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Overview & Motivation



Why Does the EOS of Neutron Stars Matter?

e Neutron stars are the densest stable objects )
Thin atmosphere:

in the universe H, He, C.... J{

Outer crust: ions, electrons

Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

Quter core liquid: e, -, SFn,
superconducting protons

e The equation of state P(£) governs structure,

stability, and observables

. . I : unki
e Connects nuclear physics, and QCD, with JMELSOLE: MRt

neutron star characterization ~10%gem

e Characterization until now assumes the fact that

~2x nuclear density

the EoS of neutron stars are unique W0 g
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Core question

Can we probe the presence of multiple population |,
of neutron stars?

‘ dImage Credit: https://heasarc.gsfc.nasa.gov/




Methodology



Heirarchical Bayesian Inference Framework

Pure Population - Gravitational Waves based Constraints

e Gravitational waves constrain tidal deformability A of binary neutron stars.

e Constraints on EoS curve can be obtained by assuming an model for EoS and constraining model
parameters, Tg

e The posterior on Ty is then given by

p(¥o | {d1}) o« p({ch}, Nas | To)p(To), where (1)
N ~ ~
P(A»MhCIf ‘ dl) P(/\va:CIi | TO) A
P({di}, Naet | To) = / = dM; dq; d\ 2
({ } det | 0) H /_.\’thi PPE(/\, M,‘,q,‘) f(TO) q ( )

Extension to Mixed Population

e For multiple population of BNS, Tg in the above equation gets replaced by
{TP}:T1UT2U.,.T,,

o P(A,M;,q; | {T,}) dictates what kind of population we want to mix 3



Two-Population Scenario

Decoding P(A, M;,q; | {T,})
e If f is the fraction of vanilla (dominant) population, then
P(A, Mi, qi | T) =f P(A, Mi, qi | T1) + (1 = £) P(A, Mi, i | T2).
=f P(Mi,qi | T1)5(/~\ — 7\1(Mi, qi, T1))+

(1= F) P(My, qi | T2)5(A — Aa(Mi, @i, T2)) (3)
Nget
P(A1, M;, qi | d;
P({di}, Nace | T) = NMH/ ((1q)HM@wQ
M;,q; PPE(/\17 M,', q,)

(1—f) (IWM P(M;, qi | '7‘2)) dM; dg;
PPE(A27 Mf: q')
(4)

° 7\1 and f\z determines how tidal deformability depends on masses and T; under specific theory/EoS



Two-Population Scenario (contd.)

Population simulated through 25 I s
two different EoS 201 i e

e Assume that we have a Vanilla =151 I
(Dominant) and Deviated EoS 1l . . . L . . .

e Vanilla EoS = APR4 (Modelled O e mo ) “ v "
through piecewise polytrope) : 7 Read et. al (2009) L
{log p1,T1,T2, T3} = %102 ] “Ess. .
{34.269,2.830, 3.445, 3.348} I £ =

o Deviated EoS = APR4 but £ *

M2 = 0l2 + 3.445 N pe
o Ty ={l2,M3,f} To= {23 f} o e e

e [3,f are shared parameters



Injection Study




Injection in Cosmic Explorer Noise

Population Generation

e The masses are generated using power law model as mentioned in GWTC4

e Inclination angle ~ cosine and luminosity distance is sampled assuming uniform comoving

volume.
Create Source Parameters Samples
e Masses: m1 ~ m; %, ma ~ ma
m1 € [1, Mmax|, a = 7.7 (GWTC-4)
Given an equation of state (EoS) curve, P(£) For each my, ma € [1, ma]
Compute the maximum mass supported o As: Ay(my, P(E)), Aa(ma, P(E))

by the EoS, Mumax
e Distance: dy ~ Unif. Comoving Vol.

e Inclination: ¢ ~ cosi

Apply SNR cutoff
e Inject all the surviving BNS systems (300)

in CE noise Compute the SNRs of all the
sampled system in CE noise

e Recover the system using Bayesian inference




Injection in Cosmic Explorer Noise

e The distributed masses are well separated

e SNR distribution indicated that the cutoff NS-NS Population
—— Vanilla Population (I, = 3.443)
of 300 would produce ~ 10 events —— Deviated Population (6T = 1.81)
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Results




Recovered EoS Parameters |

The Setup
e Prior Distributions: I, ~ U(2,3.6), M ~ U(3.6,6), s ~U(1,6),f ~1(0,1)
o Moy =FToa+ (1—F)lap; dfoa=T2, — T

Pure Population

5[, Recovery as a function of number of observations
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Recovered EoS Parameters Il

Mixed Population with 6, = 0.35

o, Recovery as a function of fraction (Nget = 15)

6r, Recovery as a function of fraction (Nge:= 10)
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Recovered EoS Parameters |ll

Mixed Population with 6, = 0.81

o 5f2 Recovery as a function of fraction (Nger = 10) 10 5fz Recovery as a function of fraction (Nget = 15)
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Recovered EoS Parameters IV - Overlapping Priors

The Setup

e Prior Distributions: I, ~ U(2,4.25), T2 ~ U(3.2,6), s ~U(1,6),f ~1(0,1)
o (5?2 = F2b - an

Mixed Population with 6, = 0.81

o 5fz Recovery as a function of fraction (Nget = 10) o 5fz Recovery as a function of fraction (Nger = 15)
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Recovered EoS Parameters V - Large Observations

Mixed Population with 6T, = 035, £ = 0.

X e SNR Cutoff = 100
6, Recovery as a function of number of observations
10 e Prior Distributions:
s ~ U(2,3.6), Tap ~ U(3.6,6),
] 3 ~U(1,6), f ~U(0,1)
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Summary




Deviation of 5f2 from 0 imprints the information
about mutiple BNS population. The accuracy of the
value depends on

& Number of Detected Events
We find that if Ng: > 10 and if fraction of
deviated population is greater than 0.2, we are
able to confidently infer deviation.

€ Severity of Deviation
We find that for the low deviation of 0.35, it
could take 15 observation, while for moderate
deviation of 0.81, it takes 10 observations to
confidently detect the deviation.

% Nature of the Priors
Overlapping priors are more efficient in detecting
the deviation as compared to disjoint priors.

Assumptions

Working in source frame. Ignoring
variation in cosmological params

Outer regions of neutron stars are
known

Population parameters are fixed
Injection in Gaussian noise

Extrinsic parameters for GW
detections are fixed

Uncertainty in M and q is quite
small

13



Thank you

Questions & Discussion



Backup: Updated Injection Framework

Create Source Parameter Samples
® Masses: m1 ~ m; %, ma ~ mz

For vanilla EoS P(€), mi € [1, Mimay], @ =7.7 (GWTC-4) For deviated EoS P(£),
compute the maximum mass For each my,ms € [1., ml] compute the maximum mass
Mmax o As: A(my, P(€)), A(ma, P(E)) Mmax

e Distance: dj, ~ Uniform Comoving Volume
e Inclination: ¢ ~ cost

Generate Ny samples each for
vanilla and deviated EoS based BNS and
inject it in CE Noise to compute SNR.

Sample foct N7 of vanilla systems and
(1 = fact) Nz of deviated systems.

Apply SNR cutoff (100)

o Inject surviving BNS systems in CE noise
® Recover the systems using Bayesian inference




Backup: Mass Does Not Uniquely Fix Internal Structure

Gravitational mass is an integral: e (T SEETETE

R R A strong first-order phase transition cre-
M = 4”/0 e(r)redr ates a second stable branch on the M-R
curve [1, 2]. Two stars, same M, differ-

Many density profiles £(r) integrate to the same ent R by 1-3 km — one hadronic, one

M. hybrid /quark.
Fixed input Unique output?

EOS + n. = Yes — full structure

EOS + M = No — multiple branches

EOS + M + R = Yes — one point

This is why simultaneous M—R measurements (NICER)
are so powerful.



Backup: Beyond Twin Stars: Seven Mechanisms

1. Thermal history 5. Hyperon/kaon onset (crossover)

Young hot stars (T ~ 10'! K) have thermal
pressure support; age-matched stars of equal M
are at different points in cooling [3].

. Rotation (spin)

Centrifugal support lowers central density.
Spin-down raises nc, potentially crossing phase
thresholds. Same M, different Q = different nc

(4]
. Magnetic field

Magnetars (B ~ 10'® G) vs. MSPs (B ~ 108 G):

Landau quantization shifts charged-particle
fractions and hyperon onset density [5].

. Accretion history

Accreted matter spins up, buries B-field, and
changes crust composition. Two stars at same
final M may have started from different
progenitor masses [6].

Hyperon fraction grows gradually above a
threshold. Two stars straddling this threshold
have qualitatively different core content despite
similar M [7, 8].

. Dark matter admixture

DM accumulation rate depends on galactic
position. Same total M can hide different
baryonic fractions = different nuclear nc [9, 10].

. Non-equilibrium crust

Accreting systems (LMXBs) have crusts driven
by pycnonuclear reactions out of catalyzed
equilibrium — different nuclear species, heat
capacity, and conductivity [6].



Backup:Multi-Messenger Observational Pillars

Gravitational Waves (LIGO/Virgo) Massive Pulsars (Radio)
e GW170817 constrains tidal deformability A e PSR J0740+6620: M = 2.08 M — requires
[11, 12] stiff EOS [20]
e Upper bound on pressure near 2my [12] e PSR J0952-0607: M ~ 2.35 Mg [21]
e GW190425 extends mass reach [13] * Rules out most soft EOS models [22]
NICER X-ray Telescope Lattice QCD (New 2025)
e Simultaneous M—R measurements via e First LQCD study of neutron-star interior
pulse-profile modelling [14, 15] (23]
e PSR J0740+-6620, J0030--0451, e New bound on speed of sound ¢ [23]
J0437—4715 [16-18] e Opens window to computational studies

o R4~ 12-13km [19]



Backup: EOS Uncertainty - Regime by Regime

Regime n (fm=3)

Theory / Data

Pressure uncertainty

Outer crust < 0.04
Inner crust  0.04-0.16
Outer core  0.16-0.32
Inner core 0.32-0.64
Deep core 0.64-0.96
pQCD limit > 1.6

Nuclear structure

XEFT, HIC

XEFT (N3LO)

NICER + GW (Bayesian)
Max-mass constraint

Perturbative QCD

~ 10-15% [24]
~ 20-30% [25]
factor ~ 2 [25, 26]
factor ~ 5 [27]
factor ~ 5-10 [19]
~ 10-20% [28]

Key quantitative result (2025)

Machine-learning + relativistic Brueckner-Hartree-Fock gives P(5m) = 346.3+97.4 MeV fm 3
(= 28% fractional uncertainty from one method; full Bayesian envelope is wider) [29, 30].



Backup: TOV Equation

The Tolman—Oppenheimer—\Volkoff equation is the relativistic hydrostatic equilibrium:

AP [e(r) + P(r)][M(r) + 4xr*P(r)]

dr r2[1—2M(r)/r]

where M(r) = 4r [ e(r') r'*dr'.

Given an EOS P(e) and central density n., the TOV system is integrated outward until P = 0,
yielding M and R uniquely. This is the sense in which the EOS, not the mass, is the
fundamental input.



Backup: Chiral EFT Breakdown

e YEFT is an expansion in p/A, where A, = 500 MeV is the breakdown scale

At n ~ 2ny, the Fermi momentum kg ~ 350 MeV approaches Ay

Higher-order many-body forces (3N, 4N) are poorly constrained

Uncertainty grows exponentially: reliable at N3LO below ~ 2n, unreliable above

e Bayesian methods (Gaussian Processes) propagate these correlated truncation errors to P(n)
and ¢s(n)



Backup: Hyperon Puzzle

The puzzle:

Hyperons (A, X, =) are expected to appear
at n ~2-3n

Their onset softens the EOS (extra degrees
of freedom reduce pressure)

Most hyperonic EOS cannot support
M > 2 Mg

Yet 2 M, stars are observed

Proposed resolutions:
e Repulsive hyperon three-body forces

e Quark deconfinement before hyperon
onset

e In-medium mass modifications

e Modified vector-meson couplings

None is definitively established. The puzzle
remains open.
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