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A neutron star’s intrinsic structure
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Communication between communities:
- What are we interested in?
- What do we need?
- How are we defining quantities?
- What are the limits of models?
- How are the uncertainties quantified?
- What are the model dependencies?



Modern approach: create ensembles of EOSs/neutron star models for statistical inference

Pang et al, arxiv:2205.08513
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Thiel+ arXiv:1904.12269

Essick+ arXiv 2102.10074
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The Nuclear Matter Equation of State
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Data: Neutron Skins

Newton, Crocombe arxiv:2008.00042
Lattimer, arXiv:2301.03666
Xu+ arXiv:2007.07669



Data: Weak form factors

PREX, CREX

Image: Witold Nazarewicz



Data: Dipole Polarizability/Giant Resonances, Nuclear Masses, HIC, IAS

Thiel+ arXiv:1904.12269

Bracco, Lanza, Tamii, 
PPNP 106, 360 (2019)



Riley arxiv:1912.05702, arxiv:2105.06980
Miller et al arxiv:2105.06979, arxiv:1912.05705
Raajimakers et al arxiv: 1912.05703, 2105.06981

Data: Neutron star mass/radii 
(e.g. NICER)

Data: Tidal Deformability

LIGO/Virgo arxiv:1805.11581
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Increasing number of attempts to combine nuclear/Astro observables
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Increasing number of attempts to combine lots of nuclear/Astro observables



Density Functional Theory (e.g. Skyrme-type)

Local interaction

Density dependent

3 body

Gradient…

Connecting NM params to nuclear observables



Map nuclear matter parameters to model parameters and systematically generate models
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Read+, arxiv:0812.2163; see also works by Steiner, Lattimer, Özel...

EOS model: Skyrme EDF + 2 Piecewise Polytrope or speed of 
sound model

SKYRME EDF

J,L,Ksym
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Pion spectral ratios
(From Lynch+ arXiv:2310.11588; Liu+ arxiv:2006.15861)



Combined – Slight preference for higher radii
- Nuclear has stuff to say!



Systematic errors to look out for:

• Choice of model
• Choice of observables to include – and ignore
• Choice of model parameters
• Priors on those parameter
• Difference in definitions of parameters
• Model dependence extrapolating from one density to another
• Using “observables” that have already been inferred using a different 

model to yours
• Awareness of what is actually being measured
• No neutron star crust! – Systematic error in radius up to 0.5km

Pic: Aaron Zhu



Difference < 3 MeV at saturation density BUT could be larger in RMF models
(e.g. Zhao+ arXiv:2406.05267: ”CREX1” RMF model: J2=32.9 MeV, J=54.3MeV!
In neutron-rich matter 𝛿≅1 so higher order terms become important

Symmetry energy: some communication problems

• Second order or all orders?

Xu et al, arxiv:0807.4477• Proliferation of nomenclature
Esym,S, J, asym, csym, …

• Non-analytic terms in.    Expansion

(Somasundarum+ 2009.04737, Kaiser arXiv:1504.00604



Tsang and Lynch, arxiv:2106.10119

Different observables 
constrain at different 
densities…
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Different observables 
constrain at different 
densities…

… so resulting constraints on nuclear 
matter parameters at saturation 
density involve model-dependent 
extrapolation

Lattimer, Lim ApJ771(2013)
Lattimer, Steiner EPJA50 (2013)



Why pay attention to model systematics
One can argue they are small compared with uncertainties in measurements

…until someone checks and finds out they’re not…

We don’t know how multiple systematics compound

Over next 1-2 decades, much more data at current and proposed facilities:

MREX:    𝛥Fw improved by factor of 3
NewAthena/eXTP 𝛥R ∼ 0.5km or better, crust cooling, X-ray glitches
Einstein/Cosmic Explorer    𝛥R ∼ 0.1km (optimistic estimate! and converted from tidal deformability)
Moment of inertia: 10% by 2030, increasing in precision thereafter
If a galactic supernova goes off: Binding energy of NS to 10% 
SkA: Order of magnitude more pulsars
More info across density/temperature space from GSI/FAIR, FRIB, RIKEN, RHIC….
Much more data on crust cooling, pulsar glitches, crust oscillations

For example, neglecting crust&rotation both lead to systematic errors close to 0.5km

Not overly optimistic to expect significant improvement in precision of measurements over the next 1-2 decades. 
Suddenly “small” systematics are not so small



Example 1: Essick+ arXiv 2102.10074



Roca-Maza et al, arxiv:1103.1762

• This relation includes the aggregate effects of including the nuclear 
binding energy data in fitting individual models, not something that 
is controlled

• This induces correlations between J,L, Ksym

Connecting L to neutron skin: Existing DFTs predict neutron skin-L relation



Using 200+Skyrmes and 100+RMF (Dutra arXiv:1202.3902,1405.3633)





Skyrme EDF: neutron skin of 208Pb, uniform priors on symmetry energy params J,L,Ksym,Qsym



Using priors from Essick+ arXiv 2102.10074 

(MeV) (MeV)

(km)



Using NICER-LIGO from Essick+ arXiv 2102.10074 

(MeV) (MeV)



Experiments such as neutron skin and dipole 
polarizability probes EOS below mostly saturation 
density, how relevant are those in determine neutron 
star properties?

Crust

(with apologies to Matt Groening)



Pang et al, arxiv:2205.08513

Crust usually de-emphasized in EOS plots

Koehn+ arXiv:2402.04172
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Crust usually de-emphasized in EOS plots

There’s the crust!

Koehn+ arXiv:2402.04172

Just one crust EOS!



Neill+ 2208.00994; Sorenson+ 2301.13253Pang et al, arxiv:2205.08513

Crust usually de-emphasized in EOS plots

There’s the crust!



Neill+ 2208.00994; Sorenson+ 2301.13253Pang et al, arxiv:2205.08513

Crust usually de-emphasized in EOS plots

There’s the crust!

There’s the 
crust!



Lami Suleiman + Phys.Rev.C 104 (2021) 1, 015801
Crust inconsistent with core EOS leads to errors up to 5% in radius inference – that’s 0.5km
Precision of universal relations underestimated
NEXT GENERATION X-RAY/GW MEASUREMEMENTS WILL NEED BETTER CRUST MODELING

Core consistent with crust needed for inference of bulk properties

Neill+ 2208.00994; Sorenson+ 2301.13253Pang et al, arxiv:2205.08513
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Modeling the crust

https://whimcomic.wordpress.com/2019/03/09/nuclear-pasta/





Lombardo et al, Advances in Condense Matter Physics 151683, 2015

Neutron star mantle as a complex nuclear fluid

Arxiv:cond-mat/0502515v2
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Neutron star mantle as a complex nuclear fluid

Arxiv:cond-mat/0502515v2



Rumyantsev, dePablo: Macromolecules 53, 2020

Driven by competition between short range attractive and long-range repulsive interactions - a 
generic feature of soft-condensed matter systems

Molecular dynamics simulations: Caplan, Horowitz, Rev. Mod. Phys. 89, 041002 (2017)
Quantum simulations: Newton et al, arxiv:2104.11835

spaghetti lasagna
Pending progress in 

Italian food engineeringwaffles
(not pasta)

Gnocchi 
(not really pasta)

Molecular dynamics

Quantum SHF 



Pasta naming controversy
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Pasta naming controversy



https://www.barilla.com/en-us/posts/2018/10/22/nuclear-pasta-recipe-angel-hair-with-carrots



Modeling the crust with the Compressible liquid drop model

Nuclear EDF: Bulk + 
separate surface energy function

Specific model: LLPR 1985

CLDM:Bulk fluid and surface 
degrees of freedom

Newton et al arxiv: 1110.4043
Balliet+; arxiv:2009.07696



Neill, Newton & Tsang, MNRAS 504, 2021
Neill,Preston,Newton,Tsang, PRL130, 2022
Neill, Tsang, Newton, MNRAS 532, 1, 827

Application: resonant crust-shattering flares

Picture: David Tsang



D.Tsang, Apj 777, 2013

The elastic crust can be made to resonantly vibrate by the 
tidal field of its companion – something we can potentially measure!

Neill, Newton & Tsang, MNRAS 504, 2021
Neill,Preston,Newton,Tsang, PRL130, 2022



D.Tsang, Apj 777, 2013

The elastic crust can be made to resonantly vibrate by the 
tidal field of its companion – something we can potentially measure!

Troja, Rosswog, Gehrels, ApJ723, 2010
Neill, Newton & Tsang, MNRAS 504, 2021

Neill,Preston,Newton,Tsang, PRL130, 2022
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Strong correlation between shear speed and i-mode frequency

Neill, Newton & Tsang, MNRAS 504, 2021



Inference using a synthetic detection of an RSF at a frequency of 250 Hz, 
comparison with Nicer-Ligo and nuclear binding energy data 

• J not constrained by astro
• L constrained by nuclear, RSF

• Ksym constrained by RSF/NL 
• Polytrope parameters constrained by NL



Take-aways:

• Many nuclear physics observables have a say on the behavior 
of the EOS in the crust up to 2nsat

• Communities need to communicate!
• Many systematic errors, good news: some of them aren’t 

terribly hard to address
• And we need to address them before next gen 

experiments/observatories
• Inconsistent neutron star crust! 

• Systematic error in radius up to 0.5km
• Bring crust observables into play

• L, Ksym are sensitive to astrophysical observables from crust
to core, even when inner core non-nucleonic

• During a neutron star merger, the stars may resonantly excite 
each other’s solid crust to shattering

• We can harness multi-messenger observations to test this 
and potentially measure the material properties of 
neutron star crusts


