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Motivation

(T=0 — B eq. only for this talk)

Log,e P (MeV/fmj)

J.Lattimer Ann.Rev.Nucl.Part.Sci (2012)

GR imposes a 1-to-1
correspondence
between the nuclear
EoS and static
properties of NS

M(R) (NICER), A(R)
(LIGO/VIRGO) M (SKA)

But EoS i1s model
dependent !



\un]

Gravitational Mass [M

:\lm]

Gravitational Mass [M

(]
h (F8)

(]
Ill]l[lll

Gs
SGI
- SLy230a

]

i { '

| ] | ]
A
“

<
h
I

PSR D620 = ot s
CPER B2 i e e e
4 F — oMl
- - GM3
4 | --- ™I
- | =< a3
1l L —- N3
-l | —-— NL3Sh

,
it
=

[ T S

2_S — pllil - — -
Tk ;”':-'4\ = I P i T .
:.).I—i A . s‘\ \' RyEER S ‘....:F’.._.‘?\ ‘i‘\, e

- —— DDME1 - - —— APR “‘ih VS .
1.5 DDME2  |\-Ti — - - AFDMC \ L7 —
| ——-- TW99 n L . VIR e A
1 — PKi W — - UK Y =
| -—-- PKIR _ | -—-- DBHF ‘.."3 i Mi -

0.5 —— PKDD _ | —— FSS82CC ""\\k&
O 1 1 1 1 I 1 1 1 1 1 I | 1 1 1 I 1 1 | I

5 10 15 20 5 10 15 2
Radius [km] Radius [km]

F.Burgio, |.Vidana, Universe 2020, 6, 119
Which are the « good » models?

Max masses:
Demorest et al, Nature 2010
Antoniadis et al, Science 2013

Mass-radii:
Riley et al, ApJ 2019
Miller et al, ApJ 2019

Is the ensemble exhaustive?




F.Burgio, |.Vidana, Universe 2020, 6, 119
T.Carreau et al, PRC 2020, 100, 055853
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Agnostic non-parametric EoS inference

107, . -

— Prior — Priar ”

Max masses — Fsm P 1
10%} — PSRs + GWs —— PSRs + GWs

—— PSRs + GWs + X-ray —— PSRs + GWs + X-ray

& Mass-radii:

P(dyn/ent)
M (M)

® 10 14 16 18

107 107 6
p(g/em’)

P.Landry, R.Essick, K.Chatziioannou, ArXiV 2003.048 80

12
R (km)

Many popular alternative techniques

« piecewise polytropes J.S.Read 20049, Steiner 2013,
E.Annala 2018, T.E.Riley 2018....
- spectral functions L.Lindblom 2010,

L.Lindblom&N.M.Indik 2014...

« parameterized c? functions M.G.Alford 2015, I.F.Ranea 2016
[ Tews 2018, H.Tan 2020.....
([



Agnostic non-parametric EoS inference
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 Model independent prediction of static astro observables

« Consistency check of the different observations

« But we do not learn much about the properties, structure
and composition of dense matter....



Nucleonic Meta-modeling

Flexible functional e(pn, pp) able to reproduce existing effective
nucleonic models and interpolate between them

Expansion in powers of the Fermi momentum or of the density

Parameter space = expansion parameters X - flat prior
(BUT: beta equilibrium !)

Symmetric

Our choice: expansion around p,: matter Symmetry

Pn = Pp / | energy

’ /

e(pn» pp) =eo + esym52

dkeO(sym)
dpk |P:Po

Xk:

X = (Eo, Ko, J, L, Ksym, - )

A.Bulgac et al, PRC 2018
J.Margueron, R.Casali FG PRC 2018"



Nucleonic Meta-modeling

Flexible functional e(pn, pp) able to reproduce existing effective
nucleonic models and interpolate between them

Expansion in powers of the Fermi momentum or of the density

Parameter space = expansion parameters X - flat prior
(BUT: beta equilibrium !)

Our choice: expansion around p,: SH”X::;";C Symmetry
Pn = Pyp / / energy

- - v J
P(X) Hi P(fl|X) e(pn pp) = €0 + €5y 82
P(f)
f,. ab—initio EoS (chiral)
f,. empirical uncertainties on X Nuclear physics
f;. nuclear masses

Filters: P(X|f) =

J.Margueron, R.Casali FG PRC 2018"



Nucleonic Meta-modeling

Flexible functional e(pn, pp) able to reproduce existing effective
nucleonic models and interpolate between them

Expansion in powers of the Fermi momentum or of the density

Parameter space = expansion parameters X - flat prior
(BUT: beta equilibrium !)

Our choice: expansion around p, Symmetnic Sgmmetrd
Pn=py | . energy

T P(F IR — 1
Filters: P(X|f) = P(X) gl(l;)(fl'X) e(pnPp) = €0 + €symd

=> Predict astro observables with controlled uncertainty intervals
within the nucleonic hypothesis
=> Quantify the reliability of the different models (figures of merit)

J.Margueron, R.Casali FG PRC 2018"



Nucleonic Meta-modeling

Flexible functional e(pn, pp) able to reproduce existing effective
nucleonic models and interpolate between them

Expansion in powers of the Fermi momentum or of the density

Parameter space = expansion parameters X - flat prior
(BUT: beta equilibrium !)

Our choice: expansion around p, Symmetnic Sgmmetrd
Pn=py | . energy

- - v J
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EoS Constraints from nuclear physics (1): « ab-initio »

Pure neutron matter ] ]
« Diagrammatic

expansion:
controlled
uncertainties!

' | ! |
| 1 N3LO Tews

« Power counting &
regularization
valid only up to —
1,5p,

. . , | , => constrain low order

0 01 02 03 0 01 02 03 parameters

no (fm™3) no (fm3)

I. Tews, T. Kruger, K. Hebeler, and A. Schwenk, Phys. Rev. Lett. 110, 032504 (2013).
C. Drischler, K. Hebeler, and A. Schwenk, Phys. Rev. C 93, 054314 (2016).



EoS Constraints from nuclear physics (2): experiments

Symmetric matter

B/A (MeV)
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—&— Bonn A (DBHF) -‘/

Z.H.Lietal, PRC 74(06) 047304

Many different
observables:
masses, radii,
skins, collective
modes,
polarizability, 1AS,
flows .....

Also sensitive to
low densities up to

— Po

=> constrain low order
parameters



EoS Constraints from nuclear physics (2): experiments

Symmetric matter

Many different
observables:
masses, radili,
skins, collective
modes,
polarizability, 1AS,
flows

Z.H.Li et al, PRC 74(06) 047304
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L [MeV]

Experimental versus theoretical constraints
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Courtesy A.F.Fantina



Experimental versus theoretical constraints
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EoS Constraints from nuclear physics (3): masses

M(A; Z) — Am + Ebulk + Esurf 1-4; ~~~~~~~~ —

—— LD+HD (n =0.02 fm~7) mean |

—— LD+HD (n =0.1 fm~?) mean
e 10 Prior

—> Sub_saturation EOS 1.0.:.“‘ N 10 LD+HD (0 20.02fm™") 1
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H.Dinh Thi et al, in preparation




Application: crustal moment of inertia

Lerust1.4/I1.4 [J0]
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T.Carreau et al, PRC 20149

An extra superfluid core
component is needed to
explain the strongest Vela
glitch if entrainment is
considered




Application: EoS

P [dyn/cm?]
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T.Carreau et al, PRC 2019
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Not all popular models are
compatible with nuclear
physics constraints
Predictions from nucleonic
metamodeling (blue) agree
with LIGO/VIRGO (black) at
90%




T.Carreau et al, PhD Thesis 2020

Application: A
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H.Guven et al Phys. Rev. C 102, 015805 (2020)

Application: nuclear physics + A =>radius
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P.Landry, R.Essick, K.Chatziioannou, ArXiV 2003.048 80



T.Carreau et al, PhD Thesis 2020

« To (in)validate the nucleonic

AIO IO [ication: A hypothesis : new observations

and/or tighter nuclear constraints
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Strategy I: high energy experiments

J.Xu, PRC 2013
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Strategy II: high precision

Neutron skin of 208pPp:

Exp: Ar,,=0,1318-0,3072 effective models versus data

PREX (arXiv:2011.11125): 0,22-0,36

I B « An improved measurement of
—— Linear Fit, » =0.979 p: i
F "o Siyme. Goguy L, 8 the skin would greatly reduce
03F o RMF . ) the present uncertainty on the
: EoS empirical parameters ==

more reliable extrapolations

X Vinas et al (2014)
P.G.Remhard, W.Nazarewicz (2016)
JYang, J.Prekarewicz (201 7)
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_ Sensitivity study
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Conclusions

The description of neutron stars static observables only needs
general relativity + the nuclear EoS

Many models! But the metamodeling technique allows
predictions with controlled uncertainties within the hypothesis
of nucleonic degrees of freedom

Astrophysical and nuclear physics constraints can be treated
on the same footing

More stringent extrapolations above normal density might
give hints on the presence of deconfined matter in NS

Interesting perspectives from upcoming nuclear physics
experiments

Practical implementation in CompOse (including T>0
extension) to be discussed



