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The EoS empirical parameters

© e=ey=e(pa=0)
- Xp = {Esat y Ksat » Qsat » Lsarr }

an
= (3po) (p po,a = 0)

1 9%
€ = Csym = —e(p,a =0)

- X, = {Esym' Lsym ) Ksym ’ stm ) Zsym }

Ksat» Ksym give the response to a compression
mode from p = p,

But if p # p,, many parameters contribute!

Example: saturation density
po(@) = pg — 3pg Sy?;n a’ +0(a*)

= Incompressibility of asymmetric matter
Ko(a) = Kggt + Kra? + 0(a?)

— QSCl
B Ksat + (Ksym - 6Lsym Lsym -

sat

(=]
LB LN LR

= o
o O
TTTTT

(=]
(=]
TTTPTT

E/A - M (MeV)

g
o

= oo
L= T = T =
TJT 7T

)a + 0(at)

o J. Piekarewicz and M. Centelles, Phys.Rev.C 79, 054311 (2009). «




Constraints from nuclear experiments...

TABLE L. Group A: saturation energy £., density A, incompressibility K., and symmetry energy E.,. estimated from various analyses
of experimental data. See text for more details.

TABLEIL Group B parameters: isoscalar skewness (o, slope of
Model Ref. E.x (MeV) fee (fm ) K (MeV) Eyym (MeV) the symmetry energy L,,.,. and isovector incompressibility K,,.,. The
parameter K. isdefined as K; = Koy — 6Ly — Qust Loyen/ Kous. See

EL scatt. Wang-99 [55] 0.1607 ffs text for more details.
LDM Myers-66 [56] —15.677 0.136* 295 2806 Model Ref. B B E.o £
LDM Royer-08 [57] ~15.5704 0.133 23.45 (MeV) (MeV) (MeV) (MeV)
LSD Pomorski-03 [58] ~15.492 0.142* 2882 -
DM Myers-77 [59] ~15.96 0.145 240 36.8 D Belcemiyiagy W 8
y . o ‘an 2 L
FRDM Buchinger-01 [60] 0.157 DF-Skyrme  Farine-97 [72] 700
+0.004 . +500 - s
INM Satpathy-99 [61] ~16.108 0.1620 288 cee IR o R s N -
+20 +46 +14 73 +34
DF-Skyrme  McDonnell-15 [66] 40
DF-Skyrme Tondeur-86 [62] 0.158 s
DF-Skyrme Klupfel-09 [63] ~15.91 0.1610 222 30.7 T NL3* [67] Y 1 e e
— e e i o~ o DF-NLRMF PK [68] 25 16 55 6%
Siozony e i g5il ; “DDRM 2[6970] 400 5y
DF-BSK24, Goriely-15 [65] —16.045 0.1575 245 30.0 i il e i:: Fe f_‘;’
2829 +0.005 +0.0004 . : : E o2
DE-DDRME PK [68] 119 795 -50 491
& . 15 — 2 .
DF-Skyrme McDonnell-15 [66] 15.75 0.160 220 e Comelstion  Centelles-09 [73] oy =
+0.25 +0.005 +20 £ 440 1175
p— =
DF-NLRMF NL3* [67] ~163 0.15 258 387 —— Cuboms-10 [74] pi
DE-NLRMF PK [68] -16.27 0.148 283 37.7 o
DF-DDRMF DDME1.2 [69.70] ~16.17 0.152 247 327 . = =
Danielewicz-14 [75 53
+0.03 £0.00 43 £04 Correlation elewicz-14 [75] —
DE-DDRME PK [68) 16.27 0.150 262 36.8 Cumisica  Newkon-14[76) o
Present ~15.8 0.155 230 32 +40
Estimation +03 +0.005 +£20 £2 Correlation  Lattimer-14 [77] 53
- , 420
Value determined from ry. GMR Sagawa-07 [78] —s00
450
GMR Patel-14 [79] 550
+100
Present 300 60 100 400
Estimation +400 £15 £100 =100

o J.Margueron et al PRC 2018 =



Constraints from nuclear experiments...

M.Fortin et al PRC 2016
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... and nuclear theory
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probability density

probability density

Present knowledge of the empirical

s R —rn HD (M®2, = 1.97TMo) wmmm LD+HD (M2, = 1.97Mo)
=== LD (with pressure) HD (M2, = 2.05M5)
T T l T T T T I T T L T ' T T & T T ! T T T T I T T T T I T T ]
sol- ]
0.5 i i
25} .
1 1 1 I 1 1 1 1 I L I 1 1 L 1 I 1 1 1 L I ]
W17 8 5 0= 05— 016 0.17
Esa! [NIC\'] Ngat [hn_‘s]
IllllIIIIIII_D.OOIOIIIIIII'[IIIIII
0.01 - = ]
4 0.0005F 1 — D ——ea HD (M2,
. i [Py —— )
OOU 1 | 1 1 1 1 l 1 1 ] UDOOO: " § & l " 3 i L I : __[ IE,:”:,, ;]BO%T'iIlIQO E\jl’_‘\:’l
’ 200 250 ' —1000 0 1000 - -
K... MeVl O..MeVl I
Z 0 ]
: ! , :
s 29 30 35 40
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. 0.010 T
£ [ Ko = —53.1 £ 023 MeV ]
g L " i
= X I3 -
£0.005( it B
= i ]
= K (. ]
T% [ K \ i
: 0000 250
o T.Carreau, PhD thesis 2020 0 > 2
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The catalyzed NS crust

« Below saturation matter is clusterized
« At T=0: solid state: BCC lattice

- Ground state energy density: g, ¢(ng) = giiws = iws =min
ivws ws

DenSIty pOInt Pressure ionization  Neutronization Neutron drip Pasta phase  Proton drip  Uniform matter

-In-'l I n_.l' I ﬂ” Iﬂ“ dEnSit}" {EJ"CITIt]
—

WS cell ° % e @ 00 (i
9 @ |o 000000000

20 @ 000

o
o i
Envelope Outer crust Inner crust
LFoT Gifoms nevtron rich miclet, & muelear clusters,
e
S I Y,
——-.V..-—— v
Solid crust Mantle Outer core
bady cemtered cubic nuclear pasta np,e
Coulomb [aitice

N.Chamel&P.Haensel, living reviews in Relativity 11 (2008)10



Nuclear modeling & crust composition

ews(ng)=min

1. Choose an energy functional (= set of empirical parameters X,)
2. Choose a many-body treatment (HFB, HF, ETF, CLDM...)

140 L] L | T LI | L] LI | T L | L | L | L] ] II L] LI |

HFB14
120 H CLDM BSk14 + Myersc :I?ehﬁ Sr:c;l:;: - h\ 7
CLDM BSk14 + Myers shell energy + pairing
100 AME2012 ==smmu: -
=> The inner and outer crust |

80

composition depends on the N
many-body treatment <

60

40

20




Nuclear modeling & crust composition

ews(ng)=min

1. Choose an energy functional (= set of empirical parameters X,)
2. Choose a many-body treatment (HFB, HF, ETF, CLDM...)

2.5

2.0

—> The inner and outer crust

composition depends on the s BSk20 b BSk21
many-body treatment S 1ol

—> But the uncertainty on e

astro observables due to the o

many body treatment is << 10 11 12 13 14

than the error due to the . R (km)
EDF ! M.Fortin et al. PRC 94, 035804 (2016)
g o



Nuclear modeling & crust composition

sws(mg)=mMin

1. Choose an energy functional (= set of empirical parameters X,)
2. Choose a many-body treatment (HFB, HF, ETF, CLDM...)

- Transition between crust and core: el (ng) = gthom ()

« All static observables can be calculated solving the TOV
equation of hydrostatic equilibrium:

* in particular the crustal width and moment of inertia
(connection to pulsar glitches)
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A chosen set of models

T | T T T | T T L
— BSk24 ===-- PKDD —

2
= r = SLyd =—— TM1 ]
2 ——- BSkl4
A0 | ol
- T it

e,

Which EoS parameters play a role?

° T.Carvreau, PhD thesis 2020
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Bayesian analysis

-1.0  « Skyrme
Interactions and
CLDM modeling

« EFT constraint from
Drischler et al.
included

j 0.6023-% 0.52+398 0.61135 0.33*3-3 0.39+99% 0.64:392 056139 0.47+338 (X

[ 215 5+10.3629 02 0414882 0.2875:8§ 0.28:34% 0.447888 0.3675:%% 0.36:943 |
Ksym 0.30#395 0.27+3:%4 0.36+9:% 0.30+993 0.26+294 0.26+3:34 0.33+395 0.42+395 0.26+3.%
Jox asg0t LT+ LRERFH0 815033 0 8635 0.82:384 [ v

L01 0.64*9:% 0.53*352 0.60*3% 0.37*3:% 0.45*39¢ 0.64*332 0.55*3-% 0.52*93¢ [K:15855{0.68* 3%

(APPSR R 10.27:954 0.26+4%4 0.27:3 0.257845 0.26:43 024:3% 0.20°345 0.56:48 0,314

=> J, L (Kym) are seen
to rule crustal physics!

Arr(‘3348 0.58%9:% 0.56+93¢ 0.64*3% 0.38+3:% 0.51*93¢ 0.682238 0.59+9:% 0.50+393 [LE-FEe3

N e CA%: I 061705 0.537933 0.6113% 0.37+3 0.46792¢ 0.667393 0.57+5:% 051503 LETREH

np

Nee Pee HMce Yo Mp Py Hp  Yp AMpasta ARpasia
AMCFUS[ ARCl'ust

But there are complications...

L.Balliet et al, arXiv:2009.07¢96



Beyond J&L: a consistent Bayesian

analysis of crust properties

1. The Skyrme functional is not flexible enough

* within Skyrme, Qgyn, Zsym: Qsatr Zsar Are
uniquely set from low order parameters

0,1

p_[fm]

x SKR, Sly5
- MM,N=2
0,08, — MM.N=4] .
I == the uncertainty on the
0,06} . high order parameters must
’ be included in the analysis
0,041 —

0,021+

() 1 | 1 | 1
0 0,02 0,04

|
0,06 0,08 0,1

p, [fm”} S.Antic et al, Jphys G 46 (2019) 065104



Beyond J&L: a consistent Bayesian

analysis of crust properties

2. The energy of inhomogeneous matter depends on
the surface tension (= gradient terms) in addition to

| l T = 3
S~ 17 -
=1 A =200 -
£.15.0 -
7 = ]
L] ) s s S ) 4 B N, 125 =
. S = - ]
1.2 \C -3 100F SLyd p=2 :
- = 10.0F ===- SLy4 p=2 =
=08 AN e -
N S Lﬁ— = SL)-} p =3
0.4 ~ “OF wwsens SLyd p=4
98t| | L“"---..____' / -+- _F :‘ p
“« 5.0 ===+ DD-ME§p=2
1-6__\< 8 L .4 B if psf — DDMESp=3
/ T TR e AR . =
“'H 12 \\ /// 0‘ :_ ! i [1)D l-\[Elé pl -;1 | b1 1 L | 1 1 P—
08 N VA 8.0 0.2 0.4 0.6 0.8
Set 2 i S /’/ - Dﬁu

-1000 750 500 250 0 250 500 750 1000 T.Carreau, PhD thesis 2020

Surface parameters
S.Antic et al, Jphys G 46 (2019) 0651049



Beyond J&L: a consistent Bayesian

analysis of crust properties

2. The energy of inhomogeneous matter depends on
the surface tension (= gradient terms) in addition to
the EoOS

._.
.
<

—
%]
=)

[
S
<

! : mmms Slyd p=2
| e 5L\4p:3

— The surface tension must be
calculated consistently with the

(Esn.rf + E(‘h'.?'l')/‘AZf& [I\IQ\P]
.cil S

] _ _ [ eeeees SLy4 p=4
bulk (fit on neutron rich nuclei) 5.0 ===+ DD-MES p =2
= The uncertainty at extreme | must e T Dol P =)
] i : [ weeer DD-MES p=4
be included in the Bayesian S S 2
. .0 0.2 0.4 0.6 0.8
analysis i

T.Carvreau, PhD thesis 2020



Results

0.25 -0.08-0.26-0.16 0,43 -0.14 0.11 0.11 0.15 -0.10-0.08
0.24 -0.11-0.29-0.17 0.46 -0.16 0.00 0.10 0.21 -0.10-0.13
0.05 -0.06-0.27 0.10 !0.11 0.00 0.02 0.09 -0.04-0.06
0.07 -0.05-0.20-0.04 0.47 -0.10 0.00 0.08 0.13 -0.05-0.11
0.25 -0.16-0.21-0.06 0.33 -0.13 0.00 -0.23-0.01 0.17 0.06
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Results

lcru.et,1.4

LD+HD [0.03-0.13 0.37 -0.30 0.22 -0.05-0.11 0.05
LD+HD p = 3 }0.02-0.14 0.38 -0.29 0.20 -0.07-0.14 0.04
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Conclusions

The NS crust properties depend in a complex way on the
nuclear energy functional

High order parameters Qgq;, Osym Play an important role as well
as surface properties at high isospin ratio

How to progress?



Strategies for a better estimation
of crustal properties

- Theory: Implementation of low energy constraints
from ab-initio theory R Somasundaram et al, arxiv:2009.04737

S.Burrello, M.Grasso et al, in progress

« Experiment: looking for observables sensitive to the

different unknowns:

o0 global density variation in asymmetric matter (GMR in isotopic chains ?)
Qsat

= K; = Ksym - 6Lsym - Lsym K
sat

0 isovector density variations at low density (soft monopole?)
= Ksym» stm

0 n-p density gradients (skin ?) = Lsy‘m,: Dfin

To be analyzed with the same meta-modeling
. approach



