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“Solving: Old Problems, 
Newly Ripe”
● Neutron star structure

(this talk)
● Axion dark matter
● User-friendly 

superconductivity

2026 Symposium on Historical and Future Perspectives of Physics and Physicists, Shanghai, August 17–18, 2026

Discovery 
February 2002

Our task: Connect multi-messenger 
observations to microscopic theory.

The unknown neutron star structure: One of 11 questions of physics
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Lev Landau James Chadwick Walter Baade Fritz Zwicky J. Robert 
Oppenheimer1932- 

Dame Jocelyn Bell 
BurnellAntony Hewish

1967

Neutron star physical conditions and observations

Nobel prize 1974
Fundamental Physics Breakthrough Prize 2018“the density of matter becomes so great that atomic nuclei come in 

close contact, forming one gigantic nucleus.”

● Rapid spin （P~10-3-101.5s);
● Hot surface (T~105-6 K);
● Strong B field (B~108-15)T;
● Strong E field (ΔU~1012-17V)

● pulsations in radio and X-ray;
● X-ray bursts;
● giant flares in magnetars;
● superbursts and thermal relaxation in accreting NSs.

fast rotation + strong B field -> strong E field;
acceleration of charged particles -> radiation;
energetic radiation -> pair production

eXTP White paper, 2506.08104 Sci. China 2025 

https://www.youtube.com/watch?v=PKtnaTxLARc
https://www.youtube.com/watch?v=PKtnaTxLARc
https://www.youtube.com/watch?v=h1JprDaZN4g&t=90s
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● Strong B field (B~108-15)T;
● Strong E field (ΔU~1012-17V)

● pulsations in radio and X-ray;
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● giant flares in magnetars;
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Primary assumption made concerns the propagation of 
photons in the atmosphere, which is typically assumed to be 
non-magnetized and composed of fully ionized hydrogen (or 
helium): Justified for MSPs;

The asymmetry the pulse profile becomes more pronounced 
for fast rotators; 

Pulsed thermal emission caused by hot spots on a rotating MSP help measure M/R

The technique is the most promising in providing accurate and precise constraints on R
in the coming years!

P <30ms
Age > 108yr
Weakest B fields in NS population

Predict the emission received by a distant observer, assuming that it is due to one (or multiple) 

hot spot(s) on the stellar surface rotating rigidly with star;

Stellar M controls the level of light 
bending;
Stellar R causes an asymmetry in 
pulse profile due to rotation: 

Successfully applied to e.g., PSR J0030+0451, J0740+6620, J0437−4715, J1231−1411, J0614−332.

Ascenzi, Graber & Rea, 2401.14930 
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Energy spectra can be well-fitted with thermal emissions,  

even in the case of the three pulsed CCOs which exhibit 

non-uniform surface T;

Simplicity of CCO energy spectra position them as excellent sources for 
studying the EOS

CCOs: Radio-quiet isolated NSs emitting steady thermal 

x-ray; Low dipolar B fields (1010-1011 T); Being discovered 

due to their locations at the centers of luminous shell-like 

SN remnants;

Data from XMM-Newton + Suzaku + Gaia (reliable D estimation): Estimating the CCO’s 

distance based on that of the optical star in the same shell in SN remnant HESS 

J1731-347, available from Gaia parallax measurements.
Doroshenko et al. 2022somewhat/strongly model-dependentSummary of R measurement:

Note: the systematics and 
physical assumptions 
behind the HESS J1731 
measurements are HUGE.

Ascenzi, Graber & Rea, 2401.14930 
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eXTP White paper, 2506.08104 
Sci. China 2025 

NS-LMXB outburst+quiescence: Burst, QPO, cooling for M-R study
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2606.23466

EXO 0748−676: Measurement summary

● EXO 0748−676 is a well-known LMXB system located in the constellation Pisces, approximately 7.4 kpc (about 

24,000 light-years) from Earth;

● The system consists of a neutron star and a low-mass companion star (optical counterpart: UY Vol).
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2606.23466

The 
observational 
dataset
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EXO 0748−676: New Quiescent X‑ray M–R Constraints

● Dataset (2008–2025, two quiescent epochs)  
○ 14 Chandra ACIS‑S + 6 XMM‑Newton (MOS/PN) observations

○ Two quiescent intervals bracketing the 2024–2025 outburst

● Spectral model & MCMC setup  
○ Global fit: tbabs*(nsatmos+powerlaw) in 0.5–10 keV

○ Tied across all 20 spectra: M, R, NH; epoch‑dependent photon 
index Γ; Teff and power‑law normalization per observation

● Baseline mass–radius result (D = 7.1 kpc)  
○ Posterior: M = 1.77+0.17−0.22M⊙ R = 12.62+0.56−0.74 km (1σ 

credible intervals)

● Explicit tests of distance (right figure), atmosphere, and spectral 
assumptions

● Combined with dynamical lower limits (M ≳ 1.5 M⊙) and NICER/GW 
systematics, EXO 0748−676 supports relatively stiff dense‑matter EOSs

2606.23466
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Outline
● Intro. on neutron stars and M, R study 

● Observations and multi-messenger 

constraints

● Prospects and opportunities
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Uncertainty budget for NICER radius measurements
Neutron star pulse profile modeling has matured from a theoretical possibility to a precision 
measurement technique, enabled by the combination of large collecting area, excellent timing 

resolution, and soft X-ray sensitivity, e.g., NICER (2017), eXTP(2030), NewATHENA (~2038)

AI-generated figure
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2402.02799

+XMM data

Why background information is important

Radius 
measurement 
precision～5% 
with eXTP-SFA

eXTP White paper, arXiv:2506.08104
Sci. China 2025 

XMM-Newton data can provide (indirect) NICER background constraint: 

The introduction of the XMM-Newton data (EPIC MOS1 and MOS2) led 

to a reduction in background estimates from NICER-only data, resulting 

in higher compactness value:

https://arxiv.org/abs/2402.02799
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Geometric information matters: PSR J0437-4715 as an example

• Polarization data play a crucial role in resolving hot-spot geometric degeneracy;

• Distinguish among three emission components: thermal radiation from NS cold surface, thermal emission from polar 

hotspots, and nonthermal power-law emission, possibly originating in the magnetosphere;

• Multi-component emission in the broadband spectrum spanning the far-ultraviolet and X-ray bands.
2605.05429

• Best-fit parameters:
→ Bulk surface temperature: ~2.1×105 K
→ Hot-spot temperature: ~1.2×106 K
→ Hot-spot geometries: radio-consistent
→ Non-thermal: ΓPL ≈ 2.3

*radio polarization position 
angle
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Key Science Goals:

● Determine the EOS of ultra-dense 
matter in neutron stars;

● Measure mass-radius relations via 
pulse profile modeling, burst 
oscillations, and polarization;

●  Study QED effects in strong magnetic 
fields (10^{13}–10^{15} G);

● Probe accretion physics and dynamics 
in strong gravity

eXTP Synergy: Large Area + Polarimetry + Timing
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1. Model for interaction                                  2. EOS prior                                   
                                                                             pasting test                                 between particles   

3. EOS inference from NS obs.
 (GW, photons, neutrinos)

Physics on the EOS, the composition and 
the underlying strong interaction

Bayesian EOS Inference Framework

This multi-messenger approach 
combining GW, EM observations, and 
terrestrial experiments, provides the 
most robust constraints on the EOS of 
dense matter.
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Laboratory Constraints: HICs & Finite Nuclei
● Finite nuclei

● Masses, radii, polarizability, neutron‑skin thickness →K₀, S₀, L

● Intermediate‑energy heavy‑ion collisions (HICs)

● Constrain pressure at ρ ≈ (1–2) ρ₀
● Role in this talk

● Set low‑density pressure band that EOSs must pass through

● Provide independent checks on symmetry energy behavior

FOPI Au+Au elliptic 
flow @ 400 MeV 
-1.5 GeV per 
nucleon

subthreshold 
K+ production 
@KaoS2211.04978

Kumar et al. (FRIB)

Baldo & Burgio 
PPNP 2016
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FOPI Au+Au elliptic 
flow @ 400 MeV 
-1.5 GeV per 
nucleon

subthreshold 
K+ production 
@KaoS2211.04978
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One dense-matter program: stars, laboratories, and inference

Two colliding nuclei produce collective motion of nucleons and fragments, 
depends sensitively on the gradient of pressure (i.e., soft/stiff EOS); 
Example result favor a relatively low phase transition density <~2.5n0, 
similar to NS obs:

Experiments at 
facilities such as 
HIAF, FAIR, 
RHIC, NICA, and 
RIKEN probe 
different regions of 
the nuclear phase 
diagram:

● Heavy-ion collisions involve hot, transient, often approximately isospin-symmetric matter, 

● Neutron stars contain cold, highly neutron-rich, beta-equilibrated matter.

A direct 
comparison 
therefore requires 
a microscopic 
model that 
consistently 
translates 
between these 
conditions.

2211.04978
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Outline
● Intro. on neutron stars and M, R study 

● Observations and multi-messenger 

constraints

● Prospects and opportunities
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Step 1: Dirac equation for the quark inside nucleon;

 

Step 2: Effective Lagrangian for nucleon many-body system (N + σ,ω,ρ):

Prepare priors for a set of EOS parameters

Parameter
fixing

Parameter 
fixing

1802.05510

Guichon, Toki, Shen, Providência, 
Stone, Thomas, etc (1978-
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Span uncertainty in EOS at supranuclear density

(E/A, K
0
,...n

0
)

Esym0, L
0
,...

 (n
trans

, 𝚫Ɛ, c
QM

)

Esym(n)

full parameter space rom 1/sqrt(3) (the conformal limit in perturbative 
QCD matter) to 1 (the causal limit)

2205.08513
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P2n0 

w.o. 
XMM-Newton 
data

Constraint on the pressure at densities ∼1-3n0 effectively tightened

Plus HESS data: Enlargement of the EOS parameter space.

2402.02799

(N3LO)

(by D. Lee)

Legred et al. 2021
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Neutron stars vs. Hybrid stars

1σ credible intervals of HSs are 
much larger than those of pure 
NSs;

Similar results for R
1.4 

(~12 
km) are found for both pure 
NSs and HSs: Need to break 
degeneracies and identify 
potential phase transitions.

2402.02799
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27

Results on nuclear matter parameters and the phase transition: 
GW + X-ray (NICER⨉XMM+ HESS)

K
0
, Esym0, L

0
,...

 n
trans

, 𝚫Ɛ, c
QM

,...

K0 is more sensitive to XMM-Newton data
L0 is more sensitive to both XMM-Newton and HESS data

2402.02799
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Outline
● Intro. on neutron stars and M, R study 

● Observations and multi-messenger constraints

● Prospects and opportunities
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Neutron star cross section and thermal light curve

eXTP White paper, 
2506.08104 Sci. China 2025 

eXTP will build an extensive sample of high-precision data for exploring the thermal and rotational evolution of NSs. 
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uniform nuclear 

matter

nonuniform nuclear 

matter

Unified EOS
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uniform nuclear 

matter

nonuniform nuclear 

matter

Unified EOS
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The maximum mass and merger remants

1706.04720 

X-ray-plateau SGRB fraction

1606.02934

EM counterparts and post-merger GW observations can provide 

hints on merger remants, therefore provide information about the 

maximum mass and high-density stiffness of the EOS (SWOM, EP, 

etc). mass gap? 

How well the underlying EOS would reconcile is largely determined by the static 
maximum mass of that EOS.

https://ui.adsabs.harvard.edu/link_gateway/2017ApJ...844...41L/arxiv:1706.04720
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Five Hundred 
Metre Aperture 
Radio Telescope 
(FAST)

Parkes 64-m 
Radio 
Telescope

Fermi Gamma-ray 
Space Telescope

NanShan 25-m 
Radio 
Telescope

MeerKAT radio 
telescope

Multi-wavelength studies working with other WGs
● More samples;
● Better ppm modeling; 
● Mass;
● Distance;
● etc

Space Variable Objects 
Monitor (SVOM)

Radio observations are essential for measuring spin, timing 
behavior, binary parameters, and, in favorable systems, masses 
through relativistic orbital effects;

Optical observations can constrain binary companions, 
distances, and orbital inclinations;

High-energy missions provide information about transient 
activity, magnetospheric emission, and merger counterparts

…
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Multi-Messenger Facilities (e.g.,) with Role in Dense Matter Studies:

● FAST Radio Telescope (2020–present): China 

-Discovers & times pulsars; detects pulsar glitches; searches for FRBs;

● SKA Radio Telescope: SKA Observatory (16 member nations incl. China, UK, Aus, S. Africa, etc.) 

-Ultimate pulsar census; GW detection with pulsar timing arrays;

● Einstein Telescope (ET) GW Observatory: EU-led consortium (Italy, NL, Ger, etc.) 

-Third-generation GW detector. Will hear all NS-NS/NS-BH mergers in the Universe, providing exquisite data on the EOS.

Space Missions (e.g.,):

● NICER (2017–): US (NASA) 

● IXPE (2021–): US (NASA), Italy (ASI) 

● XRISM (2023–): Japan (JAXA), US (NASA), ESA 

● Einstein Probe (EP) (2024–): China (CAS), ESA, Germany, France, UK; Wide-field lobster-eye X-ray telescope; transient follow-up 

● SVOM (Launch: 2025): China (CNSA), France (CNES); Multi-wavelength GRB mission; optical/IR and gamma-ray instruments

● eXTP (Launch: 2030): China (CAS-IHEP), Italy (ASI/INAF), Germany (DLR/MPE), Spain, France, UK, NL, Switzerland, etc

● NewAthena (Launch: ~2038): ESA (European-led), international contributors 

Synchronized multi-messenger campaigns for next decade
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Neutron-star structure is an old problem that is newly ripe for progress !



11/5/26                                                                       AngLi@oece2026                                            36

https://indico.global/event/15804/


