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Putting the Multi in Multi-messenger

Nuclear

Neutron star

Isospin diffusion in HICs
Dipole polarizability
Spectral ratios of light clusters
Nuclear masses and radii
Isobaric analog states

n/p ratios in HICs

Neutron skins

Mirror nuclei

Giant resonances

Flow of particles in HICs
Charged pion ratios in HICs

Masses and radii

Tidal deformability

Moment of inertia

Gravitational binding energy

Cooling of young neutron stars

Bulk oscillation modes

Crust cooling

Pulsar glitches

Lower and upper limits on neutron star spin periods
Torsional crust oscillations

Crust-core interface modes

What do we want to do with this (potential data)?




The nuclear symmetry energy: parameterizing our ignorance in a physically meaningful way
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Modern approach: create distributions of EOSs/neutron star models for statistical inference

+ possible phase transition to e.g. quarks

Core: neutron and proton fluid

30MeV < L < 70MeV
100 MeV < L

1.0
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Core: neutron and proton fluid
+ possible phase transition to e.g. quarks

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

Can crust models get in on the action?
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What do we want to do with this (potential data)?
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Modern approach: create distributions of EOSs/neutron star models for statistical inference
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Modern approach: create distributions of EOSs/neutron star models for statistical inference
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Astro Data

-Neutron Star radii and

mass measurements Bayesian Analysis

from NICER

-Neutron Star tidal -Prior distribution of
deformabilities from models

LIGO

-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

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



Astro Data Nuclear Data

-Neutron Star radii and -Neutron skin thickness:

mass measurements Bayesian Analysis Bayesian Analysis PREX experiment on
from NICER igng and CREX from
-Neutron Star tidal -Prior distribution of -Prior distribution of DI al \arizations of
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LIGO - _ 208Pb and 48Ca
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-Posterior Constraints
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on astro observables
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S(p) (MeV)

Different observables give nuclear matter constraints at different densities

Different nuclear models used to extract symmetry energy, EOS from different
observables. Uncontrolled systematic modeling error if we combine them

Exacerbated if take J,L,Ksym constraints, which involve extrapolation from density
where the observable sits
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What | want to do:
Start with an ensemble of nuclear models
Model parameter priors uninformed by experiment and observation

Systematically, and as consistently as possible, add nuclear and
astro data to constrain parameters

What I’ll show:
- An example of systematic model uncertainty
- Steps towards eliminating it



Our choice of model: Skyrme-Hartree-Fock

Density Functional Theory (e.g. Skyrme)

1
Hs = 3t0p”[(2+ z0) — (220 + 1) (v, + 4] Local interaction

1
Hp = ~tap” 3 [(2 + z3) — (223 + 1) (y5 + y2)]

1 Density dependent
1
+ 312+ 20) — (24 + 153+ 12)]
1
Het = golta (2 +21) +12(2 + 22)]7 3 body
1
+ gp[t1(2x1 + 1) -} t2(2372 + 1)](prp + Tnyn)
1
Herad = @(VP)Z[%(? +21) — t2(2 4 z3)] Gradient...

a 3i2[3t1(2331 +1) +t2(222 + 1)][(Vop)* + (Von)?)

Used in a variational principle on total energy leads to coupled
Schrddinger-like equations for the wavefunctions.
Solutions converge to ground state (Hohenberg-Kohn theorem)



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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Systematic model uncertainties: an example
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Astro Data

-Neutron Star radii and

mass measurements Bayesian Analysis

from NICER

-Neutron Star tidal -Prior distribution of
deformabilities from models

LIGO

-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

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



Nuclear Data

Astro Data Essick et al. 2021

-Neutron Star radii and

mass measurements Bayesian Analysis

from NICER

-Neutron Star tidal -Prior distribution of

deformabilities from models

LIGO -Apply astro data
-Posterior Constraints
on astro observables

-Neutron skin thickness:

PREX experiment on
208Pb and CREX from
48Ca

Bayesian Analysis

-Prior distribution of
models

-Apply nuclear data . .
-Posterior Constraints Empmcal
on nuclear observables | i{==1116)0!

Astro Observables

Nuclear Model

Neutron Star masses,
radii, tidal deformability,

Chiral EFT
Esym Expansion

oS

Nuclear Observables

Binding energy and dipole
polarizabilities of doubly

Crust EOS
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. magic nuclei, neutron
Relation skin thickness are
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Astro Data

-Neutron Star radii and

mass measurements Bayesian Analysis

from NICER

-Neutron Star tidal -Prior distribution of
deformabilities from models

LIGO -Apply astro data

-Posterior Constraints
on astro observables

Astro Observables

Neutron Star masses,
radii, tidal deformability,

High Density EOS Core EOS

Gaussian Processes

Neutron Star Model

Crust EOS

Nuclear Model

Chiral EFT
Esym Expansion

J,LK

BPS

Bayesian Analysis

-Prior distribution of /
models

-Apply nuclear data
-Posterior Constraints
on nuclear observables

—— Linear Fit, r = 0.979
o Nonrelativistic models
¢ Relativistic models

Nuclear Data

-Neutron skin thickness:
PREX experiment on
208Pb and CREX from
48Ca




Compare with: Essick+ arXiv 2102.10074 Nuclear Data
+SHF for neutron skins

Astro Data

-Neutron skin thickness:
PREX experiment on

-Neutron Star radii and
mass measurements
from NICER

-Neutron Star tidal
deformabilities from
LIGO

Bayesian Analysis Bayesian Analysis

208Pb and CREX from
48Ca

-Dipole polarizations of
208Pb and 48Ca

-Prior distribution of
models

-Apply nuclear data
-Posterior Constraints
on nuclear observables

-Prior distribution of
models

-Apply astro data
-Posterior Constraints
on astro observables

Astro Observables

Nuclear Model

Neutron Star masses,
radii, tidal deformability,

Skyrme Hartree Fock energy
density functionals
parameterized by symmetry

energy values:
J, L, Ksym

Nuclear Observables

High Density EOS 'I/ L/ K sym Binding energy and dipole
_ m Crust EOS polarizabilities of doubly

+

magic nuclei, neutron
skin thickness are
calculated from nuclear
models

Neutron Star Model
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Systematic model uncertainties: towards mitigation



Astro Data

-Neutron Star radii and

mass measurements Bayesian Analysis

from NICER

-Neutron Star tidal -Prior distribution of
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Astro Data

-Neutron Star radii and
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from NICER
-Neutron Star tidal
deformabilities from
LIGO

Astro Observables

Neutron Star masses,
radii, tidal deformability,

digh Density EOS

Bayesian Analysis

-Prior distribution of
models

-Apply astro data
-Posterior Constraints
on astro observables

Essick+ arXiv 2102.10074
+SHF for neutron skins

Nuclear Data

-Neutron skin thickness:

Bayesian Analysis PREX experiment on

208Pb and CREX from
48Ca

-Dipole polarizations of
208Pb and 48Ca

-Prior distribution of
models

-Apply nuclear data
-Posterior Constraints
on nuclear observables

Nuclear Model

Skyrme Hartree Fock energy
density functionals
parameterized by symmetry

energy values:

Neutron Star Model
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Nuclear Observables
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Crust EOS polarizabilities of doubly
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calculated from nuclear
models




Modeling the crust

CLDM:Bulk fluid and surface

3D Skyrme HF:
degrees of freedom
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Modeling the crus

3D Skyrme HF:
n,p degrees of freedom
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degrees of freedom
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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.C3 ...
-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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Take-aways

Different choices of nuclear model lead to systematically different inferences of nuclear and
Astro observables

— T

Quter Crust

Inner Crust Inner Core

Example: using correlations between symmetry
energy and nuclear observables from nuclear
models already fit to disparate data can lead to
systematically different predictions
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pressure (Dyne/cm?)

One way forward is to center modeling around

An energy density functional with sufficient =
degrees of freedom to explore EOS parameter “S;bservab'es
space in an unbiased way, but no more T

energy density (g/cm?3)

1030

Nuclear physics has much to say about the crust so let’s include it; both nuclear and astro data
can tell us about the crust.



Key questions

We can observationally probe the neutron star crust in several different ways:
how can we reliably fold this data into our EOS and symmetry energy
inferences?
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Bayesian Analysis

-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
Speed of Chiral EFT
Sound Param Expan

Neutron Star Model

Nuclear Model

Chiral EFT
Parameterized Expansion

Crust EOS

CLDM

Bayesian Analysis

-Prior distribution of
models

-Apply nuclear data
-Posterior Constraints
on nuclear observables

Nuclear Data

Heavy lon Collsion
Chiral EFT

Nuclear Observables

Elliptic Flow

HI



Astro Data Gl‘eif et al. 2020

Proposed
Moment of Inertia

Measurement -Prior distribution of
models
-Apply astro data
-Posterior Constraints
on astro observables

Bayesian Analysis

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

Polytrope +
Speed of Sound

Crust EOS

Chiral EFT

Neutron Star Model
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