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Strong, Weak, EM signals | | Multimessenger Nuclear & | | Weak, EM, Grav signals

Astro Physics

Elliptic flow

p/n ratios

Pion production
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Centroid energies
Optical potentials
Scattering X-sections

X-ray flux and light curves
Gravitational waveforms
Pulsar timing
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The phase diagram of nuclear matter
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The phase diagram of nuclear matter to the EOS
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The phase diagram of nuclear matter to the EOS
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The phase diagram of nuclear matter to the EOS
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The phase diagram of nuclear matter to the EOS
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The nuclear symmetry energy: parameterizing our ignorance in a physically
meaningful way
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Example: Huth et al; Nature 606, 276 (2022)
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Huth et al; Nature 606, 276 (2022)

Speed of sound model

(D) HIC and Astro combined:

T T T | T T T | T T T T T T T T—=F

----- Prior

—_
()
o

—— Astro+HIC

T IIIIIIII

d

D) HIC and Astro combined:

(
Stellar model r>3‘0 — T T
L —— Astro+HIC

------ Prior .-~ 4

—_
o
e

T IIIIIIII

Pressure P [Mev fln‘?’]

—
<
IIIII

| L1 1 l 1 1 L I 1 L1
= -

1.5 2.0 2.5
umber density n [ngat)

w
o

|||||||
Mass M [M)]
[\
)
|||||||||||||||||||||

BBP crus

Time—>

g

Initial state

E/N (MeV)

pasta region (~0.5 - 0.8 fm¥)
A——

V'S
T T T T T T T ¢ T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

n (fm=3) nuclear saturation density
(experiment)

Figure: Lauren Balliet




Let’s dig deeper into this strategy
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Let’s dig deeper into this strategy
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Neutron skin thickness

Collective isovector dipole excitations (PDR, GDR)
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Calculating nuclear structure

Density Functional Theory (e.g. Skyrme)
Hs = itopZ[(Q +20) — (220 +1)(y; +5)] Local interaction

1
Hp = ~t3p” 3 [(2 + z3) — (223 + 1) (y5 + y2)]

1 Density dependent
1
+ 312+ 20) — (24 + 153+ 12)]
1
Hott = 5plt1(2+ 1) +12(2+ )] 3 body
1
+ 5plt1(221 + 1) + 12222 + 1)) (7395 + Ttn)
1
ngad = E(Vp)2[3tl(2 + 11:1) - t2(2 + 11:2)] Gradient...

- 3i2[3t1(23:1 + 1) + t2(2z2 + 1)][(VPP)2 +(Vpn)?)

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)



From models to nuclei and nuclear matter

Parameterization

Based on fits to

masses, radii,

s.p. levels, fission barriers...
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Correlations are revealed between nuclear matter parameters

and nuclear properties
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Correlations are revealed between nuclear matter parameters

and nuclear properties
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Gaussian processes H
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The overarching strategy

Choose an EDF with enough degrees of freedom to mitigate the
influence of choosing that EDF rather than any other.

Prepare ensembles of parameterizations of the EDF that
distributed over a wide range of the space of nuclear matter
parameters (Priors)

Choose methods of modeling nuclei and neutron star crust which
account for as much physics as possible in as reasonable way as
possible while being computationally expeditious
(10,000s-100,000s models will need to be sampled)

Use ensemble to calculate nuclear observables, unified crust-core
EOS and astro observables

Add data, construct Likelihoods -> MCMC sampling of posterior
probability distribution of the EOSs



More systematic: map nuclear matter parameters to model
Parameters and systematically generate models

_ - " En]

- T fo e
X3 <: L 1o _Xo-
X4 Ksym_ f 4 <:: mi‘; X3
X1 m; | X4

2 Do 2016 X9 Gs

D= Fibeler ot 1 2013 At Gy

Nuclear masses,
giant resonances

= X
> W
TE/J\T[Mew

po (fm™2) 0.160 % 0.005
D2 04 06 08 1.0 B (MeV) 16.0£0.5
/1 K (MeV)  230+30
Haensel, Fortin JPhysG 2017 Lim, Holt arXiv:1702.02898

Lim, Holt arXiv:1702.02898



More systematic: map nuclear matter parameters to model
Parameters and systematically generate models
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Potential sources of systematic error

Had to choose an EDF (Skyrme). Enough degrees of freedom?
Can add more (Q,,,)

Symmetric nuclear matter and gradient parameters held fixed; extending
inference to those parameters may change posteriors



Priors

P(], L, Ksym) A uniform grid of Skyrme models

Red - Uninformative priors
Blue - Pure neutron matter priors (Fermi liquid theory) Holt&Lim PLB 2018
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Mondal+(2016)
 Vifias+(2014)
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Skyrme Hartree-Fock
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Skyrme Hartree-Fock
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Potential sources of systematic error
Had to choose an EDF (Skyrme). Enough degrees of freedom?
Can add more (Q,,,)

Symmetric nuclear matter and gradient parameters held fixed; extending
inference to those parameters may change posteriors

We’re usually not directly modeling nuclear observables - but in some
cases we could (e.g. weak form factor) and thus improve consistency
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A number of ways pasta and the physics of the crust-core boundary
leave signatures on observables have tentatively been put forward

Horowitz+, PRL114, 031102 (2015) Ne.Wt(.)nT’ ApJL 779, 4 (2013)
Cooling of accreted crusts Cooling in isolated neutron stars

(pasta neutrinos e.g. Gusakov 2004)

140 < T — — T
I MXB 1659-29 ]
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100 ]
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: X 1ax10°F _
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80 4= [ N N 1
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(AR) L Without bep NN

0L, Y o T o [(2)L=30.0MeV, M= 1.4 M, =-13"3
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Magnetic field evolution - Pons Nature Physics, 9, 7, 431-434 (2013)
Mountains on neutron stars - Gearheart, Newton, Li, MNRAS 418 (2011)

Crust oscillations... - Gearheart+, MNRAS 418 (2011)
... leading to resonant shattering — Neill+, MNRAS 504, 2021
Pulsar glitches — Graber+, Apj 865, 23 (2018)
Evolution of r-modes - Wen+Phys Rev C, 85, 025801 (2012)
Vidana Phys Rev C 85, 045808 (2012)



The amount of crust and pasta is highly nuclear-EOS dependent

Model Pt Yp,tt Py Pid Yp,td Pq4
[fm 3] [MeVfm ™3] [fm ™3] [MeVfm ™3]
Microscopic
BHF-1 0.061 0.023  0.193
BHF-1para  0.083 0.026  0.400
BHF-2 0.078 0.027  0.370
BHF-2p.:a  0.094 0.028  0.571
Skyrme
BSk14 0.090 0.033  0.483 0.081 0.030  0.381
BSk16 0.096 0.037  0.502 0.087 0.035  0.402
BSk17 0.095 0.036  0.499 0.086 0.034  0.397
Go 0.063 0.013  0.278 0.054 0.010 0.172
Ro 0.067 0.014  0.312 0.058 0.012  0.202
LNS 0.088 0.031 0.614 0.077 0.028  0.469
NRAPR 0.083 0.034  0.545 0.073 0.030 0.413
RATP 0.097 0.037  0.500 0.086 0.034  0.390
SV 0.071 0.021 0.372 0.061 0.016  0.235
SGII 0.086 0.026  0.401 0.077 0.024  0.311
SkI2 0.064 0.014  0.291 0.054 0.011 0.170
SkI3 0.071 0.022  0.363 0.062 0.018 0.244
Skl4 0.081 0.024  0.332 0.072 0.021 0.234
SkI5 0.061 0.014 0.271 0.051 0.010  0.149
SkI6 0.082 0.026  0.352 0.073 0.024  0.257
SkMP 0.072 0.020 0.357 0.062 0.017  0.241
SkO 0.073 0.020 0.413 0.062 0.017  0.270
Sly230a 0.090 0.039 0.404 0.081 0.037  0.319
Sly230b 0.089 0.038  0.462 0.080 0.036  0.362
SLy4 0.089 0.038  0.461 0.080 0.036  0.361
SLy10 0.091 0.042  0.447 0.083 0.041 0.369

Ducoin+ Phys Rev C83 045810 (2011)

Force BBP SKM FPS
R 10.49 10.78 10.79
AM,  0.0299 (2.07%) 0.0122 (0.84%) 0.0125 (0.86%)
AMg;  0.0242 (1.67%) 0.0103 (0.71%)  0.0084 (0.58%)
AM, e - 0.0062 (0.43%)
AMg, 0.0051 (0.35%)
I 61.56 60.89 62.57
Al 2.74 (4.45%) 1.21 (1.99%) 1.22 (1.94%)
Al 2.22 (3.60%) 1.02 (1.68%) 0.82 (1.32%)
Al 0.59 (0.94%)
Alyy, 0.48 (0.77%)
Lorenz et al PRL70 (1993)
9-02_ B spheres W tubes _
g.5F MW rods B bubbles ]
[ mmm slabs ]
8.0 ]
75
T 7.0f :
E |
%60
oq [ E
= ™ l 5
5.0 - :
45
4.00 -

Dinh Thi+ arxiv: 2109.13638



The amount of crust and pasta is highly nuclear-EOS dependent

Model ptt Ypit Py Pta  Yp,td Pig Force BBP SKM

‘ ' [fm 3] [MeVfm ™3] [fm ™3] [MeVfm ™3] R 10.49 10.73
Microscopic AM,  0.0299 (2.07%) 0.0122 (0.84%) MN0.0125 (0.86%)
BHF-1 0.061 0.023  0.193 AMg;  0.0242 (1.67%) 0.0103 (0.71%) [§0.0084 (0.58%)
BHF-1para  0.083 0.026  0.400 AM, 0.0062 (0.43%)
BHF-2 0.078 0.027  0.370 AMg, 0.0051 (0.35%
BHF-25.:a  0.094 0.028 0.571 I 61.56 60.89 07
Skyrme Al 2.74 (4.45%) 1.21 (1.99%) 1.22 (1.94%)
BSk14 0.090 0.033 0.483  0.081 0.030 0.381 AlL 2.22 (3.60%) 1.02 (1.68%) 0.82 (1.32%)
BSk16 0.096 0.037 0.502  0.087 0.035  0.402 AlL, 0.59 (0.94%)
BSk17 0.095 0.036 0.499  0.086 0.034  0.397 Alun o 0.48 (0.77%)
Go 0.063 0.013 0278  0.054 0.010 0.172
R, 0.067 0.014 0312 0058 0.012  0.202 Lorenz et al PRL70 (1993)
LNS 0.088 0.031 0.614  0.077 0.028  0.469 0 0f :
NRAPR 0.083 0.034 0.545  0.073 0.030  0.413 *Up Wmm spheres W tubes ;
RATP 0.097 0.037 0.500  0.086 0.034  0.390 8.5 [ rods S bubbles :
sV 0.071 0.021 0.372  0.061 0.016 0.235 gL slabs ]
SGII 0.086 0.026 0.401  0.077 0.024  0.311 : ]
SkI2 0.064 0.014 0291  0.054 0.011  0.170 7o ]
SkI3 0.071 0.022 0.363  0.062 0.018  0.244 T 7.0 ]
SkI4 0.081 0.024 0.332  0.072 0.021  0.234 E 6.5t ]
SkI5 0.061 0.014 0271  0.051 0.010  0.149 T :
SkI6 0.082 0.026 0.352  0.073 0.024  0.257 = 6.0F ;
SkMP 0.072 0.020 0.357  0.062 0.017  0.241 B l ]
SkO 0.073 0.020 0.413  0.062 0.017  0.270 : = ]
Sly230a 0.090 0.039 0.404  0.081 0.037  0.319 >.0¢ ]
Sly230b 0.089 0.038 0.462  0.080 0.036  0.362 4.5¢ ;
SLy4 0.089 0.038 0.461  0.080 0.036  0.361 a0k ]
SLy10 0.091 0.042 0.447  0.083 0.041  0.369 e

Ducoin+ Phys Rev €83 045810 (2011) Dinh Thi+ arxiv: 2109.13638



Modeling the crust

3D Skyrme HF:
n,p degrees of freedom
©0 00000000

Newton+ arxiv:2104.11835

Pictures: Lauren Balliet
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X(fm) 20 ‘1\

Hs + Hp + Hegr + ngad + Hcoul
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Modeling the crust

3D Skyrme HF: CLDM:Bulk fluid and surface

n,p degrees of freedom degrees of freedom

Newton+ arxiv:2104.11835

Newton et al arxiv: 1110.4043

Pictures: Lauren Balliet ; i
Balliet+; arxiv:2009.07696
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Specific model: Skyrme separate surface energy function
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+1
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3D Skyrme HF:

Modeling the crust

Thomas-Fermi: density profile

CLDM:Bulk fluid and surface
degrees of freedom

n,p degrees of freedom degree of freedpm
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Modeling the crust

3D Skyrme HF: Thomas-Fermi: density profile | ¢ pm:Bulk fluid and surface
n,p degrees of freedom degree of freed‘?m degrees of freedom
00000000000 e ;
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... @0 Q00 [
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Newton+ arxivi2104.11835
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Correlations from mass fits, fits to 3DHF =o:
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Priors: crust models

1401 (a)Viable crusts filter the prior
120
100
3
2 80-
~ 60
40
20-
26 28 30 32 34 36 38 40 42
J (MeV)
Prior 00 P c 00.c

Surf:Unif|0.8-1.3| 2.0-4.0 |2.0-7.0 0.0-’1.0
Surf:Fit | 1.1 [3.84£0.02| 4.5 0.6

Newton et al arxiv: 1110.4043
Balliet+; arxiv:2009.07696

(Unitary gas bounds: Tews et al, arxiv:1611.07133  PNM: Drischler, arxiv:2004.07232)



Potential sources of systematic error

Had to choose an EDF (Skyrme). Enough degrees of freedom?
Can add more (Q,,,)

Symmetric nuclear matter and gradient parameters held fixed; extending
inference to those parameters may change posteriors

We’re usually not directly modeling nuclear observables - but in some
cases we can (e.g. weak form factor) and thus improve consistency

We’ve chosen a model of crust (CLDM) different to modeling
of the nuclei (1D SHF+RPA)

Need more information to constrain surface parameters of crust model
(mass fits, semi-inifinite nuclear matter, Thomas-Fermi calculations)



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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Relative thickness and mass of pasta: agreement with other studies
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There’s a non-negligible range of models that predicts no pasta
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Crust-core transition pressure and chemical potential
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Crust-core transition pressure and chemical potential

Responsible for crust mass
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Crust-core transition pressure and chemical potential
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Correlations from mass fits, fits to 3DHF =o:
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inner crust
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High density: Polytropes *°
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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 //
36- SKYRME EDF s .74
< >
Ng ////
35 2 1
> F 7
© - Py -7
R g
a | /
£ LKy
Il Al sym -
i /
/
L //
33./
14. 144 14.8 15.2

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



Polytropes versus continuing the nuclear matter comparison/
extrapolating EDF to arbitrarily highly
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Potential sources of systematic error

Had to choose an EDF (Skyrme). Enough degrees of freedom?
Can add more (Q,,,)

Symmetric nuclear matter and gradient parameters held fixed; extending
inference to those parameters may change posteriors

We’re usually not directly modeling nuclear observables - but in some
cases we can (e.g. weak form factor) and thus improve consistency

We’ve chosen a model of crust (CLDM) different to modeling
of the nuclei (1D SHF+RPA)

Need more information to constrain surface parameters of crust model
(mass fits, semi-inifinite nuclear matter, Thomas-Fermi calculations)

2 polytropes in the core is bare minimum: can be more sophisticated



Sample of our resulting equations of state
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By the way, about the crust core transition...
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Nuclear and astro data can be bought to bear with greater consistency
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Nuclear and astro data can be bought to bear with greater consistency
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Linking crust and core models, nuclear and astro data: M=1.4Mg
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Linking crust and core models, nuclear and astro data: M=1.4Mg
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Linking crust and core models, nuclear and astro data: M=1.4Mg

Moments of inertias
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Symmetry energy constraints from nuclear and astro
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Crust Composition: Uninformative Priors
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Shear modulus is likely overestimated by at least a factor of two in the pasta layers

Number of EOSs
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High density: Polytropes *°
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Resonant shattering flares: combining crust and core observables

(See David’s talk next
Wednesday!)
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Resonant shattering flares: combining crust and core observables

(See David’s talk next

Wednesday!)

150 -
125 - o

O —_ . S S

| 1 1 |
Uniform Uniform Uniform Uniform

+Viable +Viable +Viable +Viable
+Astro +RSF +Astro
+RSF

Neill,Preston,Tsang,Newton in prep



Complementary approach: Precision model fits

Ruiz Iet al. (2018)
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Complementary approach: Precision model fits
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Complementary approach: Precision model fits
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Some thoughts

Attempt at a framework to connect neutron star bulk and crust observables with
nuclear data as consistently as possible

Consistency: eliminate systematic errors that may arise when different models are used
to propagate information across multiple physical characteristics

Many rich astro datasets require crust modeling to interpret. We want to bring these
into our multimessenger club

Not a replacement for precision modeling

Radius measurements are not going to be able to ignore the crust too much longer

Assumptions/limitations

Had to choose an EDF (Skyrme). Enough degrees of freedom?
Can add more (Q,,)

Symmetric nuclear matter and gradient parameters held fixed, underestimate model

Need more information to constrain surface parameters of crust model (mass fits,
semi-inifinite nuclear matter, Thomas-Fermi calculations)

2 polytropes in the core is bare minimum: can be more sophisticated

We’re usually not directly modeling nuclear observables - but in some cases we can
(e.g. weak form factor) and thus improve consistency



What about the other parameters?
- Refit a subset of our 1000 Skyrmes using

simulated annealing method

- Fit the resulting differences in observables
with Gaussian — a conservative estimate
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Pasta: a complex, glassy system. Multiple shapes coexist in microscopic
domains. Should affect transport properties. How much is there?
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Electron scattering off domain boundaries
(annealing may lead to most energetically
favorable domain growing)

Possible sources of resistivity
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Accreted Crusts: Deep crustal heating, impurity (J,L,K
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Scattering
Cross sections

Set of EDFs

Weak charge density

n-p densities

neutron skin

Us: completely different set of EDFs |: ;







