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» Probing extreme conditions in NSs
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different states of matter spanned in NSs

—> inhomogeneous (crust), “pasta” phase, homogeneous (core), “exotic” particles (?)
+ superfluidity, (strong) magnetic field, etc.

N.B.: In this talk: beta-equilibrated T=0 matter, NS static properties
- OK for cold NS and pre-merger binary NSs
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‘ Probing extreme conditions in NSs
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different states of matter spanned in NSs

—> inhomogeneous (crust), “pasta” phase, homogeneous (core), “exotic” particles (?)
+ superfluidity, (strong) magnetic field, etc.

- Not all conditions can be probed in terrestrial labs = theoretical models !
—> Consistent description very challenging

A. F. Fantina

N.B.: In this talk: beta-equilibrated T=0 matter, NS static properties
- OK for cold NS and pre-merger binary NSs



‘n Why a consistent and unified treatment ?

Unified treatment of inhomogeneous & homogeneous matter
- same nuclear model employed in different regions of star

» Challenging because of wide range of thermodynamic conditions and different states of matter
= But: essential to avoid spurious non-physical effects in humerical modelling
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Thermodynamically consistent and unified EoSs for astro modelling & inference analyses
- (but not many available, e.g. Douchin&Haensel 2001; Fantina et al. 2013; Raduta&Gulminelli 2015; Vinas et al. 2021; Pearson et
al. 2018; Grams et al. 2022; Xia et al. 2022; Scurto et al. 2024; see CompOSE database)
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‘ Micro to macro through modelling and scales
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Logyo p(MeV fm™3)

bl EoS € NS (static) observables (1)
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A. F. Fantina N.B.: GR in slow rotation limit w/o magnetic field ! 6



‘ Ed EoS € NS (static) observables (2)

but:
X EoS model dependent ! (higher uncertainties at higher p)
X no ab-initio dense-matter calculations

in all regimes - phenomenological models
X composition €<= EoS > M(R) ?
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(see e.g. Haensel et al., “Neutron Star Structure”, Springer 2007; Oertel et al., Rev. Mod. Phys. 2017; Burgio & Fantina, ASSL Springer 2018;
A.F. Fantina Blaschke & Chamel, ASSL Springer 2018 for a review)



bl High-density EoS = additional d.o.f.?

* Role of “exotic” degrees of freedom?
Hyperons = softer EoS - lower M., (+ reduction of R and A for intermediate-mass) but large uncertainties on Y !
Quarks - not clear

M[M]

NICER 1

R [km]
Li et al., PRD 101, 063022 (2020)
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] High-density EoS - additional d.o.f.?

* Role of “exotic” degrees of freedom?

Hyperons = softer EoS - lower M., (+ reduction of R and A for intermediate-mass) but large uncertainties on Y !

Quarks = not clear

= “Masquerade” effect
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bl High-density EoS = additional d.o.f.?

* Role of “exotic” degrees of freedom?
Hyperons = softer EoS - lower M., (+ reduction of R and A for intermediate-mass) but large uncertainties on Y !

Quarks = not clear

= “Masquerade” effect
» Agnostic (“non-nuclear”) approaches for NS core (e.g. piecewise polytropes, ¢; models, Gaussian process, etc...)

(conditioned by astro)
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Ed A semi-agnostic approach: nucleonic meta-model

= Nucleonic Meta-model (MM) (Margueron et al., PRC 97, 025805 (2018), Char et al., PRD 108 (2023))
see also e.g. Lim&Holt 2019, Tsang et al. 2020

- nucleonic = no additional particles
—> flexible functional, based on Taylor expansion around saturation density.
Model parameters {X;} related to properties of nuclear matter (nuclear empirical param.)

X = {Esat,syma Lsyma Ksat,syma }

Properties of nuclei Astrophysical
and nuclear matter < I € (nn, np) |:> EoS |:> observables
(= lab observables) + many-body (M, R, etc.)

+ many-body (crust) + TOV solver
\ / wequilibrium /

A. F. Fantina 11



bl A semi-agnostic approach: nucleonic meta-model

= Nucleonic Meta-model (MM) (Margueron et al., PRC 97, 025805 (2018), Char et al., PRD 108 (2023))
see also e.g. Lim&Holt 2019, Tsang et al. 2020

- nucleonic = no additional particles
—> flexible functional, based on Taylor expansion around saturation density.
Model parameters {X;} related to properties of nuclear matter (nuclear empirical param.)

X = {Esat,syma Lsyma Ksat,syma }

Properties of nuclei Astrophysical
and nuclear matter < I € (nn, np) |:> EoS |:> observables
(= lab observables) + many-body (M, R, etc.)

+ many-body (crust) + TOV solver
\ / R+ B eauiibrium Fe 4

v' Different {X} - reproduce different effective models (EDF / RMF)
v Vary {X} = large parameter space - statistical (Bayesian) analysis - possible correlation with nuclear param.
v Possible to couple MM approach for crust to agnostic EoS (e.g. polytropes, etc.) at high density

= N.B. : For application to NS crust - many-body method (e.g. CLDM or ETF)

e.g. Carreau et al., EPJA 2019; Dinh Thi et al., A&A 2021; Grams et al., EPJA 2022; Mondal et al., MNRAS 2023; Davis et al., A&A 2024; Montefusco et al., A&A 2025,
Klausner et al. arXiv2505.16929

A. F. Fantina 12



‘ Ed Crustal properties: CLDM vs ETF
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- CLDM in good agreement with (T)ETF calculations

(see also Carreau et al., A&A 2021; Grams et al., J. Phys. 2022)

A. F. Fantina
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‘ Model exploration: Bayesian inference
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‘ Bl Constraints from astrophysics
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see also Koehn et al., arXiv:2402.04172 for a compilation
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b Constraints from nuclear physics: theory

PURE NEUTRON MATTER
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- Reasonable agreement of ab-initio (PNM) up to ~ saturation density
- benchmark (for phenomenological models) & constraints

A. F. Fantina

see also Oertel et al., Rev. Mod. Phys. 89, 015007 (2017), Burgio&Fantina, ASSL Springer 2018, Burgio et al., PPNP 120, 103879 (2021)
16



‘ L] Constraints from nuclear physics: experiments
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‘ observables directly included in model fit
—> nuc.-phy. informed prior

- Constraints at “low” densities - low-order parameters
A. F. Fantina N.B.: model dependence of constrains 17



LJ Crustal properties
—> important e.q. for pulsar glitches, NS cooling / transport properties

COMPOSITION

Image Credit: 3G Science
White Paper

20 - Klausner et al.

Pearson et al. (ETFSI)
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Diverres et al., in prep. (2025)

—> inclusion of nuclear phys. exp. observables
constrains NS-crust properties
- constraints on transport/elastic properties

A. . Fantina see also Carreau et al., PRC 100, 055803 (2019), Balliet et al., ApJ 918, 79 (2021)



LJ Crustal properties S G
—> important e.q. for pulsar glitches, NS cooling / transport properties
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> mclusnop of nuclear phys. exp. observables Dinh Thi et al., A&A 654, A114 (2021);
constrains NS-crust properties EPJA 57, 296 (2021)
- constraints on transport/elastic properties —> importance of low-density EoS

N.B.: improvement of meta-model at very low
A. F. Fantina density: Burrello et al., arXiv:2506.05603 19



‘ EoS and observables
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Klausner et al., arXiv2505.16929 (see also Dinh Thi et al., Universe 2021, Fantina&Gulminelli, J. Phys. 2023)

—> inclusion of nuc.-phys. exp. observables effect on EoS and M-R:
lower R (softer EoS) and thinner 1c predictions for low-mass NSs

—=> nucleonic hp compatible with observations - observations not yet constraining enough!
similar conclusions in Lim&Holt, EPJA 2019; Malik et al., ApJ 2022

A. F. Fantina



1600_ fixed E0Sn<0.16

] Effect of the (non-unified) crust
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Davis et al., A&A 687, A44 (2024); Davis et al., EPJA 61, 120 (2025);
Fantina & Gulminelli, PoS QNP2024, 153 (2025)

e CUTER = Crust Unified Tool for Equation-of-state Reconstruction v




‘ How to discriminate models? (theory)

** Nuclear physics (theory + experiments) -> information up to ~ 1.5 — 2 ng

> Ab-initio prediction of derived quantities (not only E/A, but also P, etc.)
—> propagation of uncertainties

—> constraints on more phenomenological functionals

25

Tews et al., PRL (2013)
Lynn et al., PRL (2016)

N Drischler et al., PRL (2019)
- eesee Drischler et al., GP-B (2020)
[ ©  Gezerlis, Carlson, PRC (2010)
15 |- =+= Unitary gas (§ = 0.376)

20 -

T I I I T T ] I T 1 T
Hebeler et al., ApJ (2013)

[N SN e

Oguuunlnnuul

0 0.05 0.1

n [fm e ]

Hebeler, talk @MICRA2023; Huth et al., Nature 606, 276 (2022)

0.2

5

[ e Drischler et al., GP-B (2020)

L\l 1 T L\l ] L\l T T L} ] Ll

Hebeler et al., ApJ (2013)
Tews et al., PRL (2013)
Lynn et al., PRL (2016)
Drischler et al., PRL (2019)

Ol o o o 1 303 1 5 3 3 SO

0.05 0.1 0.15
n [fm™?]

A. F. Fantina



Ll How to discriminate models? (exp)

** Nuclear physics (theory + experiments) -> information up to ~ 1.5 — 2 ng

> reduced error bar in neutron skin measurements (e.qg. PREX/CRENX)
—> constraints on low-order parameters in isospin sector

» constraints at high density (e.g. HADES collaboration, transport model vs data)
—> constraints on higher order parameters in isoscalar sector
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Reed et al., PRC 109, 035803 (2024) Mohs et al., PRC 105, 034906 (2022)
AE. Battfrs - Better extrapolation of models he



Ed How to discriminate models? (astro 1)

» more and more precise data (e.g. M, R, A, ... ) — or even a “smoking gun” observation!

» more sensitive detectors - new generation (ET, CE) - post-merger

I Y01 0= BRI BN L L NG N LIS BN UNLNLL I B 1UUE| I l | | |
[ --- PCP(BSk24) BN Meta(BSk24) S
1200 | --- GPPVA(NL3wp) mmm Meta(NL3wp) - =
[ . £ 10° E
1000 . =
s : : 3
S 800f 3 N o |
< : g
600 C _ . AdvancedLIGO
] S NS-NS
400 — E 10_24 F merger
N n
2005 b b L Einstein Telescope

o8 Q Q Q Q Q Q Q 1 0—25 ! A L ) ) )
&° P 2 NI S\ & ,,)QQ 10 50 100 500 1000 5000
¢ & & W .
V4
L A Y SN & \A% <§/ (Hz)

lacovelli et al., PRD 2023 (also Mondal et al., MNRAS 2023) ReWpler S Teallis (2010)
» More reliable prediction / interpretation of astrophysical observations
> Better knowledge of dense matter in compact stars

—> Phase transition to deconfined matter (quarks, ...) ?

see talk by L. Suleiman
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‘ How to discriminate models? (astro 2)

» more sensitive detectors - new generation (ET, CE)
—> possible identification of properties from (quasi-)universal relations (or discrepancy from them)

PHASE TRANSITION - POST-MERGER [ prodhan etal 2021 '
Pradhan et al (2023)
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k. J Conclusions & open questions

* Nuclear physics + astrophysics = constraints on EoS but still hard to discriminate
—> nucleonic hp compatible with observations, no (dis)proof of exotic matter to now

v need of (microscopic) reliable theoretical model + experimental data to calibrate models
:D v need of (more precise / numerous) astrophysical observations + post-merger?
- phase transition, modes (?)

+* CUTER tool for consistent crust EoS reconstruction available

» Extrapolation from raw data > model dependence of the constraints

» Lab. exper. mostly “low” density (~ saturation density), low T probed
- extrapolation to astro conditions (high T and density, asymmetry, charge neutral) ?

» Uncertainties in high-density EoS - blurring of different effects ?

» Astro simulations vs microphysics inputs - effects of microphysics inputs in astro modelling ?
—> consistent implementation

- systematic studies / bayesian analysis - uncertainties, implementation of consistent probab. distributions
—> static vs dynamical properties
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