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Panelists: 

Anna Watts (X-ray observations), Phil Landry (gravitational waves), 
Bill Lynch (heavy-ion collision experiments), Andrew Steiner (nuclear 
physics theory), Raph Hix (CCSN simulations), and David Radice (NS 

merger simulations)



X-RAYS FROM NEUTRON STARS

• NS Spacetime is relativistic, and 
depends on M, R, spin.

• Relativity imprints information about 
these quantities in radiation emitted 
near stellar surface.

• Temperatures put detectable (near) 
surface radiation in X-ray band.

• We can observe near-surface X-rays 
from isolated and accreting NS.

• This radiation may be pulsed or 
unpulsed, residual or actively generated.

• We use spectral and timing information 
to extract M and R. 

Accreting pulsarsRotation-powered pulsars

Isolated/cooling NS Accreting/quiescent and bursting NS
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CURRENT STATUS
• Bayesian inference of M, R given a suitable model 

now standard.
• Phase-averaged spectral modelling of isolated, 

quiescent, bursting pulsars: major progress in 
modelling e.g. atmospheres, effects of spin/residual 
accretion.

• Phase-resolved spectral (pulse profile) modelling:  
NICER has delivered its first results for a 
rotation-powered millisecond pulsar.

Riley et al (2019), see 
also independent analysis 
by Miller et al. (2019)

Nattila et al. (2017)

Bogdanov et al. 2019



THE NEXT DECADE

• NICER will run to end 2022.
• Analysis technique being refined.
• 4 new sources in pipeline, including 2 

known high mass pulsars.

J0437-4715

J0740+6620

Next gen telescopes: IXPE, 
eXTP, STROBE-X, Athena

● Larger area, polarimetry.
● Pulse profile modelling for 

accreting and bursting NS.
● Option to combine multiple X-ray 

techniques for single stars.
● Plenty of analysis challenges!



Gravitational waves

Chatziioannou GRG 2020

GWs from inspiralling neutron 
star binaries carry information 
about internal structure.

● Tidal interactions accelerate the 
coalescence, affecting waveform 
phase

● Tidal deformability Λ measures 
size of quadrupolar tidal bulges, 
depends on EOS

● Tidal deformabilities enter the 
waveform in the combination

Λ = w(m1,m2) Λ1 + w(m2,m1) Λ2

Chaves+Hinderer J Phys G 2019

~

tidal phasing important 
in late inspiral

m-Λ relation in one-to-one correspondence with EOS



Current status
GW170817
● First measurement of neutron 

star tidal deformability

● Masses of ~1.4 M
☉

 probe 
densities up to 4x nuclear 
saturation density

● Mass and Λ measurements 
translated to EOS constraints via 
Bayesian inference

GW190425
● Quieter signal and more massive 

binary mean tidal phasing is 
unmeasurable

● First hints about merging binary 
neutron star population

LIGO+Virgo PRL 2018

EOS softer than 
prior expectation

least compact NS 
models ruled out



LIGO Virgo KAGRA O4 (c. 2022)

● Tidal deformability measurements across
the neutron star mass spectrum

LIGO-A+ Virgo KAGRA LIGO-India O5 (c. 2025)

● More precise and numerous tidal deformability measurements
● Neutron star population properties and search for outliers
● Constraints on NS oscillation modes via dynamical tides  e.g. Pratten+ Nat Comm 2020

● Possible first detection of postmerger GWs  e.g. Torres-Rivas+ PRD 2019

3G detectors - e.g. Einstein Telescope, Cosmic Explorer (2030s)

● Precision tidal deformability and mode frequency measurements
● Entire merging neutron star population out to cosmological distances
● Measurement of postmerger frequency, threshold mass for collapse to a BH

Future prospects

Density dependence of nuclear forces?   Exotic matter?   Strong phase transitions? 
Thermal corrections to the EOS?   Out-of-equilibrium properties of dense matter?

LIGO+Virgo+KAGRA LRR 2020















What is a Core-Collapse Supernova?
Core collapse is the inevitable death of a 
massive star (>8-10 M

☉
).

It results in the birth of a neutron star or 
possibly a black hole if the maximal 
neutron star mass is exceeded.

A proven source of newly-made heavy 
elements, photons that span the 
electromagnetic spectrum and neutrinos 
(which power the explosion), as well as a 
potential source of gravitational waves.

 Sk -69° 202a  SN 1987A
Grefenstette, Harrison, Boggs, … 2014

44Ti, Fe, S+Si

SN 1987a

1045 W

Cassiopeia A

©AAT



Using nearly exascale machines, we 
can compute a few three-dimensional 
CCSN models per year with 
self-consistent, moment-based, 
spectral neutrino transport over roughly 
one second of their deaths.

Comparison between groups (codes) 
shows qualitative similarity, but 
quantitative differences remain.

In a few cases, we’ve extended 
these models for hours, after the 
neutrino transport has stopped 
being important.  This allows the 
community to model shock 
breakout and the actual 
observable supernova from these 
most sophisticated models.  

Recent Accomplishments

Fornax (Burrows, .… 2019)

Chimera (Lentz, .… 2021) / 
FLASH (Sandoval 2021)

9.6 M
☉

, Z = 0

19 M
☉

 
Z = Z

☉

Time = 0.25 seconds

Time = 62000 seconds



In ten years…
We need to include the latest nuclear physics, both the equation of state which 
determines the structure of the proto-neutron star and the neutrino opacities 
which power the explosion.  This includes in-medium effects.

We need to calculate a much 
larger number of models, to 
cover the range of progenitors.

We need to calculate much 
longer models, in order to see 
the explosion fully develop.

We need to figure out the role 
of magnetic fields and rotation.

We need to figure out how to 
treat coherent neutrino flavor 
transformations.

We need to bridge the gap between seconds and hours, to deliver state of the 
art results to subsequent models (optical spectra, light curves, remnants, …)

We need to be ready for the surprises that high-cadence surveys will uncover.



NS Merger Simulations

Credit: Aviral Prakash (Penn State)



Radice & Dai 2019

● High-precision simulations of inspiral
● Good understanding of the merger physics, but we need 

to explore the parameter space (mass ratio, spin, EOS)
● Qualitative predictions: EM quiet vs EM loud: strong 

dependency on EOS
● We can already do multimessenger astrophysics!

● Long-term postmerger outcome not under control
Mosta, DR+ 2020

Nedora+ 2019

Merger simulations: Current status
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