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Reminder of Neutron Star Structure
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Reminder of Neutron Star Structure

Core: neutron and proton fluid

+ possible phase transition to e.g. quarks

30MeV < L < 70MeV
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Reminder of Neutron Star Structure

Core: neutron and proton fluid
+ possible phase transition to e.g. quarks
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The nuclear symmetry energy: parameterizing our ignorance in a physically meaningful way
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The nuclear symmetry energy: parameterizing our ignorance in a physically meaningful way
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L (MeV)

Symmetry energy constraints
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Take-aways

Different choices of nuclear models lead to systematically different inferences of nuclear and
astro observables, mitigated by models which allow more parameter space exploration
(at least J,L,K,,,, probably Q. for extrapolations up to 2n,)

There are many observables that can be included in our EQOS inference if we build
ensembles of crust EOSs consistent with core EOSs; EDFs are best way to include crust,
core and nuclear observables consistently



Multimessenger Nuclear &

Strong, Weak, EM signals Weak, EM, Grav signals
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Nuclear structure/ Multimessenger Nuclear & | | Neutron star structure/
dynamics Astro Physics dynamics

Glitches, flares,
cooling
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Nuclear structure/
dynamics

Multimessenger Nuclear &
Astro Physics

Neutron star structure/
dynamics
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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)?




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

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
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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

Nuclear Data

-Neutron skin thickness:
PREX experiment on

208Pb and CREX from
48Ca
-Dipole polarizations of

208Pb and 48Ca

Bayesian Analysis

-Prior distribution of
models

-Apply nuclear data
-Posterior Constraints
on nuclear observables

Nuclear Model
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Ssur(p) = ap?’? — bp — ¢p°/® — dp° T
e

Energy-Density Functional

I Crust EOS

Nuclear Observables

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

Neutron Star Model



Different observables give nuclear matter constraints at different densities

80

—

B glggn/ Ic)l)ff) Srmr(p) = A(p)p™’® + B(p)p ,

i IC(isodi 2/3 5/3 i

. @ Mass(Skyrme) Ssur (p) = ap /3 —bp—cp®® —dp”t

60 ® Mass(DFT) .

[ A IAS ;
% e >
é . ¥ PREX-II i e

|
~ 40| Vv HIC(m) - d
P Yl
Q a5
S VA S S -
©nn | "2 a o _
20 “Energy-Density Functional . .o
: o e |
s
i // |
O N N N N | N N N . |
0 1 2
Density p/p,

Tsang and Lynch, arxiv:2106.10119



Different observables give nuclear matter constraints at different densities
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pressure (Dyne/cm?)
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Models can share some of the same nuclear matter parameters (e.g. J,L) but different
density dependences leads to different inferences of the higher-order nuclear matter
parameters (e.g. K,,)
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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)



More systematic: map nuclear matter parameters to model parameters and systematically
generate models
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More systematic: map nuclear matter parameters to model parameters and systematically
generate models
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E/N|MeV]

Let’s put this to use

20
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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

SLKgym

Nuclear Observables

Binding energy and dipole
polarizabilities of doubly

Crust EOS

Empirical

. magic nuclei, neutron
Relation skin thickness are
calculated from nuclear

Only relates "t

+

Neutron Star Model neutron skin to L




Astro Data

-Neutron Star radii and

mass measurements CEVENERMENRE

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

JLK,,

BPS

Nuclear Data

-Neutron skin thickness:
Bayesian Analysis PREX experiment on

208Pb and CREX from
-Prior distribution of / 48Ca
models

-Apply nuclear data
-Posterior Constraints
on nuclear observables

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

Roca-Maza et al, arxiv:1103.1762

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



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

Neutron Star Model

Nuclear Model

Skyrme Hartree Fock energy

density functionals
parameterized by symmetry

energy values:
J, L, Ksym

Crust EOS

Nuclear Data

-Neutron skin thickness:
Bayesian Analysis PREX experiment on

208Pb and CREX from
-Prior distribution of 48.03 ..
-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



+14.9
—-8.1

Prior
PREX

Empirical relation

—

O\ Oy O O O~ O O
e B % %, s,
2 2 2

(ASIN)T

(ASIN)WAsy

A

O, O~ O« c 9, &
du
(W) ggz4V

0. & 0. &. oO.

(W)Y

D‘Q qg

q
Qf‘b Q:

Arﬁgs(fm)

(,)0 Q

N
Ksym (MeV)

&”Q N

S & o

2

/

© D
L(MeV)

~

R(km)

J(MeV)



Prior
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No NICER/LIGO

0.35 0.35
® SHF
¢ emp

0.30 - L 0.30
0.25 ot L 0.25
= 0.20- L 0.20

£ !

aQ o ®
S 'Y
5 015 ¢ ® L 0.15
¢
[ ]

0.10 - L 0.10
0.05 - L 0.05
0.00 l : 0.00

O \} O ® N o >

Q«\O Qg’+ ((\,o\ & Qg;\‘ beo ¥

Q \& \&
,LQQ’ N bbe
v v



With NICER/LIGO
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With NICER/LIGO
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There is a systematic difference in inferred values of nuclear and astrophysical
observables when different models of nuclear matter and nuclear observables are used*
*(holds when chiral EFT PNM calculations are incorporated)



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

Neutron Star Model

Nuclear Model

Skyrme Hartree Fock energy

density functionals
parameterized by symmetry

energy values:
J, L, Ksym

Crust EOS

Nuclear Data

-Neutron skin thickness:
Bayesian Analysis PREX experiment on

208Pb and CREX from
-Prior distribution of 48.03 ..
-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



Astro Data

-Neutron Star radii and
mass measurements

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

J, L, Ksym

Nuclear Observables
'I/ L’ K sym Binding energy and dipole

Crust EOS polarizabilities of doubly

magic nuclei, neutron
skin thickness are
calculated from nuclear
models




High density EOS: piecewise polytrope tuned to give max
masses > 2.0 Mg,y up until causality is violated
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High density EOS: piecewise polytrope tuned to give max
masses > 2.0 Mg,y up until causality is violated

37.
L //
a6 | SKYRME EDF s 71
< >
Ng ////
35 2 1
> - s
© | P1 -7
L v’
o | /
(®)) /
O 34.+ /
- /
:J,L, Ksym /
L //
/
L //
33./
14. 14.4 14.8 15.2

log( pin g/cm3)
Read+, arxiv:0812.2163; see also works by Steiner, Lattimer, Ozel...



Modeling the crust

CLDM:Bulk fluid and surface

3D Skyrme HF:
degrees of freedom

n,p degrees of freedom

: 00000000000 . '
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Pictures: Lauren Balliet Balliet+; arxiv:2009.07696
Hs + Hp + Hegt + ngad + Hcoul ke Hp + Heft O'(Yp)
Nuclear EDF: Bulk+Gradient Nuclear EDF: Bulk +
Specific model: Skyrme separate surface energy function
1 specific model: LLPR 1985
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Different pastas occupy different local minima
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Modeling the crus

3D Skyrme HF:
n,p degrees of freedom
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Hs +Hp + Hege + ngad +H

Nuclear EDF: Bulk+Gradient
Specific model: Skyrme
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CLDM:Bulk fluid and surface
degrees of freedom

Newton et al arxiv: 1110.4043
Balliet+; arxiv:2009.07696
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op+l 4 p
os(¥p) = 09 T

1
b Ty




Pressure [Mev fm ]

Different emphases
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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

Neutron Star Model

Nuclear Model

Skyrme Hartree Fock energy

density functionals
parameterized by symmetry

energy values:
J, L, Ksym

Crust EOS

Nuclear Data

-Neutron skin thickness:
Bayesian Analysis PREX experiment on

208Pb and CREX from
-Prior distribution of 48.03 ..
-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



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



J,L relatively insensitive to Astro data, but K, is sensitive
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= Pri : : : :
_pﬁ%x First results using a simple filter for a

— NICER/LV 1.4Mg,, Star

Initial analysis of full Bayesian inference
confirms trends

95% contours shown

—_—

Effect of PREX on amount of crust more
than that of NICER/LIGO measurements

/

PREX+NICER/LIGO predicts slightly more
y pasta than PREX or NICER/LIGO separately

-~

Crust replacement timescale, moment of
inertia vary by an order of magnitude.

Crust thickness varies by a factor of 4
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First results using a simple filter for a
1.4Mg,, Star

Initial analysis of full Bayesian inference
confirms trends

95% contours shown

Effect of PREX on amount of crust more
than that of NICER/LIGO measurements

PREX+NICER/LIGO predicts slightly more
pasta than PREX or NICER/LIGO separately

Crust replacement timescale, moment of
inertia vary by an order of magnitude.

Crust thickness varies by factor of 4
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Take-aways

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

CHEBE NN
Outer Cr:st e = Inner‘ Crust 5 el Inner Core
Mitigated by models WhIC.h allow more .y : Chiral EFT |8
parameter space exploration 2 o ;5
uclear masses,
(at least J,L,K,,,, probably Q,,, for < 5
: B ot 9, ..
extrpolations up to 2n,) g .
&) Al
. . o < :
Crust properties, and K, are sensitive to 2 10 ;
to nuclear and astro observables 2 i
= Aistro (M,R.AN)
10% S fust observables =2
There are many observables that can be J.L, Koy nd o
included in our EOS inference if we build e e e o o o
. . energy density (g/cm?3)
ensembles of crust EOSs consistent with
core EOSs

SEE DAVID TSANG’S TALK FOR AN EXPLICIT EXAMPLE



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



