background, while the in-
ner crust contains a mixture of nuclei, free neutrons, and
electrons. The outer crust is mainly composed of atomic
nuclei such as iron (Fe), nickel (Ni), and other heavy ele-
ments [138,144-148]. These elements are arranged in a crys-
talline lattice, with electrons occupying the interstitial spaces.
As the density increases, the nuclei become more neutron-
rich, and free neutrons begin to appear, marking the transi-
tion to the inner crust. Recently, microscopic calculations
have also shown that it is possible to have proton drip in ad-
dition to neutron drip in the non-uniform phase toward the
crust-core transition [149].

The composition of the inner crust is influenced by the
nuclear symmetry energy and its density dependence, since
the nuclei become heavier and more neutron-rich with in-
creasing density. Non-spherical nuclei, collectively known
as “pasta phases”, may appear in the inner crust as the den-
sity approaches the phase transition to uniform matter [150].
The appearance of nuclear pasta is mainly caused by the
competition between the surface and Coulomb energies of
heavy nuclei. As a result, the stable nuclear shape in non-
uniform matter can change from droplet to rod, slab, tube,
and bubble, among others, with increasing density [151].
Over the past decades, the properties of the inner crust and
of pasta phases have been studied using various methods,
such as the liquid-drop model [134, 150, 152-154] and the
Thomas-Fermi approximation [151,155-157]. Generally, the
Wigner-Seitz approximation with typical geometric shapes
of nuclear pasta is used to simplify the calculations. For a
more realistic description, there are some studies that have
not explicitly assumed any geometric shape and performed
fully three-dimensional calculations for nuclear pasta based
on the Thomas-Fermi approximation and molecular dynam-
ics methods [158-161] (see e.g., refs. [72, 73, 162] for a re-
view). A recent work includes a fully self-consistent three-
dimensional Hartree-Fock+BCS calculation, which provides
a comprehensive survey of the shape parameter space in the
pasta phase of the cold NS [163]. It has been shown that
nuclear symmetry energy and its slope could significantly
affect the pasta phase structure and crust-core transition of

NSs [164-166]. A strong magnetic field could also have non-
negligible effects, leading to an increase in the extension of
the crust and the charge content of the clusters [167]. The
pasta phases in the inner crust of NSs play an important role
in the determination of the neutrino scattering rates during
proto-NS evolution [158, 168, 169]. Additionally, the elastic
properties of nuclear pasta are closely related to the search
for gravitational waves from NSs, supernovae, and NS merg-
ers (e.g., ref. [170]).

Understanding the composition of the NS crust is crucial
for the interpretation of observational data [133]. These mod-
els are essential for understanding the behavior of dense mat-
ter and for interpreting multi-messenger observations, such
as NS cooling [171] (addressed in sects. 3.2.5 and 3.4), pul-
sar glitches [172] (addressed in sect. 5), and r and i-mode
oscillationsn in NSs [173, 174] (see related discussion in the
WG4 white paper [3]).

1.3.2 The core and uniform nuclear matter

The composition and EOS of the NS core can in principle
be determined using the fact that NSs are charge-neutral ob-
jects, whose equilibrium configuration is governed by weak-
interaction processes. However, although it is responsible for
most of the mass of the star, the nature of matter in the core
is presently unknown [14, 72, 132, 162, 175, 176].

The behavior of EOS around the nuclear saturation den-
sity can be determined by nuclear experiments1). The nu-
clear saturation density and the binding energy at that density
for symmetric nuclear matter (equal number of neutrons and
protons where the Coulomb interaction has been switched
off) can be inferred from measurements of the distributions
of the nuclear charge density distributions [177] and masses
of nuclei [178, 179]. Another important parameter, incom-
pressibility at nuclear saturation density, is determined pri-
marily by isoscalar giant monopole resonances in medium
and heavy nuclei [180-184].

The EOS parameters for asymmetric nuclear matter, such
as the symmetry energy or slope of the symmetry energy (L)
around saturation density, can be extracted from experiments
involving isospin diffusion measurements and pygmy reso-
nances, isobaric analog states, production of pions and kaons
in HIC or data on the neutron skin thickness of heavy nuclei
(see reviews e.g., refs. [175, 185], and references therein).
Note that previous nuclear experiments tested matter below
or close to saturation density (e.g., refs. [186, 187]), whereas
HIC probes matter with similar numbers of neutrons and pro-
tons up to 2-3 times nuclear saturation density [188,189] and

1) These constraints have theoretical uncertainties due to model extractions and/or extrapolations to the neutron-rich conditions not attainable by the exper-
iments.
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temperatures well above zero (e.g., refs. [190, 191]). Thus,
in order to describe NS matter, models need to be extended
to high baryon density in an extremely isospin asymmet-
ric environment at low temperatures (see discussion in refs.
[175, 185, 192, 193]). Nevertheless, it is not obvious whether
the information on the nuclear EOS from high-energy HICs
can be related to the physics of NS interiors. Methods to
integrate diverse data from nuclear experiments and multi-
messenger astrophysics to advance the study of dense matter
are discussed in sect. 7.

Using various theories detailed in sect. 1.1 to describe
dense baryonic matter, it has been shown that the condi-
tions inside NSs could allow for the appearance of exotic
(non-nucleonic) degrees of freedom, including hyperons, ∆
baryons, as well as deconfined quark matter. At large densi-
ties in the centers of massive NSs, exotic quark phases such
as color superconducting phases have also been predicted.
Reviews of EOS physics, including exotic degrees of free-
dom, can be found in e.g., refs. [72, 194, 195].

Many studies have been carried out with the aim of de-
termining the EOS of strongly interacting matter in a model-
independent approach constrained by observations and pos-
sibly by well-accepted ab initio calculations, both chiral
EFT calculations at nuclear densities [30-35] and pQCD at
high densities [27, 28, 196]. In order to cover the whole
phase space connecting the low-density to the high-density
constraints, several interpolation schemes have been imple-
mented based on agnostic descriptions of the EOS, both para-
metric, including polytropes [30,197-203], spectral represen-
tations [204, 205], speed of sound [202, 206-214], metamod-
eling based on a Taylor expansion around saturation den-
sity [215, 216], and non-parametric descriptions [25, 217,
218]. In addition, machine learning frameworks have been
applied to infer the EOS from NS observations [219-229].
A more detailed discussion can be found in sect. 7, which
explores studies in the framework of machine learning with
physical priors.

Although very general, these approaches have the limita-
tion of being unable to directly determine the internal compo-
sition of NSs. In particular, the identification of the presence
of a deconfined phase is generally proposed by analyzing the
approach to the limit of approximative conformal symme-
try, a known property of weakly coupled quark matter that
is severely broken in nuclear matter [200, 202]. Since the
sound velocity cannot effectively identify the composition
of matter at the intermediate densities relevant to compact
stars [230], attempts are being made to directly link NS ob-
servations and microphysically driven investigations of the
EOS across different density regimes, following the descrip-
tion of the RMFT [231,232] or Skyrme energy density func-
tional [233, 234], possibly together with a phase transition

to deconfined matter within the NJL model [235]. This ap-
proach supports quantitative studies of the EOS in different
density regimes, inferring the values of unresolved nuclear
saturation and phase transition properties, especially with the
increasing accumulation of robust NS observables. Problems
remain in combining the effective interactions with realistic
ones to describe the properties of dense matter [236].

As pointed out in ref. [237] and several later studies, ob-
servations are still unable to identify the composition of NSs,
in particular to confirm or exclude the presence of exotic de-
grees of freedom. Recent Bayesian inference calculations
confirm this degeneracy of stellar properties when compar-
ing nucleonic with hyperonic and hybrid NSs [231,238-241].
Studies considering quark degrees of freedom also show that
the available NS observations are compatible with both hy-
brid stars or pure quark stars [235, 242-244], while model-
independent calculations indicate a rapid conformalization of
the system close to the central densities of maximally mas-
sive NSs, pointing towards the possible presence of quark
matter therein [202, 214]. In the future, observations with
much smaller associated uncertainties, particularly in radius
and moment of inertia measurements [245, 246], along with
the potential discovery of sub-millisecond spinning NSs and
more quantitative comparisons of their thermal and glitching
properties, may allow us to distinguish between the different
scenarios and resolve the current degeneracy.

NSs, due to their high densities and strong gravity, are
promising astrophysical laboratories for probing the proper-
ties of dark matter [247-250]. Although dark matter consti-
tutes about 27% of the universe’s energy budget-far exceed-
ing ∼ 5% from ordinary matter-its fundamental nature re-
mains unknown, and direct detection efforts have so far been
inconclusive. If dark matter accumulates in NSs, it could sig-
nificantly alter observable properties such as the mass-radius
relation [248, 249, 251, 252], tidal deformability [253-258],
and evolutionary processes [247, 259-262]. Depending on
its distribution, dark matter may form a compact core or an
extended halo, leading to contrasting effects: a dark matter
halo tends to increase mass and deformability, while a dark
matter core can reduce the maximum mass and shrink the
radius [263]. These signatures offer a valuable avenue for
constraining dark matter through NS observations.

In the context of X-ray observations, the strong gravita-
tional field of an NS bends the X-rays emitted from its sur-
face. Tracking this deflected light allows for the reconstruc-
tion of the external spacetime of the NS, thereby constraining
its mass and radius (see discussion in sect. 2). This technique
has been employed by NICER [264] and is expected to play a
crucial role in future missions such as eXTP. However, if the
NS is surrounded by a dark matter halo, an additional gravita-
tional potential will act on the light emitted from its baryonic
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surface, leading to modifications in the pulse profile. Studies
have shown that these modifications can be significant, reach-
ing up to 10% for a dense dark matter halo [263,265,266]. In
such cases, measurements based on the assumption of purely
baryonic matter may no longer be accurate. To obtain reli-
able results, both baryonic matter and dark matter must be
considered simultaneously in the modeling [267, 268]. Such
a strategy may not only allow for a more precise determina-
tion of the NS baryonic radius but could also indirectly con-
strain the mass, interaction strength, and distribution of dark
matter particles, providing valuable insights into the funda-
mental nature of dark matter.

Thus, NSs are invaluable astrophysical laboratories, pro-
viding insight into dense nuclear matter, exotic phases, and
dark matter. The capabilities of eXTP will enable us to effec-
tively constrain the EOS of matter under extreme densities
and low temperatures, conditions that cannot be replicated in
laboratory experiments. Upcoming high-precision observa-
tions [269-271] together with advanced theoretical modeling
will be crucial to solving many fundamental open questions
and deepening our understanding of the most extreme states
of matter in the Universe.

2 Pulse profile modeling

Pulse profile modeling (PPM) exploits the variation in bright-
ness and spectrum as a function of the rotational phase to ex-
tract properties of either the emission or the NS itself. In the
context of constraints on dense matter, PPM is used to model
the emission of MSPs (rotation- or accretion-powered) [272]:
more specifically, the emission originating close to the NS
surface, i.e., the emission affected the most by the strong NS
surface gravity. As this is related to the NS compactness,
PPM facilitates the measurement of the NS mass and radius,
among other properties. This requires not only high-quality
pulse profile data (e.g., with order 10-100 µs timing resolu-
tion and ∼ 100 eV spectral resolution in the soft X-ray band)
but also the ability to simulate pulse profiles using an ade-
quate physical model (to form the basis for likelihood evalu-
ations). Model ingredients include the physics of relativistic
ray-tracing in the space-time of a rapidly rotating NS for a
given mass and radius, a prescription for the possible proper-
ties of the X-ray emitting hotspots, an atmospheric beaming
function, the effects of interstellar absorption, and the instru-
ment response (taking into account calibration uncertainty).
Other relevant parameters will include the distance, pulsar
inclination, and any non-source background. Priors must
be chosen for all of the model parameters. For a detailed
overview of the simulation and inference process involved in
PPM, see refs. [273, 274] and references therein.

In the subsections that follow, we discuss PPM for
rotation-powered MSPs and accretion-powered MSPs, two
major target source classes for eXTP that are expected to de-
liver good constraints on the EOS. While not discussed in
depth in this white paper, PPM for magnetars—where po-
larimetry can help to break degeneracies associated with the
strong magnetic field (see ref. [2])—may also provide EOS
constraints.

2.1 Rotation-powered MSPs

While most MSP pulsations are detected in the radio and
gamma-ray bands, a handful are also seen in the X-ray
band with a characteristic pulse profile: either narrow and
single/double peaked for magnetospheric emission (e.g.,
ref. [275]), or broad and sometimes quasi-sinusoidal for ther-
mal emission originating from the surface (e.g., ref. [276]).
In the latter, as used for PPM, the thermal photons propagate
through the gravitational potential well of the star on its way
to the observer—picking up the imprints of various relativis-
tic effects that can be used to infer pulsar mass and radius
(see Figure 2). The X-ray thermal emission of MSPs gen-
erally comes from small regions at the magnetic poles that

Figure 2 Simulated pulse profiles observed by eXTP-SFA for NSs with
varying gravitational masses, demonstrating the sensitivity of pulse pro-
files to stellar compactness. The effective exposure of the simulation is
1 Ms. The other parameters of the simulation [277] include an equatorial
radius of 12 km, a spin frequency of 200 Hz, a hydrogen column density of
1 × 1020 cm−2, a distance of 500 pc, and an inclination of 90◦. A single-
temperature circular hotspot (angular radius = 20◦, temperature = 0.1 keV)
is placed at 60◦ colatitude. Two rotational cycles are plotted for clarity. Right
panels show the corresponding gravitational lensed geometry of the hotspot
at rotational phases marked by vertical dashed lines in the pulse profiles.
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are heated by return currents from the magnetosphere [278-
280].

2.1.1 State of the art—MSP PPM with NICER

NICER is a soft X-ray telescope operating on the Interna-
tional Space Station since 2017. Its primary science goal is
to explore the EOS of NSs by collecting high-quality pulse
profile data sets of MSPs to be used for PPM. The NICER
MSPs are also radio pulsars: radio timing provides the spin
ephemeris necessary to generate the X-ray pulse profile, and
other informative priors such as distance or, if the source is in
a binary, the mass and inclination [281, 282]. Constraints on
background can come either from NICER background mod-
els (e.g., ref. [283]) or indirectly via joint fitting of (phase-
averaged) data for the same source from other X-ray ob-
servatories with imaging capabilities (e.g., XMM-Newton,
with a well constrained background, enabling a good esti-
mate of the number of photons coming from the source in
the XMM-Newton data set). To date, PPM using NICER
data has yielded results for five MSPs: PSR J0030+0451,
for which the mass and inclination are not known a pri-
ori [276, 284-289]; the ∼ 2.1 M⊙ pulsar PSR J0740+6620
[286,290-296]; the ∼ 1.4 M⊙ pulsar PSR J0437−4715 [297];
PSR J1231−1411, which has only a weakly-informative prior
on mass and inclination [277, 298]; and the ∼ 1.4 M⊙ pul-
sar PSR J0614–3329 [299]. In support of this effort, ex-
tensive work has gone into developing and testing PPM
pipelines [273, 274, 300, 301]. The tightest constraints on ra-
dius so far (for PSR J0437−4715 [297]) are at the ∼ ±7%
level (68% credible interval). The results are being used
to place constraints on both the dense matter EoS (see,
e.g., refs. [240, 302-304]), for recent analyses that include
PSR J0437−4715) and the magnetic field geometry of the
MSPs [2].

2.1.2 MSP PPM with eXTP

NICER has a peak effective area at 1 keV of 1800 cm2. The
eXTP SFA will be a factor of ∼ 2.5 larger below 2 keV (the
energy range of interest for MSP PPM), with much lower
background, enabling improved constraints on mass and ra-
dius for the NICER MSPs [305-307] and the collection of
data sets large enough to enable PPM for MSPs that are
too faint to be studied with NICER [308]. Figures 3 and
4 show simulated pulse profiles and the level of constraints
achievable within ∼ 1 Ms exposure times with eXTP for
PSR J0437−4715 and PSR J0740+6620, compared to what
is possible with current NICER data. Of greatest interest are
nearby MSP binaries with precise measurements of the NS
mass from radio pulse timing (see discussion in sect. 6.1),
since this reduces one source of uncertainty. In addition to

Figure 3 Simulated energy-resolved pulse profiles of PSR J0437−4715
observed by eXTP-SFA (32 phase bins), compared with NICER observa-
tions. The simulation adopts an effective exposure of 1.328 Ms, matching
the NICER observation time. Two rotational cycles are plotted for clarity.
The simulation uses the best-fit CST-PDT model parameters derived from
NICER observations (as determined by ref. [297]). In the lower panels,
the comparison between the total energy spectrum and the background es-
timation (or the inferred background at maximum likelihood) is plotted for
eXTP-SFA and NICER, respectively. Additionally, ray-tracing simulations
confirm that AGN contamination within the field of view has a negligible
effect on PSR J0437−4715 for eXTP-SFA.

the pulsars mentioned above already being studied by
NICER, these include PSR J1909−3744 (M = 1.57+0.020

−0.019
M⊙ [309]), PSR J0751+1807 (M = 1.64 ± 0.15 M⊙ [310]),
PSR J2222−0137 (M = 1.831 ± 0.010 M⊙ [311]), and
PSR J1614−2230 (M = 1.937 ± 0.014 M⊙ [309]).

With eXTP, PPM modeling will be possible for a sample
of at least 10 sources dominated by thermal radiation, under
a reasonable observing strategy and within the anticipated
mission lifetime. These sources, spanning a mass range of
1.2-2.1 M⊙, will enable eXTP to map the EOS over a broad
range of central densities well above nuclear saturation den-
sity, particularly for massive NSs such as PSR J0740+6620,
as illustrated in Figure 4.

2.2 Accretion-powered MSPs

For AMXPs, hot spots form as matter accreting via a disk
is channeled onto the star surface by the NS magnetic field.
The X-ray emission from these sources therefore includes a
pulsed component from the hot spots (likely scattered by the
material in the accretion funnel, see below), together with
emission from the rest of the stellar surface (heated as the
accreting material flows over the rest of the star) and the ac-
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Figure 4 2D marginalized posteriors of mass and radius of PSR
J0740+6620, reconstructed from the simulated pulse profiles observed by
eXTP with an effective exposure time of 1 Ms. The ST-U model is employed
on the synthetic data with an upper (B + 3

√
B) and a lower background

limit (max(0, B − 3
√
B)) in the background-marginalized likelihood func-

tion. For comparison, the inferred results of ref. [294], both with and with-
out XMM-Newton data (which illustrates the effect of including background
constraints), are also shown. The current background level estimation of
eXTP-SFA is nearly one-third of that of NICER for PSR J0740+6620. Note
that by 2030, the radius precision is expected to further increase due to antici-
pated improvement in the mass prior from radio observations (see discussion
in sect. 6.1).

cretion disk itself. Given suitable models for the emission
from the various components, AMXP pulsations are a viable
target for PPM [272, 312].

The radiation emitted from AMXPs is expected to be lin-
early polarized because the opacity is dominated by electron
scattering [313]. Indeed, polarized radiation was recently
discovered from the AMP SRGA J144459.2−604207 [314]
by the currently active imaging X-ray polarimetry explorer
(IXPE, [315]). This means that additional constraints on the
hot spot localization and NS inclination can be obtained from
modeling the X-ray polarization signal, which can break the
degeneracy between the geometrical parameters and the NS
mass and radius. eXTP will significantly enhance the sen-
sitivity of polarization measurements and the achievable pa-
rameter constraints.

The technique used to model the observations is based on
the rotating vector model, where the relativistic effects and
the oblate shape of the star can be accounted for refs. [316,
317]. In addition, the emission of the polarized radiation can
be modeled using a slab of hot electrons up-scattering the
soft photons coming from the NS surface [318].

2.2.1 Geometric constraints from polarimetry

Polarization simulations and parameter inference predictions
for IXPE were recently studied in ref. [319]. Using the same
pipeline (adapted to eXTP) and their scenario B (that is clos-

est to the true observations of SRGA J144459.2−604207,
with a polarization degree of a few per cent) fitting Stokes
q and u data, we simulate data with a 600 ks effective ob-
servation time (shown in Figure 5) and parameter constraints
for the PFA instrument of eXTP. The resulting posterior dis-
tributions for the geometry parameters are shown in Figure 6
when the prior of the hot spot colatitude θp is limited be-
tween 0◦and 90◦. Significant improvements over the IXPE
constraints are observed with the eXTP simulated data, par-
ticularly in θp, where the 68% credible interval shrinks by
more than half.

2.2.2 Combined constraints

The constraints on geometry derived from the polarimetric
data for the AMXPs can then be used together with PPM on
other (non-polarimetry) data sets. Figure 7 shows simulated
constraints for 100 ks of exposure time for eXTP-SFA for
the scenario explored in sect. 2.2.1, but using the geometric
constraints derived from the eXTP-PFA analysis as priors.
This analysis uses the AMXP PPM pipeline of ref. [320],
which incorporates an appropriate atmosphere model [318]
and model for emission from the accretion disk. Compared to
analysis of the same scenario for simulated NICER data, the
constraints on mass and radius are much tighter with eXTP-

Figure 5 Synthetic polarization degree (Pobs) and normalized PFA Stokes
q and u data. Scenario B of ref. [319] is taken as the input model. The
blue curves show the model curve using the injected parameters, the purple
dots and error bars show the synthesized observed PFA data, and the red bars
show the minimum detectable polarization (MDP) values for the correspond-
ing phase points. The corresponding IXPE data and MDP values are shown
with gray and pink bars, respectively.
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Figure 6 Posterior distributions of NS inclination i, spin axis position an-
gle χ0, hot spot colatitude θp, phase zero ϕ0, and hot spot angular radius ζp
when fitting simulated Stokes q and u data from eXTP or IXPE. The true
values are shown with thin-solid lines (matching scenario B from ref. [319]),
and the dash-dotted curves represent the prior distributions. The 1D credible
intervals contain 68.3% of the posterior mass, and the 2D contours contain
68.3%, 95.4%, and 99.7% of the posterior mass.

Figure 7 Posterior distributions of mass M, equatorial radius Req, i, θp,
and ζp obtained by fitting the simulated eXTP-SFA pulse profile. Here, the
68.3% intervals of i and θp resulting from the eXTP polarization analysis
(Figure 6) were taken as a prior.

SFA: the 68% credible interval on mass has reduced from

∼ 0.20 to ∼ 0.13 M⊙, and the 68% credible interval on radius
has reduced from 1.9 to 1.1 km. The improvement is in part
due to larger effective area, and in part due to polarization
constraints. This is a conservative estimate for eXTP with an
effective observation time here of only 100 ks, compared to
the simulation in ref. [320] of 130 ks. Table 1 summarizes the
quantitative performance of PPM techniques in constraining
NS mass and radius.

3 Other-methods: spectroscopy, polarimetry,
and flux evolution

In NS X-ray binary (NS-XRB) systems, either LMXBs or
HMXBs, the companion star transfers material onto the NS
via Roche-lobe overflow or stellar winds. As the accreted
material spirals inward, it heats up due to viscous dissipation
and emits X-rays. These systems provide a natural laboratory
for studying the physics of NSs and offer critical insights into
fundamental astrophysical phenomena, such as strong grav-
ity, nuclear processes, and accretion dynamics.

X-ray outbursts are sudden increases in the X-ray lumi-
nosity of NS-XRBs. They typically occur when there is a
temporary enhancement of the mass transfer rate from the
companion star. These events can last from days to months
and can evolve from initially “hard” spectral states to “soft”
and back again [321,322]. NS-LMXBs exhibit distinct obser-
vational and temporal features during both outburst and qui-
escent phases. Figure 8 illustrates these key features, which
will be discussed in detail in the following subsections.

In the quiescent state of NS-XRBs, the radiation from the
NS surface may dominate the emission in the soft X-ray
band. This thermal emission can be well described by an NS
atmosphere model, which can then be used to measure the
NS mass and radius. This approach will be discussed in de-
tail in sect. 3.1.1. A similar method can be applied to isolated
NSs, which lack strong magnetic fields and accretion-related
complexities. The absence of these factors simplifies the in-
terpretation of their spectra, reducing uncertainties associated
with radiative transfer in extreme magnetic environments or
accretion physics. This approach will be discussed in detail
in sect. 3.1.2.

Thermonuclear X-ray bursts (e.g., refs. [323, 324]), also
known as type I X-ray bursts, result from runaway thermonu-
clear burning on the surface of an NS in an LMXB system.
The observational properties of type I X-ray bursts—such
as their spectra, light curves, and peak luminosities—can be
used to infer the NS mass and radius. This approach will be
discussed in detail in sect. 3.2.1.

During some type I X-ray bursts, X-ray spectra exhibit ab-
sorption edges at specific energy levels (e.g., refs. [325,326]).
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Table 1 Precision and systematics of pulse profile observations for NS mass-radius constraints

Observational technique Instrumental mode Required effective exposure Expected precision on M-R Leading systematic limits
Pulse profile:

non-accreting MSP
SFA long-term pointed

observation
1-2 Ms per source

Radius: ±(5%-10%);
Mass: ±(5%-10%)

Background, hot spot configuration,
mass prior constraint

Pulse profile:
accreting MSP

SFA and PFA long-term
pointed observation

100-600 ks per source
Radius: ±(5%-10%);
Mass: ±(10%-15%)

Hot spot and accretion disk modelling,
accretion emission variability

Figure 8 This schematic illustrates key observational and temporal features of an NS-LMXB system during outburst and quiescent phases. Upper left panel
depicts the X-ray outburst phase, highlighting prominent phenomena such as type I (thermonuclear) X-ray bursts, mHz QPOs, and kHz QPOs. Lower left
panel shows detailed observational features tied to emission from the NS. Subfigures (left to right) include the X-ray spectrum of a quiescent NS-LMXB. Light
curves, fitted blackbody temperature, and radius evolution from a photospheric radius-expansion (PRE) type I X-ray burst. Absorption edges observed during
bursts and mHz QPO variability. Top right panel displays accretion disk features, including broadened Fe Kα emission lines and kHz QPOs. Lower right panel
emphasizes how combined timing, spectral, and thermal datasets synergistically constrain the NS mass and radius.

These features arise from the ionization of heavy elements
in the NS atmosphere and provide valuable insights into the
physical and chemical properties of the NS environment.
This approach will be discussed in detail in sect. 3.2.2.

Burst oscillations, hot spots generated by an as yet un-
known mechanism during Type I X-ray bursts (see ref. [131],
for a review), may also provide information on the mass and
radius. PPM for burst oscillations is challenging (given the
intrinsic variability, the role of ongoing accretion, and uncer-
tainty in the underlying surface pattern) [327-329]. However,
eXTP will observe burst oscillations with greater sensitivity
in a softer waveband than existing observations, which may
provide valuable insight into the mechanism and help to re-
solve surface pattern uncertainty.

Millihertz quasi-periodic oscillations (mHz QPOs) in NS-
LMXBs are linked to nuclear burning on the NS surface.
The thermal emission from these QPOs can be modeled as
a blackbody, allowing the size of the burning region to be es-

timated spectroscopically. Since the NS radius must exceed
this size, mHz QPOs provide a novel method to constrain
the NS radius. This approach will be discussed in detail in
sect. 3.2.3.

During accretion outbursts, nuclear reactions heat the crust
and raise its temperature. Post-outburst, the crust cools via
thermal emission, detectable as a decaying X-ray flux. By
modeling this cooling, the thermal conductivity of the crust
and core neutrino emissivity are linked to the NS composi-
tion. This approach will be discussed in detail in sects. 3.2.5
and 3.4.

Kilohertz quasi-periodic oscillations (kHz QPOs) are
high-frequency variability features observed in the X-ray
emission of accreting NS-LMXBs. Iron (Fe) lines are emis-
sion features observed in the X-ray spectra of these systems.
Both kHz QPOs and Fe lines are believed to originate from
the inner regions of the accretion disk, close to the NS. These
features provide additional methods to constrain the EOS for
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accreting NSs, which will be discussed in detail in sect. 3.3.

3.1 Spectroscopy of NS thermal emission

3.1.1 Quiescent LMXBs

Most NS-LMXBs are transient systems. During accretion
outbursts, a series of nuclear reactions deposits heat in the
NS crust. In the quiescent state of LMXBs (qLMXBs), the
accretion process almost halts, the disk dims, and the radia-
tion from the NS surface dominates the emission in the soft
X-ray band. Usually, the thermal emission is well described
by an NS atmosphere model [330, 331]. This approach is
based on the understanding that the observed thermal radia-
tion is modified by the effects of the NS strong gravitational
field, which causes gravitational redshift. By fitting the ob-
served X-ray spectra with a model that accounts for the NS
atmosphere, one can extract key parameters such as the ef-
fective temperature, the apparent radius, and—with the aid
of relativistic corrections—even place constraints on the true
radius and mass of the NS [330-333], provided the distance
to the source is known precisely enough (order ∼ 5%-10%
uncertainties).

Moreover, since the quiescent state exhibits low-level
and relatively stable emission, it minimizes the complica-
tions that arise from variable accretion, thereby offering a
clearer window into the thermal properties of the NS sur-
face [334, 335]. In Figure 9, we present a comparison of
the fit results for NS mass and radius obtained from XMM-
Newton observations of the NS-LMXB EXO 0748−676 to
those that would be obtained using eXTP. The simulations
indicate that eXTP can significantly improve the precision of
NS radius measurements using the same method, although
systematics still exist in the form of uncertainty about the at-
mospheric composition and the emission uniformity across
the stellar surface.

Figure 9 A comparison of the fit results for NS mass and radius ob-
tainable by eXTP with those obtained by XMM-Newton for the NS-LMXB
EXO 0748–676.

Overall, the use of X-ray spectral analysis in quiescent
NS-LMXBs has emerged as a powerful tool for probing the
fundamental properties of NSs, although some systematics
remain (e.g., ref. [336]). By combining high-quality ob-
servational data with sophisticated spectral models—which
account for both relativistic effects and the detailed micro-
physics of a NS atmosphere—researchers are able to extract
robust estimates of a NS temperature, radius, and mass.

3.1.2 Isolated NSs, central compact objects

CCOs emit predominantly thermal X-rays (kT ∼ 0.2-
0.5 keV) from their surfaces, likely due to residual heat from
their formation or early-stage cooling [337]. CCOs exhibit
weak magnetic fields [338], show no evidence of magne-
tospheric activity or pulsar wind nebulae, and are not sur-
rounded by accreting material. This makes them unique lab-
oratories for studying the intrinsic properties of NSs, such as
their mass and radius [339, 340]. By modeling their thermal
X-ray emission, researchers can infer the surface tempera-
ture distribution, emission area, and gravitational redshift, all
of which depend on the NS compactness (M/R ratio). The
absence of strong magnetic fields and accretion-related com-
plexities simplifies the interpretation of their spectra, reduc-
ing uncertainties tied to radiative transfer in extreme mag-
netic environments or accretion physics.

A key advantage of CCOs lies in their thermal simplic-
ity. Their X-ray emission is thought to originate from a large
fraction of the NS surface, and the lack of detected pulsa-
tions in most CCOs suggests a relatively uniform tempera-
ture distribution. This uniformity minimizes geometric un-
certainties, such as hotspot configurations or viewing angles,
which complicate mass-radius estimates in pulsars or accret-
ing NSs. Additionally, the weak magnetic fields of CCOs
allow for the use of non-magnetic atmosphere models (e.g.,
hydrogen, carbon, or heavy-element atmospheres) to fit their
spectra. For instance, surface emission from a light-element
atmosphere produces distinct spectral features that can be
compared to observations to infer the NS radius and grav-
itational field. The CCOs with detected pulsations further
enable timing analysis to constrain spin parameters, though
their low spin-down rates still imply minimal magnetic inter-
ference [338].

However, significant challenges remain. CCOs are faint
X-ray sources, and their distances—often inferred from as-
sociated SNRs—are poorly constrained, leading to large un-
certainties in luminosity and emission area estimates. This
directly impacts the precision of radius measurements [341].
Furthermore, the assumption of uniform surface emission is
not definitive; the absence of pulsations could result from
unfavorable alignment of the NS rotational axis with the ob-
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server line of sight, masking temperature anisotropies. The
composition of the atmosphere also introduces degenera-
cies: heavier elements (e.g., carbon or oxygen) produce spec-
tra that mimic larger emission areas at lower temperatures,
skewing radius estimates. For example, a carbon atmosphere
model may yield a radius 30%-50% larger than a hydrogen
model for the same observational data. Finally, their youth
(6 104 yr) means that their thermal emission reflects early-
stage cooling, which depends on uncertain supernova fall-
back processes and crustal properties. Despite these limita-
tions, CCOs remain promising targets for advancing our un-
derstanding of the interiors of the NS. With its large effective
area capabilities, the eXTP-SFA will significantly improve
the precision of NS radius measurements.

3.2 Thermonuclear bursts

Thermonuclear (type I) X-ray bursts are powered by unsta-
ble burning of material accreted on the NS surface from its
low-mass companion. The burning process depends on the
composition of the accreted material of the material, the ac-
cretion rate, and the ignition depth. For normal type I X-
ray bursts, the ignition occurs at shallow depths of densities
∼ 108 g cm−2, where pure helium or a mixture of hydrogen
and helium burn explosively, releasing a significant amount
of energy of ∼ 1039 erg. These bursts last only a few seconds
to minutes and recur within several hours. More than 7000
X-ray bursts have been reported in a comprehensive catalog
[342].

In some sources, carbon ashes accumulated during numer-
ous normal X-ray bursts ignite at a depth of ∼ 1012 g cm−2,
resulting in energetic long X-ray bursts (superbursts) with a
total energy release of ∼ 1042 erg and recurrence times from
days to years. When a thick layer of helium can form in
the envelope of accreting NSs, its explosion produces the
so-called intermediate duration/long bursts, which have in-
termediate durations between normal frequent bursts and su-
perbursts. Unlike the superbursts, they are associated with
LMXBs with very low accretion rate, typically . 1%ṀEdd,
where ṀEdd is the Eddington-limited accretion rate2). So far,
84 long X-ray bursts have been reported by a recent cata-
log [344]. eXTP is projected to observe over 10 superbursts
or intermediate duration bursts per year from well-studied
persistent sources, such as 4U 1820−30, 4U 1636−536,
4U 0614+09, 4U 1254−69, 4U 1705−44, 4U 1735−44,
GX 3+1, GX 17+2 or Ser X−1, alongside active transient

systems including Aql X−1, 4U 1608−52, EXO 1745−248,
and KS 1731−260 among others. eXTP/W2C will be able
to monitor thermonuclear X-ray bursts from these sources in
high-cadence and detect burst oscillations and their evolu-
tion, e.g., at ∼ 413 Hz from 4U 0614+09.

The spectral-timing properties of the burst lightcurves en-
code information about NS mass and radius that can be ex-
tracted in different ways, some of which we describe below3).

3.2.1 Burst cooling tails

Over the past three decades, the thermal emission from
NSs during thermonuclear X-ray bursts has been exten-
sively used in efforts to determine NS masses and radii (e.g.,
refs. [334, 347-352]). The most energetic bursts can expand
the photosphere of the NS (photospheric radius-expansion,
PRE). During their cooling phase, the photosphere con-
tracts towards the NS surface, and the X-ray emission en-
codes imprints of the NS surface gravity and gravitational
redshift. Atmospheric models tailored to NS environments
account for relativistic effects and composition-dependent
opacities, enabling precise extraction of the NS mass and ra-
dius [353, 354].

The methodology relies on time-resolved spectroscopy
of the cooling tail, where the spectral evolution is mod-
eled using relativistic atmosphere codes. These models self-
consistently compute the emergent flux as a function of sur-
face gravity (g), redshift (1 + z), and atmospheric composi-
tion (e.g., hydrogen or helium). A key challenge arises from
the degeneracy between the spectral parameters, uncertain-
ties in the source distance and system inclination, and how
all these relate to the mass and radius of the star. One miti-
gation comes when an independent estimate of the distance
is known (e.g., when the source is in a globular cluster), but
the main improvements come from the possibility of jointly
fitting various spectra. This fitting is done within a Bayesian
framework that eventually maps the posteriors from the fit-
ting process onto the mass and radius parameter space (e.g.,
refs. [354, 355]).

Recent advances in cooling tail spectroscopy have signif-
icantly reduced systematic uncertainties. Time-dependent
modeling of photospheric contraction and temperature gra-
dients across multiple burst phases has improved parame-
ter accuracy, while multi-burst analyses (e.g., combining 5
bursts from 4U 1702−429) enhanced statistical robustness
(e.g., ref. [355]). The high timing resolution and large col-
lecting area of the eXTP-SFA will enable the cooling tail

2) ṀEdd = 1.75× 10−8 M⊙ yr−1 has been widely used as the canonical value assuming M = 1.4 M⊙,R = 10 km, and 70% of hydrogen mass fraction [343].
3) Note that emission from the accretion disk will have an effect on the efforts to constrain mass and radius for all of the methods described in sect. 3.2.

Disk reflection can contribute approximately 20%-30% of the observed flux from a burst, and bursts can also heat the disk, shifting its thermal emission (see
e.g., refs. [345, 346]). Careful modeling of the burst-disk interaction will be needed to address these potential systematics.
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method to achieve even tighter constraints on key parameters
by delivering high-quality spectra.

3.2.2 Photoionization edges

Thermonuclear X-ray bursts can produce heavy elements via
the rapid proton capture (rp-) process. During bursts, the
heavy elements are ionized due to the high temperature of the
NS atmosphere, and only one or two electrons remain. When
the burst radiation passes through the NS photosphere, the
elements can be fully ionized, causing a shortage of the burst
radiation above the ionization energy. Photoionization ab-
sorption features in the range 6-11 keV have been identified
in the sources 4U 0614+091, 4U 1722–30, and 4U 1820–30
[325], HETE J1900.1–2455 [326], and GRS 1747–312 [356].
They have been explained as bound-bound and bound-free
transitions in the heavy elements produced during the bursts
and transported in the photosphere by convection. The ob-
served spectral features can be associated with the hydrogen-
like Fe edge at 9.278 keV, or hydrogen/helium-like Ni edges
at 10.8/10.3 keV, respectively. The presence of spectral fea-
tures potentially allows us to determine the gravitational red-
shift on the NS surface [323, 356, 357] giving a direct mea-
surement of M/R. So far, edge detections have been reported
only from observations with the Rossi X-ray timing explorer
(RXTE) proportional counter array (PCA). Due to the lim-
ited energy resolution of the PCA onboard RXTE, it was dif-
ficult to identify the origin of the observed edges, since the
spectral states from Fe and/or Ni could not be disentangled
effectively. The high-resolution X-ray spectroscopy possi-
ble with the eXTP-SFA will provide the necessary sensitivity
and resolution to identify these edges. In Figure 10, we show
the potential to detect multiple edges corresponding to dif-
ferent ionized states, such as hydrogen-like and helium-like
Fe. This advancement is crucial for accurately measuring the
gravitational redshift and thus determining the ratio of NS
mass and radius.

3.2.3 Millihertz quasi-periodic oscillations

Millihertz quasi-periodic oscillations (mHz QPOs) have been
discovered in 9 NS-LMXBs [358-364]. Currently, both
observational and theoretical studies indicate that the mHz
QPOs originate from nuclear burning on the NS surface
[358, 361, 365, 366].

Since the thermal emission of the mHz QPOs could be
described by a blackbody component [367], the size of the
burning region could be estimated from the spectroscopy of
the QPOs. This provides a new way to put constraints on
the NS radius, since the derived size of the burning regions
should provide a lower limit to the NS radius. Previous work

Figure 10 Two photoionization edges from thermonuclear X-ray burst.
The spectrum is simulated for the eXTP-SFA with an exposure time of 5 s.
The photosphere is located on the NS surface, and the edges are redshifted
by strong gravity. Two edges in a single burst spectrum are shown: H-like
and He-like Iron edges, at (7.13±0.03) and (6.76±0.03) keV, corresponding
to a gravitational redshift of 1 + z = 1.3.

on 4U 1636−53 [367] has constrained the NS radius to be
larger than 11.0 km (2σ lower limit) with XMM-Newton ob-
servations, thus ruling out EOSs with smaller NS radii.

The main limitation faced when studying the mHz QPOs
is the number of detected photons, which determines the un-
certainties in the derived spectral parameters: crucially, the
size of the emitting region. The eXTP-SFA will introduce the
advantage of a large collecting area, thus allowing to reduce
the degeneracy between the fitted parameters. For example,
the estimated error of the blackbody normalization is ∼ 1/3
of the one currently obtainable from NICER data (see WG5
white paper [4]). Phase-resolved spectroscopy of the mHz
QPOs across multiple epochs should provide a reliable lower
limit for the radius of different sources.

3.2.4 “Clocked” bursters

Most X-ray bursters exhibit bursts that vary significantly
in profile from burst to burst. Remarkably, several X-
ray bursters have been observed to produce light curves
with extraordinarily regular shapes in an epoch with reg-
ular recurrence times; the best-studied such example is
GS 1826−24 [368-371] (see ref. [372] for summarized infor-
mation). Such bursters are termed “textbook bursters” due
to the alignment with the macroscopic theory, or “clocked
bursters” due to the almost constant recurrence time (∆t) for
a series of bursts of an epoch. This regularity implies that the
accretion rate (Ṁ) of an epoch must be constant, the ignition
always occurs at the same column depth, and the available
fuel is completely burnt during the burst. Repeat observa-
tions of such bursters at different accretion rates allow com-
parisons against numerical models, for example by measur-
ing the empirical relation, Fper ∝ Ṁ ∝ ∆t−η, where Fper de-
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notes the persistent flux that stems from the gravitational en-
ergy release, and η is a power-law index close to 1. If η = 1,
which implies a constant persistent fluence, the amount of
fuel needed for the ignition of light elements is constant and
≃ Ṁ∆t for every burst.

Because of the simplicity of their light-curve behavior,
clocked bursters are very useful to probe the properties of
LMXBs, such as the accretion rate, the composition of the
accreted matter, nuclear reaction rate uncertainties and the
EOS, mass and heating, and cooling processes inside accret-
ing NSs. Additionally, such objects are ideal targets for nu-
merical light-curve modeling, which has been systematically
explored for GS 1826−24 [373-383].

Other examples of “clocked” bursting have recently been
observed in several sources: GS 0836−429 [384], IGR
J17480−2446 [385], MAXI J1816−195 [386, 387], 1RXS
J180408.9−342058 [388, 389], and SRGA J144459.2−
604207 [314]4). That is, among ∼ 120 X-ray bursters [342],
there are six clocked bursters identified so far. The long-
term monitoring of new clocked bursters is a high priority
as it results in large numbers of bursts observed and high-
fidelity datasets that can be used for comparisons with nu-
merical models, and hence constraints the host NS proper-
ties, and could enable us to constrain the nature of accret-
ing NSs: For instance, the determination of η value in the
clocked bursters could lead to the constraint on NS mass and
radius structure [391] as well as the compositions of accreted
matter [374] (see also Figure 1 in ref. [392]). In case of
the latest clocked burster, SRGA J144459.2−604207, it may
be a He-enhanced massive accreting NS according to recent

studies [393-395].
To monitor sequences of many bursts, a long exposure

time is needed. For example, to observe a series of 20 bursts
with an average recurrence time of ∆t = 5 h, about 4 days
would be needed for complete monitoring. The eXTP-PFA
is suitable for monitoring clocked bursters because it will op-
erate with long exposure times (104 s) as well as having a
large collecting area (900 cm2 at T = 2 keV) in the energy
range of 2-10 keV. In particular, long continuous monitoring
helps prevent missing bursts. Thus, future long-term eXTP
observations may unveil the mysteries of clocked bursters,
such as why some X-ray bursters can behave very regularly
and what is the physical origin of the η relation. These in-
sights could, in turn, provide more reliable constraints on NS
structure based on burst observations.

3.2.5 Crustal relaxation after outburst

During accretion, the NS crust is compressed by the accreted
matter, leading to a series of nonequilibrium reactions, e.g.,
electron capture, neutron emission, and pycnonuclear fu-
sions. The heating mechanisms resulting from these reac-
tions, namely deep crustal heating [396], will balance with
the cooling mechanisms dominated by photon and neutrino
emissions. In a long and strong enough accretion outburst,
the crust can be driven away from thermal equilibrium with
the core due to the burning of light elements in the accreted
layer, resulting in subsequent cooling of the crust [397]. A
schematic connection between the observed light curve at
different stages and the NS structure is shown in Figure 11.
Comparisons between simulated light curves and observa-

Figure 11 The light curve serves as a probe for exploring the internal structure of NSs. Here, the effective temperature is proportional to the fourth root of
flux or luminosity. The gray shaded region indicates the period of accretion, with the end of accretion setting the starting point of the crustal thermal relaxation.
Arrows connect structures at different depths in the crust to possible astrophysical phenomena (e.g., bursts and crustal cooling) with explorable crust properties
(e.g., composition or superfluidity) in parentheses at various stages of the light curve. Note that hyperbursts triggered at significant depths do not exhibit any
noticeable signature in the light curve. Nevertheless, we have marked the triggering time with a minor kink in the light curve.

4) Note that the first report of SRGA J144459.2−604207 being a clocked burster was from ref. [390] using INTEGRAL ToO observations.
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tions thus reveal the structure and composition of the
crust. With typical temperature of 115 eV and flux of 6 ×
10−13 erg cm−2 s−1 in the quiescent state, twenty observations
with a net exposure of 50 ks are sufficient to measure cooling
curves after outburst over 3-5 yr [398].

Generally, the longer the time after an outburst, the deeper
the crust layer being probed. For KS 1731−260 [399], the
unexpectedly high surface temperature after the outburst sug-
gests the presence of an additional heating mechanism in the
shallow crust, known as shallow heating [400]. Currently, the
origin and depth of this heating mechanism remain unclear.
In the case of MXB 1659−29, its delayed cooling is linked
to thermal relaxation at the bottom of the crust, specifically
in the pasta layer [401]. The cause of this delay is under
debate. One possibility is that the pasta layer has low ther-
mal conductivity, with free neutrons remaining in the nor-
mal state [402]. Another explanation suggests that the de-
lay results from the increased specific heat due to gapless
neutron superfluidity [403]. The accumulation of more ob-
servations from eXTP can improve our understanding of the
crust structure and composition, continuing to refine related
nuclear models.

3.3 Accretion flows in the disks: Fe lines, kilohertz QPOs
and reflection polarization

Relativistic Fe Kα spectral emission lines and kilohertz
quasi-periodic oscillations (kHz QPOs) are believed to be as-
sociated with the inner regions of the accretion disk, serv-
ing as potential probes into the physics of strong gravity and
dense matter. However, their interpretation remains debated.
For a more detailed discussion on the methods of constrain-
ing NS masses, radii, and the EOS using these two tech-
niques, we refer readers to ref. [269].

The Fe Kα line is a key spectral feature observed in NS-
LMXBs, typically appearing between 6.4 and 6.97 keV. It is
believed to originate from the reflection of hard X-rays off
the accretion disk [404-407]. The line profile is shaped by
various physical effects, including Doppler broadening, spe-
cial relativistic beaming, gravitational redshifting, and gen-
eral relativistic light bending. Fitting the iron reflection spec-
trum provides direct measurements of the inner radius of the
disk. Since the disk inner radius rin must lie outside the NS,
the inferred rin provides an upper limit on the stellar radius,
thus additionally constraining EOS models [408,409]. If one
obtains only the ratio rinc2/GM, then this transforms to a
constraint in the M–rinc2/GM space, which is nevertheless
informative [408].

kHz QPOs have been detected in several dozen NS-
LMXBs (see reviews [410, 411]). Due to their millisecond
timescales, kHz QPOs are thought to be linked to dynami-

cal timescales in the accretion flow near the NS. In numer-
ous instances, twin kHz QPOs appear concurrently, and the
correlations between their frequencies have been extensively
studied.

If the frequency of one of the kHz QPOs reflects Keplerian
orbital motions at a specific radial distance in the accretion
disk, the stable orbit must lie outside the NS or the innermost
stable circular orbit (ISCO). For an observed QPO frequency
νQPO and a dimensionless rotation parameter j = cJ/GM2 for
a NS (where c, J, G, and M are the speed of light, the NS an-
gular momentum, the gravitational constant and the NS mass,
respectively), these conditions limit the maximum allowed
mass and radius to Mmax = 2.2M⊙(1+ 0.75 j)(1000 Hz/νQPO)
and Rmax = 19.5 km(1 + 0.2 j)(1000 Hz/νQPO), respec-
tively [412]. The highest QPO frequency observed by RXTE
is (1288±8) Hz in 4U 0614+09 [413], placing an upper limit
on the NS mass at 2.1 M⊙. If this QPO reflects the Keplerian
orbital frequency at the ISCO, the NS mass in 4U 0614+09
is estimated to be (2.0 ± 0.1) M⊙.

There is ongoing debate regarding which of the upper or
lower kHz QPO frequencies reflects the Keplerian orbital fre-
quency at the inner edge of the accretion disk, although most
models predict that it is the upper QPO. Nonetheless, increas-
ingly high frequencies of the kHz QPOs give increasingly
small radii, giving more stringent constraints on rin and there-
fore on the NS radius. However, the QPOs become more
difficult to resolve as they rise in frequency, because they de-
crease in amplitude and coherence. Recent observations by
NICER have now extended the detection of kHz QPOs to the
soft X-ray band [414]. With its substantially larger effective
area, the eXTP mission is expected not only to detect kHz
QPOs at higher frequencies and fainter amplitudes but also
to investigate their spectral-timing properties specifically in
the 0.5-10 keV range.

Simultaneous measurements of kHz QPO frequencies and
relativistic Fe emission lines can potentially provide indepen-
dent measures of the inner radius of the accretion disk and
help distinguish between QPO models. In particular, detect-
ing kHz QPOs in the power spectrum and a broad Fe line
in the energy spectrum of the same object would offer sep-
arate ways to constrain the NS parameters. Currently, only
one source, 4U 1636−53 [415], has been observed to exhibit
both a broad Fe line in the energy spectrum and kHz QPOs
in the power spectrum simultaneously on four separate oc-
casions. Unfortunately, these observations covered different
spectral states of the source, and the combined results from
the kHz QPOs and the iron line did not yield a consistent NS
mass value.

Even more stringent constraints on the inner radius can be
obtained by the inclusion of simultaneous X-ray polarimet-
ric observations. The X-ray polarization of the reflection is
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sensitive to the geometrical properties of the disc, especially
the inclination angle (e.g., refs. [416, 417]). Therefore, with
X-ray polarimetric measurements, we can put tighter con-
straints on the inclination, and break the degeneracy between
inner radius and inclination when modeling the reflection
component in the energy spectrum. To demonstrate the abil-
ity of eXTP, we perform PFA simulations of 4U 1636−53,
assuming an exposure time of 100 ks. As for the polarization,
we utilize the xsstokes disc [417] to model the polarization
properties of the reflection component. The results are pre-
sented in Figure 12, in which the PD and PA extracted from
simulated IXPE data are also shown for comparison. These
simulations show that eXTP can reach the same accuracy as
IXPE in half the time, or give an error smaller by ∼ 40% than
IXPE with the same exposure time. It is therefore clear that
eXTP/PFA will be able to significantly detect the polarization
signature from the reflection component.

3.4 Thermal evolution of NSs

With the ever-increasing accuracy of observational instru-
ments, more details of the signals emitted by NSs can be
quantitatively monitored. Apart from the measurements of
NS masses and radii, high-density NS models can be con-
strained by the surface temperatures of isolated NS [171,418,
419]. Known or estimated ages and the thermal photon lu-
minosity of the X-ray transients in quiescence are especially
useful for this purpose. Since the first detection of surface ra-
diation from cooling NSs by ROSAT in 1990, numerous sub-
sequent detections have been made using Chandra, XMM-

Figure 12 Polar coordinate plot of the polarization degree (PD) and po-
larization angle (PA) for 4U 1636−53 at 95% confidence level, derived from
IXPE simulations with 200 ks (green dash-dotted line), along with eXTP
simulations using 100 ks (orange solid line) and 200 ks (red solid line). The
magenta dashed line indicates the position angle.

Newton, and NICER, along with the establishment of upper
limits on NS temperatures5). As noted in sect. 3.2.5, the NS
EOS determines the stellar structure, as well as the effective
masses and superfluid gaps of baryons, and is therefore cru-
cial for the heat capacity and neutrino emission rate. Under-
standing thermal evolution requires considering the complex
interplay of cooling and heating processes. This, in turn, pro-
vides a valuable opportunity to probe the physics of dense
matter within the stellar interior. In this section, we dis-
cuss recent progress and highlight key cases where further
progress is expected, while also outlining the necessary in-
gredients for interpreting observations.

For newborn NSs (ages < 10-100 yr), the surface temper-
ature reflects the thermal coupling of the crust to the core.
Similarly, in qLMXBs (e.g., Cen X-4, Aql X-1), the ob-
served thermal luminosity is a direct consequence of accre-
tion heating during outbursts, and modeling the crust thermal
response (i.e., how the crust temperature and heat transport
properties change in response to heating) allows us to probe
its composition, thermal conductivity, and heat capacity, as
discussed in sect. 3.2.5.

For NSs with ages < 105 yr, their cooling is primarily
dominated by neutrino emission from the core, and the sur-
face temperature can provide information about the core ther-
mal structure. At this age, the magnetic field also plays a
crucial role in the surface temperature map, and in certain
neutrino processes [112,420-422]. Several neutrino emission
processes, such as dUrca, modified Urca (mUrca), Cooper
pair breaking and formation (PBF), and bremsstrahlung pro-
cesses, may dominate this stage of NS cooling [423, 424].

The standard cooling scenario is dominated by the mUrca
process [425], and its cooling curve is insensitive to the stel-
lar mass. The observed rapid cooling of the Cassiopeia A NS
challenges standard cooling models, which primarily con-
sider neutrino emission from the core. This discrepancy sug-
gests that either enhanced neutrino emission (e.g., due to ex-
otic particles or Cooper pair breaking) is occurring, or that
our understanding of the core heat capacity (e.g., non-Fermi
liquid effects) is incomplete (see also refs. [426, 427]).

The minimal cooling scenario extends standard cool-
ing by incorporating the effects of superfluidity on cool-
ing [424, 428]. Well-studied examples of cooling NSs in this
age range include PSR J0205+6449 in 3C 58 [429, 430] and
RX J0822−4300 in Puppis A [431, 432]. Recent studies of
these isolated NSs in terms of secular cooling, and consider-
ing young cold and relatively low-magnetic NSs, have con-
firmed the need of fast cooling processes in dense matter EoS
for at least certain mass ranges. Deep X-ray observations of
PSR J0205+6449 confirmed that it is no longer consistent

5) https://www.ioffe.ru/astro/NSG/thermal/cooldat.html.
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with the minimal cooling scenario [433]. Superfluidity plays
a dual role in cooling: on the one hand, superfluidity sup-
presses the specific heat and the mUrca process [424]; on the
other hand, superfluidity opens a neutrino emission mecha-
nism more efficient than that of the mUrca process, known as
PBF process [434].

The enhanced cooling scenario includes any dUrca pro-
cesses involving nucleons and possibly non-nucleonic parti-
cles [66, 67]. Both the minimal and enhanced cooling sce-
narios can lead to rapid cooling of the NSs. In the mini-
mal cooling scenario, the trigger time of the PBF process is
closely related to the superfluid critical temperature, and sev-
eral studies have constrained the critical temperature of 3P2

neutron superfluidity to ∼ 0.5 × 109 K [426, 435]. However,
recent theoretical progress suggests that the mUrca rate is
comparable with the PBF process [436], indicating that the
characterization of cooling scenarios still requires joint con-
straints from theory and observations.

For older NSs (ages greater than ∼ 105 yr), the surface
photon emission becomes the dominant cooling mechanism.
The effective surface temperature (Ts) is related to the interior
temperature (T ) through the properties of the NS envelope, a
thin layer that insulates the hot core [437, 438]. The result-
ing photon luminosity scales as T 4

s , and this thermal radiation
is directly observable in the X-ray band, making X-ray tele-
scopes essential tools for probing NS cooling. The composi-
tion of the envelope plays an important role in the detection
of the thermal emission. Lighter element (H, He) envelopes
are more thermally conductive and result in higher surface
temperatures for a given core temperature compared to heav-
ier element (Fe) envelopes [438]. Surface thermal emission
has been detected in several middle-aged pulsars, including
PSR B0656+14, PSR B1055−52, and Geminga [439].

Since XDINSs are free from the complexities of accretion
disks or strong magnetospheric activity, their surface thermal
radiation provides a relatively clean window into NS cool-
ing, particularly during the photon-dominated cooling stage
[440]. Their surface temperatures and luminosities directly
reflect their internal thermal structure and the heat transport
properties of the envelope [441]. By fitting their high-quality
X-ray spectra with different atmosphere models, one can in-
fer the apparent radius and surface temperature [442]. Com-
bined with distance information, this allows constraints to be
placed on the NS mass and radius, thereby constraining the
EOS [130]. Broad absorption features have been observed
in the spectra of some XDINSs, whose origin is still under
discussion, offering clues about physics under extreme con-
ditions [440, 443].

Among older NSs, MSPs form a distinct and particu-
larly interesting class. These are rapidly rotating, old NSs
that have been spun up through accretion in binary systems.

While they are expected to be cool due to their age, many
MSPs exhibit higher surface temperatures than predicted by
standard cooling models [330,444]. A prominent example is
the nearby MSP, PSR J0437−4715, whose thermal emission
has been extensively studied in both the X-ray and ultraviolet
bands, providing important constraints on its surface temper-
ature, mass, and radius [297, 445-447].

The composition of the NS core has a profound impact on
its cooling processes. For a purely nucleonic star (composed
of neutrons, protons, electrons, and muons), the np dUrca
process is only possible if the proton fraction exceeds a crit-
ical value. This threshold is sensitive to the nuclear symme-
try energy, particularly its slope L at saturation density. A
larger L generally favors a higher proton fraction and a lower
threshold mass for the dUrca process (e.g., refs. [448-452]).
Current constraints (L . 60 MeV) suggest that the np dUrca
process may be unlikely in many NSs [72, 453]. However,
the presence of non-nucleonic particles, such as hyperons
or ∆ isobars, can significantly alter the theoretical frame-
work. These particles can participate in dUrca processes,
often with lower threshold densities than the np dUrca pro-
cess [454-456]. Therefore, the observation of rapid cooling
(i.e., a low X-ray luminosity for a given age) in a relatively
low-mass NS could be a strong indication of the presence of
exotic matter. For NSs containing non-nucleonic particles,
the threshold mass for the dUrca process is related to the in-
teraction between these non-nucleonic particles. Similarly, if
present in NSs, quark matter would also participate in dUrca
processes, and their cooling signature could be observable
and even constrain the quark-hadron phase transition den-
sity [457-460].

While cooling processes tend to decrease the temperature
of an NS, the relatively high temperatures observed in old
NSs indicate the presence of significant heating mechanisms
(e.g., ref. [461]). Theoretical models must therefore incorpo-
rate not only cooling processes but also heating mechanisms,
such as rotational energy dissipation (particularly important
for MSPs), magnetic field decay (dominant in magnetars like
SGR 1806–20), and vortex creep (relevant for older, slower
pulsars).

More observational data from diverse sources (isolated
cooling NSs, magnetars, MSPs, XDINs, and qLMXBs), in-
cluding new objects, could be observed by eXTP-SFA thanks
to its high flux sensitivity [435]. By comparing detailed
theoretical models, which incorporate a range of cooling
and heating scenarios, we can constrain the microphysics of
dense matter, including the EOS, the presence of exotic par-
ticles, superfluidity, magnetic field evolution, and the proper-
ties of the crust and envelope.

As previously noted, in the study of NS thermal evolution,
the distance to NSs remains one of the most uncertain pa-
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rameters, presenting significant challenges in distinguishing
between competing theoretical models. We further discuss
distance determination in sect. 6.2.

4 Spin measurement

NSs with the fastest spins constrain the EOS since the limit-
ing spin rate, at which the equatorial surface velocity is com-
parable to the local orbital velocity and mass-shedding oc-
curs, is a function of mass and radius. Softer EOS have a
smaller radius for a given mass, and hence have higher limit-
ing spin rates. More rapidly spinning NSs—especially a sub-
millisecond spin period if one could be found—would place
increasingly stringent constraints on the EOS [462]. How-
ever, the current record holder (the MSP PSR J1748−2446ad
in the Globular Cluster Terzan 5), which spins at 716 Hz [96],
does not rotate rapidly enough to rule out any EOS mod-
els. More rapidly spinning NSs could very well be dis-
covered in future radio surveys [463]. However, since the
standard formation scenario for MSPs involves accretion
[98-100], searches for fast-rotating NSs among accretion-
powered compact objects, i.e., in the X-ray domain, are a
crucial avenue for the discovery of the next record holder.

The theory of the origin of MSP has long suggested that
accretion could spin stars up close to the break-up limit [464].
Until now, interestingly, the spin distribution of MSPs does
not show the cutoff that is seen in the current sample of ac-
creting NSs [7]. Since eXTP would have a larger effective
area than other soft X-ray timing missions, it is well-suited
to measure more NS spins, using both accretion-powered
pulsations and perhaps also burst oscillations [131, 465].
From RXTE observations, only some accreting NSs show
accretion-powered pulsations, perhaps due to either the ge-
ometric alignment [466] or a complex magnetic field geom-
etry [467, 468]. Searches for weak pulsations can exploit the
blind search techniques used for the Fermi pulsar surveys
[469-471], which compensate for orbital Doppler smearing.
eXTP will also be able to detect burst oscillations in individ-
ual type I X-ray bursts to amplitudes of 1% rms in the burst
tail (rise), assuming a 1 s integration time; by stacking bursts,
the sensitivity improves.

Another approach is to search for weak accretion-powered
pulsations using semi-coherent search techniques. These
methods divide the data into short segments (typically a few
hundred seconds) and perform a coherent search within each
segment [472, 473]. The results from longer time intervals
(of tens to hundreds of kiloseconds) are then combined to
improve the signal-to-noise ratio. In this way, the sensitiv-
ity is greatly enhanced compared to incoherent search meth-
ods (such as power spectra), while keeping the computational

cost manageable.
The sensitivity of a single 10-ks observation taken by

eXTP-SFA can be calculated in three cases: a faint source
(0.5-10 keV flux of approximately 2 × 10−10 erg s−1 cm−2), a
moderately bright one (3 × 10−9 erg s−1 cm−2), and a bright
source (2 × 10−7 erg s−1 cm−2). These values correspond ap-
proximately to the fluxes observed in sources such as the
AMXP XTE J1807-294 (faint), Aql X-1 (moderate), and
Sco X-1 (bright). We adopted a coherent segment length of
512 s and targeted a signal-to-noise ratio of 5 for the pulsa-
tions. Under these conditions, we find that it is possible to
place upper limits on the pulsed fraction of 0.9%, 0.3%, and
0.03% for faint, moderate, and bright sources, respectively.

5 Timing studies of pulsar interiors

Apart from the X-ray lightcurve timing analyses with eXTP
(see sects. 3.3 and 4), this section explores timing studies
of pulsars. A detailed discussion of the eXTP timing capa-
bilities is provided in the WG3 white paper [2]. Continued
timing observations will help identify more glitching and pre-
cessing pulsars, expanding the sample size and diversity, and
enabling studies on shorter timescales. This enriched dataset
will offer valuable insights into superfluid dynamics, crust-
core coupling, and internal torques, thereby advancing our
understanding of the internal structure and viscosity of NSs.

5.1 Timing analyses of pulsars

Pulsar timing is a technique allowing precise measurements
of the pulsar rotational and astrometric parameters. For
RPPs, the emitted radiation originates from its rotational ki-
netic energy; thus, the pulsar spins down gradually due to
rotational energy loss [474]. To obtain a timing solution for
a pulsar, a monitoring program with dozens of sessions over
several years permits us to obtain the times of arrival (ToAs)
of the pulsations. Subsequently, fitting a timing model to the
ToAs yields rotational and astrometric parameters, includ-
ing the pulsar spin frequency, spin-down rate, position, and
proper motion. Assuming magnetic dipole braking, the sur-
face magnetic field strength and characteristic age can also be
deduced. Combined with surface temperature measurements,
the characteristic age can be connected to NS interior physics
through NS thermal evolution. Therefore, timing techniques
are very important for research on pulsar spin evolution and
NS interior physics.

The standard procedure for pulsar timing is as follows. Us-
ing software such as Tempo2 [475] or PINT [476], one can
perform a simple fitting of the ToAs to obtain the rotational
parameters and the timing residuals. The model adopted for
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timing fitting is a Taylor expansion of the rotation phase ϕ(t),
i.e.,

ϕ(t) = ϕ0 + ν0(t − t0) +
1
2
ν̇0(t − t0)2 +

1
6
ν̈0(t − t0)3 + · · · , (1)

where ν is the rotational frequency, ν̇ and ν̈ are its first and
second derivatives. ϕ(t0) is the pulse phase at the reference
time t0, generally we assume ϕ(t0) = 0. The rotational fre-
quency changes with time in the form:

ν(t) = ν0 + ν̇0(t − t0) +
1
2
ν̈0(t − t0)2 +

1
6

...
ν 0(t − t0)3 + δν, (2)

where δν is the residual in spin frequency. If no timing irreg-
ularities occur during the data span time, the timing residual
will fluctuate around zero. However, there exist two kinds of
timing irregularities in pulsar timing solutions, timing noise
and the glitch phenomenon [477].

Timing noise manifests as white noise when the power is
distributed uniformly across all frequencies, or as red noise
processes where the timing residuals are dominated by slow,
long-timescale structures. Red noise is primarily observed
in young pulsars and is characterized by a continuous, low-
frequency power spectrum. Over long timescales, the main

sources of timing red noise can be described as random
walk processes of pulse phase, spin frequency, and its first
derivative [477]. Although some studies suggest that timing
noise may be related to changes in the magnetosphere of pul-
sars [478], the physical mechanisms underlying most timing
noise remain largely unexplained. The second type of timing
irregularities, glitches, is the focus of the next subsection.

5.2 Mechanisms of glitch trigger and recovery

The glitch phenomenon is characterized as an abrupt in-
crease or decrease in the pulsar rotational frequency, gen-
erally accompanied by an increase in the absolute value of
the pulsar spin-down rate. Glitches are mainly classified
into four categories according to their different manifesta-
tions [479], namely, glitches with unresolved spin-ups (in-
cluding no recovery glitches, exponential recovery glitches,
and linear recovery glitches), glitches with delayed spin-ups,
slow glitches, and spin-down glitches (sometimes named
anti-glitches), as shown in Figure 13.

Figure 13 A sketch of various glitch patterns. (a) The glitch with a delayed spin-up is characterized by a fast rise followed by a day-long timescale extended
component. (b) The slow glitch is characterized by a slow increase in spin frequency and a decrease in spin-down rate over a timescale of several months to
years. (c) The spin-down glitch is usually characterized by a step decrease in spin frequency, but recently, the rapid spin-down process of a spin-down glitch
from SGR J1935+2154 has been observed [480]. (d) The over-recovery glitch is usually characterized by an exponential increase in spin-down rate and a
decrease in spin frequency following the fast glitch rise, resulting in a net spin-down eventually. (e) Subtracting a mean value of pre-glitch spin-down rate,
the no recovery glitch shows no obvious trend towards its pre-glitch value. (f) The post-glitch spin frequency and spin-down rate could be fitted by one or
several exponential decaying component(s) and the permanent change component. (g) The post-glitch spin-down rate recovers linearly towards the pre-glitch
value. (h) The post-glitch spin-down rate recovers exponentially and then linearly towards the pre-glitch value. (a)-(h) The black solid lines and dotted lines
represent what we have observed in spin frequency and spin-down rate, the vertical dashed lines represent the glitch epoch, while the red dashed lines represent
the unresolved spin-up process.
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The detection of glitch events within an observing period
is achieved through timing residual analysis. A typical glitch
is confirmed when the spin period exhibits abrupt disconti-
nuities accompanied by persistent spin-up signatures. The
change in pulse phase caused by glitches can usually be fit-
ted by the following model [481]:

ϕg(t) = ∆ϕ+∆νp(t−tg)+
1
2
∆ν̇p(t−tg)2[1−e−(t−t0)/τd ]∆νdτd, (3)

where ∆ϕ is the increment of pulse phase after the glitch, tg
is the glitch epoch, ∆νp and ∆ν̇p are the permanent changes
in rotational frequency and spin-down rate, while ∆νd is
the transient change in frequency which will be recovered
on the timescale τd. Therefore, the glitch size is given by
∆ν = ∆νp + ∆νd, and the spin-down rate increment will be
∆ν̇ = ∆ν̇p − ∆νd/τd. ∆ν/ν and ∆ν̇/ν̇ are their fractional
sizes, respectively. Q = ∆νd/∆ν is the recovery factor. The
time interval between two nearby glitches is called waiting
time. Currently, more than 700 glitches have been found in
about 240 pulsars6), most of which are relatively young with
τc . 20 Myr [483].

There is still no consensus on the triggering mechanisms
or physical origins of the glitch phenomenon. Our under-
standing of the overall picture remains incomplete; for ex-
ample, it is unclear whether there is a connection between
the stellar interior and the magnetosphere, or how the di-
verse types of post-glitch behavior can be consistently ex-
plained. Quantitatively describing glitch behavior remains
a major challenge due to the complexity of the underlying
physical processes. Over the years, two main models have
been proposed: the crustquake model [484, 485] and the su-
perfluid model [486, 487].

The crustquake resembles earthquake on the Earth. NSs
are born with high temperature and spin frequency; the equi-
librium shape of a rotating liquid NS is described by a
Maclaurin ellipsoid, so the NS is actually oblate. When
the crustal temperature drops below the melting tempera-
ture of the crustal components, the outer crust will solidify.
The solid phase of the crust hinders the adjustment of the
shape and oblateness of the NS, making its oblateness change
slower with time than a liquid NS would have; therefore,
stress appears and accumulates during the long-term spin-
down process. The crust will break at one critical point [488],
resulting in an abrupt decrease in NS oblateness and moment
of inertia, and a sudden increase in its spin frequency accord-
ing to angular momentum conservation.

Note that, crustquakes can account for the small glitches
with ∆ν/ν ∼ 10−8 in the Crab pulsar (PSR B0531+21) but
not the frequent and large glitches with ∆ν/ν ∼ 10−6 in the

Vela pulsar (PSR J0835−4510) given the short waiting time
of about three years [485]. For example, the glitch size is
proportional to the rigidity parameter b = B/(A + B) [485].
B = µV/2, µ is the shear modulus, V is the star volume.
A = 3GM2/(25R), M and R are stellar mass and radius, re-
spectively, and G is the gravitational constant. However, it
was found that b was overestimated by a factor of about 40
when a more realistic NS structure was used [489]. The de-
pendence of parameters A and B on the NS EOS and mass
were also studied, revealing that A had been severely un-
derestimated [490]. Additionally, it was determined that
the strain accumulated between two successive glitches in
the Vela pulsar is insufficient to trigger a crustquake un-
less the occurrence of crustquakes is considered a history-
dependent process [491]. Although the crustquake model
may not be supported by theoretical calculations, the pos-
sibility that crustquake serves as the trigger of glitches is not
excluded [492].

The superfluid model divides the NS into two parts, the
crust which couples with the external torque, including the
crustal component and what is coupled to it, and the faster
rotating superfluid component which is loosely pinned to the
crust. The crust spins down gradually as a result of the ex-
ternal braking torque, while the superfluid component imi-
tates the spin-down through outward migration of the quan-
tum vortices. The spin of these two parts is not synchronous,
resulting in an angular velocity difference or spin lag between
them. A glitch may be triggered when the Magnus force ex-
erted on vortices is strong enough to overcome the pinning
between vortices and pinning sites. Angular momentum will
be transferred to the crust when the outward migrated vor-
tices repin with the crust in new pinning sites, resulting in
the glitch rises. Besides this, a fraction of the NS moment
of inertia decouples from the charged component on which
the external torque acts, resulting in an increase in the spin-
down rate according to braking torque conservation. In some
cases, the enhanced spin-down rate will relax back to a pre-
dicted value had the glitch not occurred within a timescale of
days to hundreds of days. The vortex creep model attributes
the post-glitch relaxation to responses of vortex creep to ro-
tational changes [493]. This model has been viewed as the
standard model for post-glitch description due to its success
in describing Vela pulsar glitches, whose post-glitch spin-
down rate relaxation is characterized by at least one expo-
nential component and a linear component [494].

The vortex creep model has the capability to simultane-
ously explain the triggering and post-glitch relaxation behav-
iors of pulsar glitches [493-495]. In this model, vortices are
pinned in the inner crust due to their interaction with the nu-

6) https://www.jb.man.ac.uk/pulsar/glitches/gTable.html [482], and https://www.atnf.csiro.au/research/pulsar/psrcat/glitchTbl.html.
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clear lattice, and the pinning energy depends on the proper-
ties of the inner crust. The pinning of vortices leads to a local
lag ω between the superfluid and the normal components.
Vortices can be thermally activated to overcome the pinning
barriers and creep radially outward, and the continuous vor-
tex creep results in the angular momentum transfer from the
crustal superfluid to the crust. Under an external torque, the
pulsar can reach a steady state of spin-down, where the super-
fluid and normal components share the same spin-down rate.
A local fluctuation raises the lag ω beyond a critical value
ωcr, which would trigger the vortex avalanches resulting in a
glitch, because the lag ω deviates from its steady-state value.
During the glitch recovery, the linear or non-linear responses
of different distinct superfluid regions in the inner crust to
the lag deviation determine the post-glitch relaxation behav-
ior. The relaxation time-scales of these response regions, as
well as their corresponding moments of inertia, are strongly
dependent on the internal temperature and local pinning en-
ergy. Therefore, within the framework of the vortex creep
model, comparisons between theoretical predictions and ob-
servations can reveal the internal structure and temperature
of pulsars.

In addition, glitches can impact the pulsar emission prop-
erties, including its pulse profile and spectral characteris-
tics. Studying how glitches affect emission can provide in-
sights into the internal dynamics, as well as the radiation
processes near the pulsar surface. Recent studies have ex-
plored the connection between pulsar glitches and emission
changes. While glitches are observed in various pulsars,
only a few show clear correlations between spin behavior
and emission changes. Notable examples include glitches
in PSR J1119−6227, PSR J0742−2822, PSR B2035+36,
PSR J2021+4026, and PSR J1048−5832, linked to shifts in
radiation modes, pulse profile variations, and changes in flux.
For magnetars, glitches are more strongly associated with ra-
diation changes, often linked to outbursts and shifts in pulse
profiles, believed to result from magnetic energy release or
field reconfiguration in the crust. These topics are central to
WG3 discussion [2].

5.3 Glitching pulsars

5.3.1 Statistical study

Since the first detection of the glitch event in Vela pul-
sar in 1969, this phenomenon has been detected in vari-
ous types of pulsars [496, 497], including isolated normal
pulsars, MSPs, binary pulsars, magnetars, and accretion-
powered pulsars [498, 499]. It is worth noting that most
glitches occur in relatively young pulsars, with characteristic
ages ranging from 103 to 105 yr [500]. Exceptions include

MSPs J0613−0200 and J1824−2452 (B1821−24), which
have exhibited minor glitches with fractional sizes around
∼ 10−12 [501, 502], magnetars such as 1E 2259+586 [498],
the accretion-powered pulsar SXP 1062 [503], the ultralumi-
nous X-ray pulsar NGC 300 X-1 [504], and binary pulsars
like PSR J1915+1606 [499]. Studies have shown that there
seems to be a certain correlation between the amplitude of
a glitch and the characteristic age of pulsars: larger glitches
often occur in younger pulsars, while smaller glitch events
are more associated with older pulsars, but this association is
not yet fully clear and more observational data is needed to
confirm it [482].

The range of relative glitch sizes (∆ν/ν) distribution is rel-
atively wide, from a minimum of 2.5× 10−12 [502] to a max-
imum of 1.37 × 10−3 [498]. Statistical results indicate that
both the amplitude (∆ν) and relative amplitude of the glitch
exhibit a bimodal structure, which can be well fitted by the
double Gaussian model [505]. A study of 543 glitch sizes
found that the peaks of the two Gaussian components occur
at 0.032 and 18 µHz, respectively [482]. According to the
distribution characteristics of their amplitudes, glitches can
be categorized into large glitches (∼ 10−6) and small glitches
(∼ 10−9) [506]. The differing distributions of large and small
glitch sizes suggest that these two types of glitches may in-
volve different physical mechanisms [482, 506].

The typical glitch recovery process usually displays an ex-
ponential decay, with a timescale ranging from 10 to 300
days. In some cases, the spin-down rate may present a lin-
ear recovery process [482,507]. Note that there may be more
than one exponential recovery process following the glitch.
For example, the Vela pulsar glitch 16 (MJD ∼ 51559) fea-
tured four exponential recovery phases, marking the highest
number observed in a single glitch [500, 508].

Except for the two special cases of Vela pulsar and
PSR J0537−6910, the inter-glitch intervals of other pulsars
seem to be random. A study based on the self-organizing
criticality model conducted a statistical analysis of glitch
sizes and waiting times of nine pulsars [509]. The results
indicated that the glitch sizes of seven of these pulsars fol-
lowed a power-law distribution, while the waiting times ad-
hered to an exponential distribution. However, for Vela and
PSR J0537−6910, which exhibit quasi-periodic glitch behav-
iors, both glitch sizes and waiting times were better charac-
terized by a Gaussian distribution. Reanalysis of eight pro-
lific pulsars with the latest data showed that, aside from Vela
and PSR J0537−6910, the size distributions of the glitches
of the remaining six pulsars were best described by power
laws, exponential or log normal functions, while waiting-
time distributions were best fitted by an exponential func-
tion [510]. When considering glitch phenomena over a
longer timescale, often referred to as “glitch clusters”, it is
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assumed that the angular momentum accumulated in the su-
perfluid reservoir is not fully released following a glitch. For
different pulsars, both glitch size and waiting time follow a
unified Gaussian distribution, and the long timescale period
of glitches exhibits a significant linear relationship with the
characteristic age of the pulsar. This indicates a statistical
basis for a common, unique physical mechanism underlying
glitches across various pulsars, and that all pulsars exhibit
long timescale periods for glitches rather than a purely ran-
dom occurrence [511].

5.3.2 Constraining EOS with fractional moment of inertia

Theoretical research on the interior physics of NSs through
glitch phenomenon centers mainly around two aspects: the
dynamical evolution of the post-glitch recovery process, and
the fractional moment of inertia (FMoI) of crustal superfluid,
determined from frequently glitching pulsars.

The FMoI of crustal superfluid is tightly connected with
the parameter ν̇g/|ν̇|, where ν̇g is defined as the glitch ac-
tivity. For one specific pulsar, glitch activity has the form
ν̇g = (

∑
i ∆νi)/∆T [512], where ∆T is the total observation

time over which this pulsar has been searched for glitches.
ν̇g/|ν̇| represents the fractional spin-down rate of the pulsar
reversed by glitches. There are two ways to constrain the NS
EOS with FMoI.

First, the crustal superfluid exists in the highest density
region of the crust, so the FMoI of the crustal superfluid is
almost equal to the FMoI of the NS crust. Since the latter is
determined by NS EOS [513], the FMoI of crustal superfluid
determined by pulsar glitches can be used to place constraints
on NS EOS.

Assuming the angular momentum reservoir is the crustal
superfluid that coexists with the inner crust lattice, a connec-
tion can be made between the FMoI of the crustal superfluid
(for Vela and six other pulsars) and the NS EOS through the
relation [514]:

Ic/I > Ires/I > ν̇g/|ν̇|, (4)

where Ic and I are moments of inertia of NS crust and the
whole star, respectively, and Ires is the moment of inertia of
the angular momentum reservoir. Based on the structure of
an NS, the ratio Ic/I depends uniquely on the mass and radius
for any given EOS, and provides a lower limit on the radius
for a given mass. This method is only suitable for pulsars that
glitch regularly and frequently and transfer angular momen-
tum steadily, while not for others, such as the young Crab
pulsar. In addition, it is highly dependent on the assump-
tion of the crustal angular momentum reservoir. Whether the

core superfluid gets involved in glitches is still an open ques-
tion [515, 516].

Second, FMoI could constrain the NS EOS when com-
bined with NS thermal evolution [517]. Thermal evolution of
NSs is influenced by many NS properties, including the su-
perfluid models, the internal heating mechanisms, the crustal
composition, as well as its mass and the EOS, which are crit-
ically important. The FMoI of the angular momentum reser-
voir considers only the parts whose temperature is lower than
the local superfluid critical temperature (density dependent),
so it is also determined by the EOS and superfluid models.
Therefore, for those frequently and regularly glitching pul-
sars with measured ν̇g/|ν̇| (equal to the definition G = 2τcA
in ref. [517]) and precise ages, there will be connections be-
tween ν̇g/|ν̇| and surface blackbody temperature. To match
the observations of FMoI of the crustal superfluid and surface
blackbody temperature at their current ages simultaneously,
the NS mass, EOS, and superfluid models should be con-
strained to some extent. The involvement of multiple such
NSs with measured ν̇g/|ν̇| and surface blackbody temperature
will place more tight constraints on these internal physics pa-
rameters.

Based on the above idea, the masses of nine glitch-
ing pulsars, including the Vela pulsar and the prolific
PSR J0537−6910, were measured by comparing the ob-
served surface temperatures and FMoI of the crustal super-
fluid at their current ages [517]. The superfluid models con-
sidered include those confined to the crust as well as those
extending into the core. The surface temperatures of these
pulsars were taken from spectral fitting.

Third, there is an obvious difference between the post-
glitch behaviors of the Crab pulsar and other young RPPs,
i.e., the existence of a large persistent shift, which is an in-
crease in the spin-down rate of the pulsar compared with the
linear trend of the pre-glitch spin-down rate [518-520]. This
phenomenon has been observed in all relatively large glitches
of the Crab pulsar [521], perhaps in all of its glitches. Never-
theless, large persistent shifts have not been observed in the
frequent glitching Vela pulsar [522] or other RPPs. Theoret-
ically, starquake induced external torque variation has been
proposed as an explanation [523-525]. However, if this the-
ory is correct, it will be hard to understand why starquakes
do not happen in the other more than 200 glitching pulsars7).
Therefore, the persistent shift in spin-down rate of the Crab
pulsar could be unique to Crab-like young pulsars and cor-
respond to one specific physical process, such as superfluid
decoupling [526] or anything else. Systematic analysis on
the physical origin of this phenomenon could reveal struc-
tural differences between Crab-like young pulsars and Vela-

7) https://www.jb.man.ac.uk/pulsar/glitches/gTable.html [482].
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like mature pulsars and further inspire new ideas to constrain
the interior physics of NSs.

5.3.3 Constraining the interior physics of NS with the dy-
namical evolution of post-glitch recovery process

As stated above, the standard superfluid model includes
only the contribution of crustal angular momentum reser-
voir [527], and the following post-glitch relaxation process
represents the responses of vortex creep to glitch-induced
rotational changes [493]. According to the vortex creep
model, vortex creep responds to changes in the rotation rate
of the crust, and the different relaxation timescales character-
ize physically distinct pinning regions [528]. The relaxation
timescale is proportional to the internal temperature of NSs,
so studies of post-glitch behaviors offer another way to de-
termine the internal temperature of NSs [529]. On the other
hand, the additional negative torque exerted on the crust and
plasma by vortex creep is proportional to the moment of iner-
tia that is involved in the glitch [493, 528]; therefore, studies
of post-glitch evolution provide the lower limit of the total
moment of inertia needed for the glitch. Note that the to-
tal moment of inertia that gets involved in glitches is gen-
erally consistent with the FMoI of crustal superfluid of pro-
lific glitching pulsars discussed above, except for that of the
young Crab pulsar [528]. Nevertheless, although this method
is physically meaningful, it probably does not provide more
information about the NS structure or the EOS.

In recent years, one aspect of the glitch phenomenon that
attracted much attention is spin evolution during the earli-
est stage of the glitch, including the delayed spin-up phe-
nomenon of the Crab pulsar and the overshoot phenomenon
of the Vela pulsar glitches. The fast rise of the glitch pro-
cess is still not resolved, but the rise timescale has most re-
cently been constrained to be within 12.6 s, through single
pulse observations of the Vela pulsar [530]. The overshoot
phenomenon is characterized by a rapid rotational frequency
increase, which is higher than that of the steady state. The
timescale from the overshoot to a new steady state one could
be about hundreds of seconds [530]. Nevertheless, for the
young Crab pulsar, no overshoot has ever been observed,
and six out of 30 Crab pulsar glitches have been partially
resolved [531-535], i.e., the fast glitch rise process is fol-
lowed by an extended component of days-long timescale.
This phenomenon is named the delayed spin-up glitch (DSU
glitch). There are also two DSU glitch candidates from
1E 2259+586 [536] and the soft gamma-ray repeater (SGR)
J1935+2154 [537], respectively. The peculiar evolutions of
pulsar spin frequency during the early state of a glitch in the
Crab and Vela pulsars may shed light upon the vortex interac-
tion and mutual friction [538-540], which may further reflect

the triggering location of a glitch, in the crust or in the core
of a NS [540, 541].

Another aspect of the post-glitch recovery process, which
may be promising to constrain NS interior physics, is the
exponential relaxation timescale. As stated above, the re-
laxation timescale reflects the response of vortex creep to
rotational change of the crust in different pinning regions
in the vortex creep model [495]. As of today, the entrain-
ment effect requires the core superfluid to contribute to the
glitch in at least some pulsars, such as the Vela pulsar [515].
Accordingly, recent works have provided the basis of how
core superfluid would contribute to glitch and post-glitch re-
laxation [542, 543]. A subsequent study [544] showed that
timescales based on vortex lines-flux tubes interaction in the
outer core of NSs agree well with observed exponential re-
laxation timescales in certain NS EOS. Therefore, the post-
glitch exponential relaxation could be a probe of NS struc-
ture.

Linear recovery, with an approximately constant ν̈, gener-
ally dominates the long-term recovery of a large glitch after
the exponential recovery is over and persists until the next
glitch event [500]. The non-linear response regime in the
vortex creep model may be responsible for the linear recov-
ery; therefore, the post-glitch linear recovery has the poten-
tial to probe the interior physics of NSs, particularly the outer
layer of NSs. Recently, a comprehensive analysis of glitches
in gamma-ray pulsars was conducted [545] by combining
Fermi-LAT and Parkes timing data, unveiling several novel
phenomena within the glitch recovery process. This multi-
messenger study not only enhances the effective observation
cadence of the pulsars but more importantly, has the potential
to fill the observational gap after the glitch occurs, thereby
providing a more accurate understanding of the exponential
recovery process on the short time scale following a glitch.

While the continuously accumulating glitch observations
challenge our understanding of the phenomenon, they also
offer a solid foundation for developing a well-established in-
terpretation. The triggering, rise, and relaxation of a glitch
are three sequential phases. A comprehensive interpretation
should be able to account for these phenomena in a con-
sistent manner (see e.g., refs. [546, 547] for recent efforts).
The detection capabilities of eXTP will enable detailed in-
vestigations into whether pulsar glitches originate from in-
ternal or external mechanisms within NSs. Moreover, eXTP
is expected to place quantitative constraints on both estab-
lished and emerging theoretical models of glitches, thereby
contributing to more precise determinations of the NS EOS
through X-ray observations. As demonstrated in simula-
tions of X-ray pulsars presented in the WG3 white paper [2],
eXTP is capable of detecting glitch amplitudes as small as
∆ν/ν ∼ 10−9 under typical exposure conditions. These stud-
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ies will be further enhanced by accurate measurements of key
NS properties, including distance, age, and surface tempera-
ture.

5.4 Precessing pulsars

Omitting higher-order effects, the total angular momentum
J = I ·ω for an isolated NS is conserved in an inertial frame,
where I is the inertial tensor, and ω is the angular velocity.
For an isolated asymmetric NS, the eigenvalues of the iner-
tial tensor I, corresponding to three principal axes (presented
by three eigenvectors of I), are different. If ω is not parallel
to any of the three principal axes of the body, free preces-
sion might happen and the spin direction rotates around the
angular momentum J [548]. Eventually, the body of an NS,
as well as its deformation, is related to the EOS of supranu-
clear dense matter. Therefore, probing the precession of NSs
provides a unique way in studying the EOS of dense mat-
ter [549]. This is further facilitated by the existence of quasi-
universal relations between the moment of inertia and the
stellar compactness [453, 550, 551]. While these relations
may be broken by the presence of strong magnetic fields or
rapid rotation [552], they are expected to be valid for the typ-
ical magnetizations and rotation rates in pulsars.

The precession behaviour heavily depends on the EOS of
the NS. If the interior is fluid, the precession will be dis-
sipated quickly, as was realized early on in the hint of a
possible precession observed in PSR B1828−11 using dif-
ferent characterization hyper-parameters of its pulse pro-
files [553, 554]. Instead, if the NS is a solid star (e.g., made
from strange quark clusters [555]) and the dissipation is min-
imal, the precession can last for a long time. Therefore, the
presence of precession (at its timescale) provides valuable
information about NS interiors. Recent high-cadence radio
observations of the magnetar XTE J1810−197, following an
X-ray outburst, suggest a possible precessional behavior on a
timescale of months [556]. It is worth noting that whether the
O (month) damping originated in the interior of the magnetar
or was caused by magnetospheric changes needs in-depth in-
vestigation. Nevertheless, in such a scenario, the eXTP satel-
lite would be helpful to capture magnetar burst and charac-
terize their behaviour, thus informing subsequent radio ob-
servations and reducing the parameter space.

On the other hand, eXTP might also contribute to the study
of precession itself if the X-ray pulse profiles of a precessing
magnetar are observed in detail [557]. Depending on the ge-
ometry and the strength of the magnetic fields, the emission
geometry, as well as the interior of the magnetar, free pre-
cession behaviour encodes information onto the X-ray pulse
profile shapes and, mostly importantly and bearing high ob-
servational significance, their polarization details. The pro-

file shapes and polarization properties will change in a char-
acteristic way as a function of time. Therefore, the eXTP
satellite is uniquely placed to offer both X-ray pulse profile
and X-ray polarization observations, decoding the precession
behaviour. In data analysis, how to map parameters that de-
scribe the free precession to parameters that describe the EOS
of dense matter is intricate. One may firstly aim to extract
the shape parameters of the NS (e.g., whether biaxially or
triaxially deformed, as well as how large the deformation
is), and then combine them with theoretical studies or sim-
ulations of the NS structure (e.g., its breaking strain for the
solid crust, etc). Some preliminary theoretical models are
constructed [549], but more details need to be incorporated
in the future.

Finally, the damping of a pulsar free precession due to in-
ternal viscosity may leave imprints in its timing data since
its magnetic tilt angle evolution is probably affected [558].
X-ray polarization observations of pulsars using eXTP may
help measure their magnetic tilt angles and the dependence
of the precession on the structure of their internal magnetic
fields. It has been shown that more than one dipole com-
ponent could explain the observed change in the angle with
time [559]. Using the measured timing data (including the
period P, its first derivative Ṗ, and the braking index n)
and magnetic tilt angle, we can set constraints on the num-
ber of precession cycles, a quantity characterizing the mu-
tual friction between superfluid neutrons and other particles
in the NS interior [558, 560, 561]. The analyses have been
performed for several young pulsars with measured brak-
ing indices; however, roughly determined magnetic tilt an-
gles in various physical scenarios [558, 562-564]. The re-
sults can be compared to that obtained from modeling of
pulsar glitches, and they are generally consistent with each
other [530, 541, 562-564]. Therefore, by virtue of eXTP we
could study the damping mechanisms of free precession and
the recovery mechanisms of pulsar glitches. Moreover, if the
deformation of the pulsar is caused by its internal magnetic
fields, the configuration of internal fields may also be probed
by using the measured timing data and tilt angle [558, 562].
For freely precessing magnetars, measurements of the pre-
cession period and surface thermal emission could be used to
probe the strength and configuration of internal fields [565],
which cannot be directly determined through observations.

6 Multi-wavelength studies

6.1 Mass

6.1.1 Radio timing of post-Keplerian parameters

Pulsars offer exceptional opportunities for precise mass mea-
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surements. The remarkable stability of pulsar rotation (aside
from occasional glitches in some pulsars, see sect. 5.2), com-
bined with precise measurements of pulse times-of-arrival
(ToAs), allows for the detection of subtle effects caused by
gravitational interactions in binary systems [566].

The foundation for mass measurements in binary systems
is the binary mass function ( fbin):

fbin(Mc,MNS) =
(Mc sin i)3

(MNS + Mc)2

=
K3

c Porb

2πG
(1 − e2)3/2 =

4π2

GP2
orb

x3, (5)

where MNS is the pulsar mass, Mc is the companion mass, i
is the orbital inclination, Kc is the companion radial velocity
semi-amplitude, Porb is the orbital period, e is the orbital ec-
centricity, G is the gravitational constant, and x = ap sin i/c
is the projected semi-major axis of the pulsar orbit (ap is the
pulsar semi-major axis, and c is the speed of light).

The observable quantity from pulsar timing is x. While
Kc is not directly measurable via radio timing, the pulsar
radial velocity semi-amplitude, KNS = 2πx/Porb, is observ-
able. The mass function alone cannot independently deter-
mine MNS, Mc, and i; it provides only a lower limit on the
pulsar mass. If both KNS and Kc are measurable (e.g., Kc

from optical spectroscopy of the companion), the mass ratio
q = MNS/Mc = Kc/KNS becomes known. Combining this
with the mass function allows for the determination of both
masses.

To overcome the limitations of the mass function, we use
post-Keplerian (PK) parameters. The five classical PK pa-
rameters measurable through pulsar timing are: the orbital
period derivative (Ṗorb), the advance of periastron (ω̇), the
gravitational redshift and time dilation parameter (γ), the
Shapiro delay range (r), and the Shapiro delay shape (s).
Measuring two or more PK parameters, along with the mass
function, enables the determination of MNS, Mc, and i.

The Shapiro delay is particularly valuable. Its shape pa-
rameter, s = sin i, directly provides the orbital inclination,
while the range parameter, r, is proportional to the compan-
ion mass. The Shapiro delay is most pronounced in systems
with massive companions and edge-on orbits [566]. More-
over, measuring multiple PK parameters also provides a test
of general relativity, with any discrepancies potentially indi-
cating deviations from general relativity (GR).

Through Shapiro delay measurements, we have discov-
ered some of the most massive NSs known, including
PSR J1614−2230 and PSR J0740+6620 [281, 567-570].
These measurements offer crucial constraints on the EOS of
dense matter.

These discoveries of massive NSs have profound impli-
cations for nuclear physics. The EOS of dense matter at

supranuclear densities remains one of the most significant
open questions in modern astrophysics. NSs with masses
approaching (or potentially exceeding) 2 M⊙ provide strong
constraints, ruling out many “softer” EOS models that pre-
dict lower maximum NS masses [130, 571]. The existence
of these pulsars necessitates relatively stiff EOS models that
can support such high masses against gravitational collapse.

Beyond individual mass measurements, the population of
measured NS masses is also crucial. A statistically signif-
icant sample of precise mass measurements allows for in-
vestigations into NS formation mechanisms and evolutionary
pathways. For instance, different supernova core-collapse
scenarios, or subsequent accretion processes in binary sys-
tems, might lead to distinct NS mass distributions [572-574].

6.1.2 Combined radio timing and optical (dynamical) ob-
servations

While radio timing provides the mass function fbin and
thereby constrains a combination of masses and orbital in-
clination, many NS binaries also contain an optically visi-
ble companion star whose dynamical signals can decisively
break the degeneracy. In particular, the companion star can
often be observed, supplying two key measurements, Kc, and
orbital inclination i (and references therein [575]). Time-
resolved spectroscopy of the companion yields its radial-
velocity semi-amplitude Kc. One cross-correlates absorp-
tion lines in each orbital phase with template stellar spectra,
thereby measuring the Doppler shifts caused by the compan-
ion orbital motion [575-577]. Multi-band photometry of the
companion over a full orbit also provides its brightness and
temperature variations-crucial for determining the orbital in-
clination i. In tight binaries such as “spider” pulsars (with a
low-mass companion nearly filling its Roche lobe), the pul-
sar wind strongly heats one side of the companion, producing
large brightness contrasts from day side to night side. Mod-
eling these phase-resolved fluxes (and accounting for effects
like Roche-lobe deformation, gravity darkening, and atmo-
spheric limb darkening) tightly constrains i [575-577].

Once Kc and i are known, they can be combined with the
mass function (eq. (5)) to deduce both the NS mass MNS and
companion mass Mc. This method has been applied to sev-
eral “spider” pulsars [575, 578-580]. Such precision optical
measurements therefore complement the radio approach by
removing degeneracies inherent in the mass function alone
and have revealed a growing sample of massive NSs.

6.2 Distance

Knowledge of the distance to an NS may be necessary to in-
fer the NS properties and provide constraints on the EOS, but



A. Li, et al. Sci. China-Phys. Mech. Astron. November (2025) Vol. 68 No. 11 119503-29

precise distance measurements are often challenging to ob-
tain from observation. The most reliable method is parallax
measurement, which uses the Earth’s annual motion around
the Sun to detect shifts in the apparent position of a source.
This can be done at optical wavelengths or, more precisely,
at radio frequencies using very long baseline interferometry
(VLBI).

For radio pulsars, a second type of parallax can be mea-
sured through timing observations, where distances are de-
rived from variations in pulse arrival times caused by the cur-
vature of the incoming wavefront as Earth moves in its orbit.
Unlike imaging parallax, the precision of timing parallax is
highest for pulsars at low ecliptic latitudes and lowest near
the ecliptic pole (and references therein [581]).

In addition, binary pulsar systems offer another method
for distance determination through secular or annual vari-
ations in orbital parameters. However, these methods are
typically limited to relatively nearby sources. Advances in
telescope baseline lengths and sensitivity, such as those pro-
vided by the square kilometre array (SKA), promise signifi-
cant improvements in precision, enabling more accurate dis-
tance measurements [581, 582]. Another proposed method
is the neutral hydrogen (H I) kinematic distance technique,
which uses the absorption of pulsar emission by Galactic H
I gas, with distances inferred from a Galactic rotation model
(and references therein [583]). Finally, the methods of dis-
tance measurements could be combined, such as the timing,
optical image, and VLBI, to improve the accuracy utilizing
different facilities [581, 584].

7 X-ray study of dense matter in the multi-scale
and multi-messenger era

The study of dense matter is a challenging task that requires
theoretical models to extrapolate from matter at nuclear
densities to the largely unknown regimes of high-density,
neutron-rich, or exotic compositions. Additionally, it de-
pends on identifying the relevant degrees of freedom, which
may range from nucleons to exotic particles, and even dark
matter particles. One generally assumes that there is one the-
oretical model that can correctly explain the nuclear matter
data of different physical situations obtained in both labora-
tory nuclear experiments and astronomical observations. It
is necessary to combine efforts from different communities
and discuss mutual interests and problems [585, 586]. Ex-
perimental nuclear physics provides critical data needed to
benchmark theories of dense matter EOS residing in pul-
sars. The current and upcoming multimessenger observa-
tories (e.g., LIGO/Virgo/KAGRA, FAST, SKA, LHAASO,
HUBS, QTT) [587] will continue improving detection of NSs

together with the precise measurements of their global prop-
erties, as well as their dynamical evolution. Laboratory ex-
periments [588-593] will provide an emerging understanding
of dense matter EOS, together with the properties of strong
interactions and the transition to deconfined quark matter. In
this section, we outline recent progress and future perspec-
tives along this line.

7.1 Study from binary mergers and their electromag-
netic counterparts

The detection of GW170817 [594] by LIGO/Virgo firmly
established gravitational wave astronomy as a revolutionary
tool in nuclear astrophysics, while its accompanying short
GRB and kilonova observations [595] ushered in a new era of
multi-messenger astronomy. Together, these breakthroughs
marked a watershed moment in probing matter under ex-
treme densities. With the upcoming upgraded and new facili-
ties, including third-generation gravitational wave observato-
ries like cosmic explorer [596] and Einstein telescope [597],
many more multi-messenger observations of NS mergers are
expected in the coming decades. These observations promise
to provide deeper insights into dense matter and place un-
precedented constraints on the EOS and the underlying nu-
clear interaction models [229]. In this section, we briefly
outline several perspectives on this aspect.

First, we focus on the gravitational waveform during the
inspiral phase, which provides a direct measurement of tidal
deformability. In a coalescing system containing an NS, the
NS is tidally deformed by its companion, transferring part of
the orbital energy into the stellar deformation, which acceler-
ates the orbital decay. This effect leads to a correction in the
evolution of the gravitational wave phase, which depends on
the quantity [598],

Λ̃ =
16
13

(M1 + 12M2)M4
1

(M1 + M2)5 Λ1 + (1↔ 2), (6)

where M1 and M2 are the component masses. Λ1 and Λ2

are the corresponding tidal deformabilities for each compo-
nent, characterizing how easily the NS can be deformed. The
tidal deformability depends on the internal structure of NS
and is therefore closely linked to the EOS. The analysis of
GW170817 by the LIGO-Virgo collaboration provided an
estimate of Λ̃ 6 800 for a low-spin prior (assuming a di-
mensionless spin parameter χ < 0.05), which was subse-
quently translated into a constraint ofΛ1.4 6 800 for a 1.4 M⊙
NS [594]. These results have been widely used to investigate
the nature of matter at supranuclear densities [205]. Multiple
stacked events with advanced LIGO and third-generation in-
terferometers will improve these NS EOS constraints. More-
over, the improvement in detection precision is also expected



A. Li, et al. Sci. China-Phys. Mech. Astron. November (2025) Vol. 68 No. 11 119503-30

to help distinguish higher-order tidal effects, such as resonant
tides, facilitating the exploration of exotic states of matter in-
side NSs, including phase transition [599, 600] and superflu-
idity [601].

In the post-merger phase (not probed by current gravita-
tional wave facilities), determining the fate of the remnant
is a crucial question, as it is closely linked to the maximum
mass of a NS, MTOV. Any EOS model that cannot support
this mass will be ruled out. In very low-mass systems where
the remnant mass is below this threshold (i.e., Mrem < MTOV),
a stable massive NS is expected to form. In contrast, suffi-
ciently massive binaries will undergo a prompt collapse into
a black hole after the merger, while intermediate-mass sys-
tems may go through a phase as either a long-lived supramas-
sive NS (SMNS) or a short-lived hypermassive NS (HMNS).
While gravitational wave observations alone do not directly
indicate which scenario applies to GW170817, its electro-
magnetic (EM) counterpart provides valuable clues about the
post-merger fate. The detection of the short gamma ray burst
(GRB170817A) suggests a delayed collapse of the merger
remnant into a black hole, disfavoring a prompt collapse sce-
nario [602, 603]. However, it remains uncertain whether the
remnant evolved into an SMNS or an HMNS. The prevailing
interpretation favors a short-lived remnant, as a long-lived
remnant would have injected around 1052 erg of rotational
energy into the ejecta, which is inconsistent with observa-
tions [604]. Based on this short-lived remnant scenario and
the estimated total remnant mass, an upper limit on the maxi-
mum mass is suggested with MTOV . 2.3 M⊙ [602,604,605].
Nonetheless, some studies argue that a long-lived NS rem-
nant remains compatible with multi-messenger observations
within the magnetar model for short GRBs [606]. This alter-
native interpretation suggests a stiffer EOS, implying a lower
limit on the maximum mass, MTOV & 2.2 M⊙ [607]. Look-
ing ahead, direct detections of post-merger GWs from the
remnant can provide a definitive answer regarding its fate,
offering a robust constraint on the maximum mass of NSs.

If detected, a kilonova can provide complementary in-
sights into the properties of dense matter. Kilonovae are pow-
ered by the radioactive decay of heavy elements synthesized
in the ejected matter, which is expelled from the system by
tidal forces, shocks, or disk winds. Their observational sig-
natures, such as peak luminosity, temperature, and the time
at which the emission peaks, are primarily determined by the
properties of the ejecta, including mass, velocity, and elec-
tron fraction. These ejecta properties are closely correlated
with the binary parameters, particularly the total mass, mass
ratio, and the NS EOS. This connection makes kilonova ob-
servations a valuable tool for inferring the properties of dense
matter. Indeed, there have been studies with this goal utiliz-
ing the data from the AT2017gfo kilonova event [604], which

was observed several hours after the merger associated with
GW170817. Moreover, kilonova observations can also of-
fer clues about the fate of the merger remnant. For instance,
some recent studies suggest that the late-time emission from
AT2017gfo is more consistent with energy injection from a
long-lived NS remnant [608]. If this interpretation is cor-
rect, it would imply a rather stiff EOS capable of supporting
a maximum NS mass of MTOV & 2.4 M⊙. In summary, elec-
tromagnetic transients from binary mergers serve as a great
probe of the unknown EOS of NSs.

Thus, GW170817 is just the beginning of the multimes-
senger era. As an increasing number of gravitational wave
signals and electromagnetic counterparts from BNS mergers
are detected in the future [609], our knowledge of NS and
even quark star EOS models will be enriched. Future obser-
vations, for example, of the time delay between the merger
and the collapse to black hole, whether via post-merger grav-
itational wave signals or via more extensive electromagnetic
counterpart observations, may allow a robust determination
of the TOV maximum mass and provide independent con-
straints on the NS radius for a given mass (complementary
to NICER and eXTP), bringing us closer to a comprehensive
understanding of the EOS of dense matter in NSs. Moreover,
eXTP is well suited to play a central role in the follow-up
of binary NS mergers by detecting X-ray signatures from
the post-merger remnant [3], thanks to its excellent spec-
tral and temporal resolution. These observations serve as
an important complement to gamma-ray and optical obser-
vations, offering additional means to identify the nature of
the merger outcome and to further constrain the underlying
EOS of dense matter.

7.2 Physics-driven machine learning approach

Recent advances in machine learning have opened new av-
enues for tackling physics exploration, especially of the in-
verse problems that are inherent in decoding dense mat-
ter. By embedding physical priors into machine learning
framework, researchers are now able to directly map com-
plex experimental observables back to the underlying dense
matter EOS (see refs. [610-613] for recent reviews). Such
a physics-driven machine learning approach leverages deep
neural networks-not just as black-box regressors but as in-
terpretable models that honor the constraints imposed by
our physics knowledge. Machine learning models, espe-
cially those designed with physics-informed learning strate-
gies, have been employed to invert NSs observations to de-
code dense matter EOS information [614]. Specifically, the
automatic differentiation method is deployed in these works
to evaluate the gradients (linear response) of the calculated
NS properties (such as mass-radius) with respect to the dense
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matter EOS (represented as a deep neural network), based
upon which the optimization can be performed via gradi-
ent descent to reconstruct the appropriate dense matter EOS
which matches the astrophysical observations of NSs.

Furthermore, recent studies have demonstrated that hybrid
approaches—combining deep learning in the format of auto-
matic differentiation and deep neural networks with Bayesian
statistical methods—can substantially speed up the recon-
struction of EOSs with the observations [614]. A key ad-
vantage of this physics-driven machine learning framework
is its ability to capture subtle features in the dense matter
EOS, most notably, variations in the speed of sound squared,
especially those related to the first-order phase transition and
estimate its strength.

These approaches not only quantify the uncertainties in the
extracted parameters, including information for first-order
phase transitions, but also allow for a systematic update of
the model as new data become available. This means that
as future observatories and gravitational wave measurements
further refine the precision of mass, radius, and tidal de-
formability NS observations, the developed machine learning
framework can adapt readily and quickly, ensuring that the
dense matter properties are continuously improved. Overall,
machine learning represents a paradigm shift in the study of
dense nuclear matter.

7.3 Interdisciplinary synthesis

The study of the EOS relies on a continuous and iterative in-
terplay between experiment and theory, with reciprocal feed-
back proving essential for progress. To obtain precise quan-
titative constraints and qualitative insights, it is crucial to in-
tegrate nuclear experiments, multi-messenger astrophysics,
and EOS theory.

Experimental data from the FOPI (symmetric nuclear mat-
ter) and ASY-EOS (symmetry energy) experiments at GSI
have been incorporated into dense matter EOS inference
alongside NS observations [615]. The inclusion of HIC data
increases the pressure in the range of one to two times the
nuclear saturation density by approximately, favoring stiffer
EOSs. Astrophysical data dominate constraints at densi-
ties exceeding twice the nuclear saturation density, exclud-
ing overly stiff EOSs inconsistent with the GW170817 tidal
deformability constraint. The ASY-EOS constraints on the
symmetry energy slope L at saturation agree with neutron
skin thickness measurements, which helps reduce uncertain-
ties in NS radius predictions. Moreover, a Bayesian odds ra-
tio of 0.4 ± 0.1 disfavors a strong first-order phase transition
in NS cores under current constraints [615].

Nevertheless, opposing results were obtained in a re-
cent Bayesian analysis [616] that utilized experimental data

on mid-rapidity proton observables—specifically, the ellip-
tic flow (v2) and the mean transverse kinetic energy (⟨mT ⟩ −
m0)—in HICs with beam energies

√
sNN ≈ 2-10 GeV. Their

sensitivity analysis for when all 15 available experimental
data points are used inferred a broad peak structure in the
squared speed of sound, indicating a rather stiff EOS up to
four times the nuclear saturation density. However, if two
key data points for ⟨mT ⟩ −m0 at

√
sNN = 3.83 and 4.29 GeV

are excluded from the Bayesian inference—reducing the in-
put to 13 data points—the extracted squared speed of sound
drops drastically at high densities, consistent with a strong
first-order phase transition. The phase transition parameters
derived from beta-stable NS matter can be tested in nearly
symmetric nuclear matter produced in HIC [617]. However,
to fully understand their implications, a deeper understand-
ing of the connection between phase transitions in symmetric
and asymmetric nuclear matter is required, and further inves-
tigations are needed on the roles played by temperature and
magnetic field.

Future high-statistics measurements at existing and up-
coming HIC facilities, particularly over the relevant interme-
diate beam energy range [618-621], will be essential for ro-
bustly constraining the high-density EOS. Since the probed
densities can reach up to four or five times the nuclear satu-
ration density, these experiments will also be invaluable for
testing the potential relevance of hyperons or quarks in dense
matter. Such findings will further refine our understanding of
the dense matter EOS.

8 Summary

eXTP will play a key role in the global effort to uncover the
properties of dense matter in NSs. From 2030, the eXTP mis-
sion will deliver new constraints on the properties of dense
matter through precision X-ray observations.

The synergy of eXTP instrumentation—combining a large
collecting area, polarimetry, and timing capabilities—allows
for the deployment of multiple independent techniques.
These include PPM of MSPs, spectral modeling of thermonu-
clear bursts and their cooling tails, analysis of burst oscilla-
tions, and study of timing irregularities. In addition, eXTP
will probe phenomena associated with nuclear burning on the
NS surface (such as mHz QPOs) and accretion disk dynamics
(such as kHz QPOs and relativistic Fe line profiles).

We anticipate that the comprehensive observational strat-
egy of eXTP will open a new quantitative era for NS radius
measurements. These measurements offer sensitivity to the
nuclear symmetry energy, its density dependence, and possi-
ble phase transitions to exotic degrees of freedom (hyperons,
quark matter) in the core. Additionally, a single SDD ar-
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ray in the SFA telescopes can be replaced by one pn-CCD,
which offers combined spectral, timing, and imaging capa-
bilities. The pn-CCD imaging performance (W50 = 30′′) en-
ables tighter constraints on the phase-invariant component in
energy-resolved pulse profiles through simultaneous obser-
vations of target sources. Furthermore, joint analysis of the
SDD and pn-CCD data-for example, in non-accreting MSPs-
can enhance the precision of NS mass and radius measure-
ments. Similar approaches have been employed in the analy-
sis of NICER and XMM data (though not using simultaneous
observations) using a joint log-likelihood function in PPM.

Simultaneously, eXTP will build an extensive sample of
high-precision data for exploring the thermal and rotational
evolution of NSs. Evolution studies of NSs observed by
eXTP provide complementary probes of superfluidity, vis-
cosity, crustal elasticity, and neutrino emission mechanisms
from the core.

Together with gravitational wave constraints and labora-
tory experiments, eXTP will play a critical role in establish-
ing a unified and consistent description of dense matter from
the crust to the core of NSs, advancing our understanding
of the EOS and the possible presence of exotic matter in the
Universe.
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Kurkela, R. Paatelainen, S. Säppi, and A. Vuorinen, Phys. Rev. Lett.
133, 071901 (2024), arXiv: 2402.00621.

90 T. Demircik, C. Ecker, and M. Järvinen, Phys. Rev. X 12, 041012
(2022), arXiv: 2112.12157.

91 R. G. Cai, S. He, L. Li, and Y. X. Wang, Phys. Rev. D 106, L121902
(2022), arXiv: 2201.02004.

92 R. A. Janik, M. Järvinen, H. Soltanpanahi, and J. Sonnenschein,
Phys. Rev. Lett. 129, 081601 (2022), arXiv: 2205.06274.

93 A. Hewish, S. J. Bell, J. D. H. Pilkington, P. F. Scott, and R. A.
Collins, Nature 217, 709 (1968).

94 D. A. Smith, S. Abdollahi, M. Ajello, M. Bailes, L. Baldini, J. Ballet,
M. G. Baring, C. Bassa, et al., Astrophys. J. 958, 191 (2023), arXiv:
2307.11132.

95 J. L. Han, D. J. Zhou, C. Wang, W. Q. Su, Y. Yan, W. C. Jing, Z. L.
Yang, P. F. Wang, T. Wang, and J. Xu, Res. Astron. Astrophys. 25,
014001 (2025), arXiv: 2411.15961.

96 J. W. T. Hessels, S. M. Ransom, I. H. Stairs, P. C. C. Freire, V.
M. Kaspi, and F. Camilo, Science 311, 1901 (2006), arXiv: astro-
ph/0601337.

97 R. N. Manchester, G. B. Hobbs, A. Teoh, and M. Hobbs, Astron. J.
129, 1993 (2005), arXiv: astro-ph/0412641.

98 M. A. Alpar, A. F. Cheng, M. A. Ruderman, and J. Shaham, Nature
300, 728 (1982).

99 V. Radhakrishnan, and G. Srinivasan, Current Sci. 51, 1096 (1982).
100 D. Bhattacharya, and E. P. J. van den Heuvel, Phys. Rep. 203, 1

(1991).
101 D. R. Lorimer, Living Rev. Relativ. 11, 8 (2008), arXiv: 0811.0762.
102 R. N. Manchester, Science 304, 542 (2004).
103 S. Konar, and D. Bhattacharya, Mon. Not. Roy. Astron. Soc. 284,

311 (1997).
104 L. Bildsten, E. E. Salpeter, and I. Wasserman, Astrophys. J. 384, 143

(1992).
105 Y.-J. Xu, H.-L. Peng, S.-S. Weng, X. Zhang, and M.-Y. Ge, Astro-

phys. J. 981, 100 (2025), arXiv: 2501.10999.
106 R. C. Duncan, and C. Thompson, Astrophys. J. Lett. 392, L9 (1992).
107 S. Mereghetti, Astron. Astroph. Rev. 15, 225 (2008), arXiv:

0804.0250.
108 V. M. Kaspi, and A. M. Beloborodov, Ann. Rev. Astron. Astrophys.

55, 261 (2017), arXiv: 1703.00068.
109 P. Esposito, N. Rea, and G. L. Israel, Magnetars: A short review and

some sparse considerations, in Astrophysics and Space Science Li-
brary, edited by T. M. Belloni, M. Méndez, and C. Zhang (Springer,
Berlin, Heidelberg, 2021), pp. 97-142.

110 N. Rea, and D. De Grandis, arXiv: 2503.04442.
111 A. M. Beloborodov, Astrophys. J. 703, 1044 (2009).
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130 F. Özel, and P. Freire, Annu. Rev. Astron. Astrophys. 54, 401 (2016).
131 A. L. Watts, Annu. Rev. Astron. Astrophys. 50, 609 (2012).
132 P. Haensel, A. Y. Potekhin, and D. G. Yakovlev, Neutron Stars 1:

Equation of State and Structure (Springer, New York, 2007).
133 N. Chamel, and P. Haensel, Living Rev. Relativ. 11, 10 (2008), arXiv:

0812.3955.
134 F. Douchin, and P. Haensel, Astron. Astrophys. 380, 151 (2001).
135 B. K. Sharma, M. Centelles, X. Viñas, M. Baldo, and G. F. Burgio,

Astron. Astrophys. 584, A103 (2015).
136 A. F. Fantina, N. Chamel, J. M. Pearson, and S. Goriely, Astron. As-

trophys. 559, A128 (2013).
137 F. Gulminelli, and A. R. Raduta, Phys. Rev. C 92, 055803 (2015),

arXiv: 1504.04493.
138 J. M. Pearson, N. Chamel, A. Y. Potekhin, A. F. Fantina, C. Ducoin,

A. K. Dutta, and S. Goriely, Mon. Not. R. Astron. Soc. 481, 2994
(2018).

139 L. Scurto, H. Pais, and F. Gulminelli, Phys. Rev. D 109, 103015
(2024), arXiv: 2402.15548.
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Webb, Mon. Not. R. Astron. Soc. 495, 4508 (2020).

337 G. G. Pavlov, D. Sanwal, G. P. Garmire, and V. E. Zavlin, ASP Conf.
Ser. 271, 247 (2002).

338 E. V. Gotthelf, J. P. Halpern, and J. Alford, Astrophys. J. 765, 58
(2013).

339 V. E. Zavlin, G. G. Pavlov, and J. Trumper, Astron. Astrophys. 331,
821 (1998).

340 G. G. Pavlov, and G. J. M. Luna, Astrophys. J. 703, 910 (2009).
341 V. Doroshenko, V. Suleimanov, G. Pühlhofer, and A. Santangelo, Nat.
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422 S. Ascenzi, D. Viganó, C. Dehman, J. A. Pons, N. Rea, and R. Perna,

Mon. Not. R. Astron. Soc. 533, 201 (2024), arXiv: 2401.15711.
423 Ø. Elgarøy, L. Engvik, E. Osnes, F. V. De Blasio, M. Hjorth-Jensen,

and G. Lazzari, Phys. Rev. Lett. 76, 1994 (1996).
424 D. Page, J. M. Lattimer, M. Prakash, and A. W. Steiner, Astrophys.

J. Suppl. Ser. 155, 623 (2004).
425 B. L. Friman, and O. V. Maxwell, Astrophys. J. 232, 541 (1979).
426 D. Page, M. Prakash, J. M. Lattimer, and A. W. Steiner, Phys. Rev.

Lett. 106, 081101 (2011).
427 P. S. Shternin, D. G. Yakovlev, C. O. Heinke, W. C. G. Ho, and D. J.

Patnaude, Mon. Not. R. Astron. Soc.-Lett. 412, L108 (2011), arXiv:
1012.0045.

428 D. Page, J. M. Lattimer, M. Prakash, and A. W. Steiner, Astrophys.
J. 707, 1131 (2009).

429 P. O. Slane, D. J. Helfand, and S. S. Murray, Astrophys. J. 571, L45
(2002).

430 M. A. Livingstone, S. M. Ransom, F. Camilo, V. M. Kaspi, A. G.
Lyne, M. Kramer, and I. H. Stairs, Astrophys. J. 706, 1163 (2009).

431 R. Petre, C. M. Becker, and P. F. Winkler, Astrophys. J. 465, L43
(1996).

432 E. V. Gotthelf, and J. P. Halpern, Astrophys. J. 695, L35 (2009).
433 A. Marino, C. Dehman, K. Kovlakas, N. Rea, J. A. Pons, and D.
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Zhou, E. Gügercinoğlu, Z. H. Tu, and P. Wang, Mon. Not. R. Astron.
Soc. 537, 1720 (2025).

546 X. Shang, and A. Li, Astrophys. J. 923, 108 (2021).
547 Z. Tu, and A. Li, Astrophys. J. 984, 200 (2025).
548 L. D. Landau, and E. M. Lifshitz, Mechanics (Pergamon Press, Ox-

ford, 1969).
549 Y. Gao, L. Shao, R. Xu, L. Sun, C. Liu, and R. X. Xu, Mon. Not. R.

Astron. Soc. 498, 1826 (2020), arXiv: 2007.02528.
550 K. Yagi, and N. Yunes, Science 341, 365 (2013), arXiv: 1302.4499.
551 C. Breu, and L. Rezzolla, Mon. Not. R. Astron. Soc. 459, 646

(2016), arXiv: 1601.06083.
552 B. Haskell, R. Ciolfi, F. Pannarale, and L. Rezzolla, Mon. Not. R.

Astron. Soc.-Lett. 438, L71 (2014), arXiv: 1309.3885.
553 I. H. Stairs, A. G. Lyne, and S. L. Shemar, Nature 406, 484 (2000).
554 D. I. Jones, and N. Andersson, Mon. Not. R. Astron. Soc. 324, 811

(2001), arXiv: astro-ph/0011063.
555 R. X. Xu, Astrophys. J. 596, L59 (2003), arXiv: astro-ph/0302165.
556 G. Desvignes, P. Weltevrede, Y. Gao, D. I. Jones, M. Kramer, M.

Caleb, R. Karuppusamy, L. Levin, K. Liu, and A. G. Lyne, Nat. As-
tron. 8, 617 (2024).

557 Y. Gao, L. Shao, G. Desvignes, D. I. Jones, M. Kramer, and G. Yim,
Mon. Not. R. Astron. Soc. 519, 1080 (2023), arXiv: 2211.17087.

558 Q. Cheng, S. N. Zhang, X. P. Zheng, and X. L. Fan, Phys. Rev. D 99,
083011 (2019).

559 O. Hamil, N. J. Stone, and J. R. Stone, Phys. Rev. D 94, 063012
(2016).

560 C. Cutler, Phys. Rev. D 66, 084025 (2002), arXiv: gr-qc/0206051.
561 S. Dall’Osso, S. N. Shore, and L. Stella, Mon. Not. R. Astron. Soc.

398, 1869 (2009), arXiv: 0811.4311.
562 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).
563 Y. L. Yan, Q. Cheng, and X. P. Zheng, J. High Energy Astrophys. 41,

13 (2024), arXiv: 2410.23585.
564 Y. L. Yan, Q. Cheng, and X. P. Zheng, Sci. China-Phys. Mech. As-

tron. 67, 129513 (2024), arXiv: 2410.23612.
565 J. Shu, Q. Cheng, and X. P. Zheng, Phys. Rev. D 111, 023038 (2025).
566 D. R. Lorimer, and M. Kramer, Handbook of Pulsar Astronomy

(Cambridge University Press, Cambridge, 2012).
567 P. B. Demorest, T. Pennucci, S. M. Ransom, M. S. E. Roberts, and J.

W. T. Hessels, Nature 467, 1081 (2010).
568 Z. Arzoumanian, A. Brazier, S. Burke-Spolaor, S. Chamberlin, S.

Chatterjee, B. Christy, J. M. Cordes, N. J. Cornish, F. Crawford, and
H. T. Cromartie, Astrophys. J. Suppl. Ser. 235, 37 (2018).

569 H. T. Cromartie, E. Fonseca, S. M. Ransom, P. B. Demorest, Z. Ar-
zoumanian, H. Blumer, P. R. Brook, M. E. DeCesar, T. Dolch, and J.
A. Ellis, Nat. Astron. 4, 72 (2020), arXiv: 1904.06759.

570 E. Fonseca, T. T. Pennucci, J. A. Ellis, I. H. Stairs, D. J. Nice, S. M.
Ransom, P. B. Demorest, Z. Arzoumanian, K. Crowter, and T. Dolch,
Astrophys. J. 832, 167 (2016).

571 J. M. Lattimer, Annu. Rev. Nucl. Part. Sci. 62, 485 (2012), arXiv:
1305.3510.

572 J. Antoniadis, T. M. Tauris, F. Ozel, E. Barr, D. J. Champion, and
P. C. C. Freire, arXiv: 1605.01665.

573 T. M. Tauris, M. Kramer, P. C. C. Freire, N. Wex, H. T. Janka, N.
Langer, P. Podsiadlowski, E. Bozzo, S. Chaty, and M. U. Kruckow,
Astrophys. J. 846, 170 (2017).

574 D. S. Shao, S. P. Tang, J. L. Jiang, and Y. Z. Fan, Phys. Rev. D 102,
063006 (2020).

575 M. R. Kennedy, R. P. Breton, C. J. Clark, D. Mata Sánchez, G. Voisin,
V. S. Dhillon, J. P. Halpern, T. R. Marsh, L. Nieder, and P. S. Ray,
Mon. Not. R. Astron. Soc. 512, 3001 (2022), arXiv: 2202.05111.

576 R. W. Romani, and N. Sanchez, Astrophys. J. 828, 7 (2016).
577 D. L. Kaplan, K. Stovall, M. H. Kerkwijk, C. Fremling, and A. G.

Istrate, Astrophys. J. 864, 15 (2018).
578 M. Linares, T. Shahbaz, and J. Casares, Astrophys. J. 859, 54 (2018).
579 R. W. Romani, D. Kandel, A. V. Filippenko, T. G. Brink, and W. K.

Zheng, Astrophys. J. Lett. 908, L46 (2021).
580 B. Sen, M. Linares, M. R. Kennedy, R. P. Breton, D. Misra, M.

Turchetta, V. S. Dhillon, D. Mata Sánchez, and C. J. Clark, Astro-
phys. J. 973, 121 (2024).

581 R. Smits, S. J. Tingay, N. Wex, M. Kramer, and B. Stappers, Astron.
Astrophys. 528, A108 (2011).

582 P. E. Dewdney, P. J. Hall, R. T. Schilizzi, and T. J. L. W. Lazio, Proc.
IEEE 97, 1482 (2009).

583 J. P. W. Verbiest, J. M. Weisberg, A. A. Chael, K. J. Lee, and D. R.
Lorimer, Astrophys. J. 755, 39 (2012).

584 R. J. Jennings, D. L. Kaplan, S. Chatterjee, J. M. Cordes, and A. T.
Deller, Astrophys. J. 864, 26 (2018).

585 J. M. Lattimer, Annu. Rev. Nucl. Part. Sci. 71, 433 (2021).
586 H. Schatz, A. D. Becerril Reyes, A. Best, E. F. Brown, K. Chatziioan-

nou, K. A. Chipps, C. M. Deibel, R. Ezzeddine, D. K. Galloway, and
C. J. Hansen, J. Phys. G-Nucl. Part. Phys. 49, 110502 (2022), arXiv:
2205.07996.

587 Z. Zhu, Z. Miao, and A. Li, Pulsar Astronomy: Unveiling Compact
Stars with China’s New Facilities (World Scientific Publishing, Sin-
gapore, 2025), pp. 389-413.

588 H. Okuno, T. Dantsuka, M. Fujimaki, N. Fukunishi, H. Hasebe,
Y. Higurashi, E. Ikezawa, N. Ikoma, H. Imao, O. Kamigaito, et al., J.
Phys. Conf. Ser. 1401, 012005 (2020).

589 H. Tamura, Prog. Theor. Exp. Phys. 2012(1), 02B012 (2012).
590 F. Guan, X. Diao, Y. Wang, Y. Qin, Z. Qin, Q. Wu, D. Guo, X. Wei,

H. Yang, and P. Ma, Nucl. Instrum. Methods Phys. Res. Sect. A
1011, 165592 (2021).

591 B. Hong, D. S. Ahn, J. K. Ahn, J. Bae, Y. Bae, J. S. Bok, S. W. Choi,
S. Do, C. Heo, and J. Huh, Nucl. Instrum. Methods Phys. Res. Sect.
B 541, 260 (2023).

592 A. Lovato, T. Dore, R. D. Pisarski, B. Schenke, K. Chatziioannou,
J. S. Read, P. Landry, P. Danielewicz, D. Lee, S. Pratt, et al, arXiv:
2211.02224.

593 NuPECC (Nuclear Physics European Collaboration Committee),
arXiv: 2503.15575.

594 B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ackley, C.
Adams, T. Adams, P. Addesso, R. X. Adhikari, and V. B. Adya, Phys.
Rev. Lett. 119, (2017).

595 B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ackley, C.
Adams, T. Adams, P. Addesso, R. X. Adhikari, and V. B. Adya, As-

https://doi.org/10.3847/1538-4357/ab8db6
https://doi.org/10.1093/mnras/sty1294
https://arxiv.org/abs/1805.05110
https://doi.org/10.1093/mnrasl/slab038
https://arxiv.org/abs/2103.13180
https://doi.org/10.1086/382233
https://doi.org/10.1086/382233
https://doi.org/10.1088/1674-4527/ad0f0c
https://doi.org/10.3847/1538-4357/aad776
https://doi.org/10.1093/mnrasl/slaa015
https://doi.org/10.1051/0004-6361/201937019
https://doi.org/10.1093/mnrasl/sly175
https://doi.org/10.1093/mnrasl/sly175
https://arxiv.org/abs/1806.10168
https://doi.org/10.1088/2041-8205/788/1/L11
https://doi.org/10.1093/mnras/stw1758
https://doi.org/10.1093/mnras/stx985
https://doi.org/10.1093/mnras/staf101
https://doi.org/10.1093/mnras/staf101
https://doi.org/10.3847/1538-4357/ac2e94
https://doi.org/10.3847/1538-4357/adc80e
https://doi.org/10.1093/mnras/staa2476
https://doi.org/10.1093/mnras/staa2476
https://arxiv.org/abs/2007.02528
https://doi.org/10.1126/science.1236462
https://arxiv.org/abs/1302.4499
https://doi.org/10.1093/mnras/stw575
https://arxiv.org/abs/1601.06083
https://doi.org/10.1093/mnrasl/slt161
https://doi.org/10.1093/mnrasl/slt161
https://arxiv.org/abs/1309.3885
https://doi.org/10.1038/35020010
https://doi.org/10.1046/j.1365-8711.2001.04251.x
https://arxiv.org/abs/astro-ph/0011063
https://doi.org/10.1086/379209
https://arxiv.org/abs/astro-ph/0302165
https://doi.org/10.1038/s41550-024-02226-7
https://doi.org/10.1038/s41550-024-02226-7
https://doi.org/10.1093/mnras/stac3546
https://arxiv.org/abs/2211.17087
https://doi.org/10.1103/PhysRevD.99.083011
https://doi.org/10.1103/physrevd.94.063012
https://doi.org/10.1103/PhysRevD.66.084025
https://arxiv.org/abs/gr-qc/0206051
https://doi.org/10.1111/j.1365-2966.2008.14054.x
https://arxiv.org/abs/0811.4311
https://doi.org/10.1088/1674-4527/accb7b
https://doi.org/10.1016/j.jheap.2023.12.003
https://arxiv.org/abs/2410.23585
https://doi.org/10.1007/s11433-024-2473-6
https://doi.org/10.1007/s11433-024-2473-6
https://arxiv.org/abs/2410.23612
https://doi.org/10.1103/PhysRevD.111.023038
https://doi.org/10.1038/nature09466
https://doi.org/10.3847/1538-4365/aab5b0
https://doi.org/10.1038/s41550-019-0880-2
https://arxiv.org/abs/1904.06759
https://doi.org/10.3847/0004-637X/832/2/167
https://doi.org/10.1146/annurev-nucl-102711-095018
https://arxiv.org/abs/1305.3510
https://arxiv.org/abs/1605.01665
https://doi.org/10.3847/1538-4357/aa7e89
https://doi.org/10.1103/PhysRevD.102.063006
https://doi.org/10.1093/mnras/stac379
https://arxiv.org/abs/2202.05111
https://doi.org/10.3847/0004-637X/828/1/7
https://doi.org/10.3847/1538-4357/aad54c
https://doi.org/10.3847/1538-4357/aabde6
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/1538-4357/ad6314
https://doi.org/10.3847/1538-4357/ad6314
https://doi.org/10.1051/0004-6361/201016141
https://doi.org/10.1051/0004-6361/201016141
https://doi.org/10.1109/JPROC.2009.2021005
https://doi.org/10.1109/JPROC.2009.2021005
https://doi.org/10.1088/0004-637X/755/1/39
https://doi.org/10.3847/1538-4357/aad084
https://doi.org/10.1146/annurev-nucl-102419-124827
https://doi.org/10.1088/1361-6471/ac8890
https://arxiv.org/abs/2205.07996
http://dx.doi.org/10.1088/1742-6596/1401/1/012005
http://dx.doi.org/10.1088/1742-6596/1401/1/012005
https://doi.org/10.1093/ptep/pts056
https://doi.org/10.1016/j.nima.2021.165592
https://doi.org/10.1016/j.nimb.2023.05.030
https://doi.org/10.1016/j.nimb.2023.05.030
https://arxiv.org/abs/2211.02224
https://arxiv.org/abs/2503.15575
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.3847/2041-8213/aa91c9


A. Li, et al. Sci. China-Phys. Mech. Astron. November (2025) Vol. 68 No. 11 119503-42

trophys. J. Lett. 848, L12 (2017).
596 D. Reitze, R. X. Adhikari, S. Ballmer, B. Barish, L. Barsotti,

G. Billingsley, D. A. Brown, Y. Chen, D. Coyne, R. Eisenstein, et
al., arXiv: 1907.04833.

597 M. Maggiore, C. V. D. Broeck, N. Bartolo, E. Belgacem, D. Bertacca,
M. A. Bizouard, M. Branchesi, S. Clesse, S. Foffa, and J. Garcı́a-
Bellido, J. Cosmol. Astropart. Phys. 2020(3), 050 (2020).
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