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Putting the Multi in Multi-messenger
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What do we want to do with this (potential data)?




Modern approach: create ensembles of EOSs/neutron star models for statistical inference
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And go ahead and infer! To date, emphasis has been on the EOS of the core
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Pressure [Mev fm 3]

But the crust is there too, and several observables are sensitive to it
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So let’s include the crust when we build our ensembles
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pressure (Dyne/cm?)

So let’s go about the task of creating consistent crust and core EOSs
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Astro Data

-Neutron Star radii and
mass measurements
from NICER

-Neutron Star tidal
deformabilities from
LIGO

Astro Observables

Neutron Star masses,
radii, tidal deformability,
moment of inertia, i-mode
frequency, crust
mass/thickness, pasta
mass/thickness are
calculated from NS
models

High Density EOS

Bayesian Analysis

-Prior distribution of
models

-Apply astro data
-Posterior Constraints
on astro observables

Core EOS

Neutron Star Model

Crust EOS

Nuclear Model

Nuclear Data

-Neutron skin thickness:
PREX experiment on

208Pb and CREX from
48Ca
-Dipole polarizations of
208Pb and 48Ca
- HIC

Bayesian Analysis

-Prior distribution of
models

-Apply nuclear data
-Posterior Constraints
on nuclear observables

Nuclear Observables

Binding energy and dipole
polarizabilities of doubly
magic nuclei, neutron
skin thickness are
calculated from nuclear
models, HIC



The nuclear symmetry energy: parameterizing our ignorance in a physically meaningful way
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Our choice of model: Skyrme-Hartree-Fock

Density Functional Theory (e.g. Skyrme)
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Map nuclear matter parameters to model parameters and systematically generate models
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Map nuclear matter parameters to model parameters and systematically generate models
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Modeling the crust

3D Skyrme HF: CLDM:Bulk fluid and surface
degrees of freedom
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Modeling the crus

CLDM:Bulk fluid and surface
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pressure (Dyne/cm?)

Model parameters
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Astro Data

-Neutron Star radii and
mass measurements
from NICER

-Neutron Star tidal
deformabilities from
LIGO

Bayesian Analysis

-Prior distribution of
models

-Apply astro data
-Posterior Constraints
on astro observables

Astro Observables

Neutron Star masses,
radii, tidal deformability,
moment of inertia, i-mode
frequency, crust
mass/thickness, pasta
mass/thickness are
calculated from NS
models

High Density EOS Core EOS
Polytropic model is used
for high density inner
core of neutron star at
1.5and 2.7 times
saturation density

to core EOSup to 1.5

Neutron Star Model

Skyrme is used as input

times saturation density

Nuclear Model

Skyrme Hartree Fock energy

density functionals
parameterized by symmetry
energy values:
J, L, Ksym

Crust EOS

Skyrme + Compressible
Liquid Drop Model is
input to crust EOS

Nuclear Data

-Neutron skin thickness:
Bayesian Analysis PREX experiment on

208Pb and CREX from
-Prior distribution of 48.08 ...
-Dipole polarizations of

models
-Apply nuclear data 208Pb and 48Ca

-Posterior Constraints
on nuclear observables

Nuclear Observables

Binding energy and dipole
polarizabilities of doubly
magic nuclei, neutron
skin thickness are
calculated from nuclear
models
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Results: Relative thickness and mass of pasta
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Relative thickness and mass of pasta: agreement with other studies
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Application: resonant crust shattering flares

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

Picture: David Tsang



The elastic crust can be made to resonantly vibrate by the
tidal field of its companion

resonance

J tidal coupling N4
L/

breaking strain

elastic limit

shattering N\ (&)

C) Seismic 5
(low-f) A: X
coupling D) Seismic

3 (high-f)

y o 4

E) Flare

D.Tsang, Apj 777, 2013
Neill, Newton & Tsang, MNRAS 504, 2021



The elastic crust can be made to resonantly vibrate by the
tidal field of its companion

resonance

J tidal coupling N4
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Precursor flares 0.1-10s before main flare observed for =20 sources
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Time of gamma ray flare points out GW frequency at that time
which gives the resonant frequency of the crust

Example Inspiral Gravitational Waves
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Strong correlation between shear speed and i-mode frequency

C: (10° cm/s)
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Inference using a synthetic detection of an RSF at a frequency of 250 Hz,
comparison with NL and nuclear binding energy data
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L (MeV)

An observation of an RSF can potentially constrain the symmetry energy
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Take-aways
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We have a model that efficiently
calculates crust, core and nuclear
properties consistently, with
polytropes added to account for
uncertainty at high density

Both nuclear and astrophysical
data give us information about
the neutron star crust, and
consistent models are needed

to take advantage of this
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During a neutron star merger, the stars may resonantly excite each other’s solid crust

to shattering

A coincident detection of a flare and GW signal can measure the i-mode frequency

and constrain the nuclear symmetry energy

But can we know for sure that the flare is from an RSF?



