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Structure of the presentation

Nuclear equation of state from nuclear experiments and
neutron stars observations

- First Part: constraints on EoS from nuclear experiments

- Bayesian inference
- Skyrme Interaction

- Second Part: constraints on EoS from Neutron Stars observations
- Second Bayesian inference
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Parameters of the model

Parameters

Prior distribution

Nuclear matter

Po> Eo» Ko, /5 L parameters

Surface term
parameters

GO’ Gl

Spin-orbit
parameter

Wo

Effective

m*/m, m>*/m
0 1 masses

O = isoscalar; 1 = iIsovector

1-to-1 correspondence with usual
Skyrme parameters!

Par. Units Lower Upper

limit limit
00 fm ] 0.150 0.175
Eq MeV -16.50 -15.50
Ko MeV 180.00 260.00
J MeV 24.00 40.00
L MeV -20.00 120.00
Go MeV fm°] 90.00 170.00
G MeV fm®°] -90.00 70.00
Wo MeV fm°] 60.00 190.00
mg/m 0.70 1.10
mi/m 0.60 0.90

1L.-W. Chen et al. Phys. Rev. C 80, 014322 (2009)



Observable chosen for the fit

"hfbcs-grpa'!” code to compute
observables from parameters

1G. Colo, X. Roca-Maza, arXiv:2102.06562v1 [nucl-th] 3



Observable chosen for the fit

Ground-state properties

B.E. [MGV] Rch [fm] AESO [MGV]
208phL 1636.4 + 2.0%  5.50 + 0.05% 2.02 + 0.50%
BCa  416.0 + 2.0*  3.48 + 0.05* 1.72 4+ 0.50*
0Ca  342.1 + 2.0%  3.48 + 0.05% -
ONi  484.0 4+ 2.0% - -
68Ni  590.4 4+ 2.0% - -
1009 825.2 4+ 2.0% - -
1326 1102.8 + 2.0*  4.71 + 0.05% -
QOZI 783.9 T 2.0* 4.27 . 0.05* -

"hfbcs-grpa'!” code to compute
observables from parameters

B . E . :Binding Energy
R, : Charge radius

AEq, : Spin-orbit splitting

1G. Colo, X. Roca-Maza, arXiv:2102.06562v1 [nucl-th] 3
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Observable chosen for the fit

Ground-state properties "hfbcs-qrpa’” code to compute
B.E. [MeV] Rep [fm]  AEgso [MeV] observables from parameters
208Ph  1636.4 + 2.0* 5.50 £ 0.05* 2.02 £ 0.50*
BCa  416.0 £ 2.0*  3.48 + 0.05* 1.72 £ 0.50% B . E. :Binding Energy
10Ca 342.1 4+ 2.0*  3.48 £ 0.05% - R . - Charge radius
6N 484.0 + 2.0 : : N che = I T
6SNi 5904 + 2.0% ] i ¢ - Spin-orbit splitting
100Sn  825.2 4+ 2.0* - - E(I;SMR . IsoScalar Giant monopole
193028n 1102.8 & 2.0** 4.71 £ 0.05: - resonance excitation energy (constrained)
Zr 7839 = 2.07  4.27 = 0.05 - E(I;SQR - IsoScalar Giant quadrupole
Isoscalar resonances resonance excitation energy (centroid)

E¢vr [MeV] Eé}SQR MeV]
“05Pb  13.5 £+ 0.5% 10.9 £+ 0.5%
QOZI 17.7 &+ 0.5* -

* Theoretical error

1G. Colo, X. Roca-Maza, arXiv:2102.06562v1 [nucl-th] 3



Observable chosen for the fit

Ground-state properties “hfbcs-grpa'” code to compute
B.E. [MeV] Rep [fm]  AFEso [MeV] observables from parameters
208pPhL  1636.4 + 2.0*  5.50 + 0.05* 2.02 + 0.50%
8Ca  416.0 £ 2.0*  3.48 £ 0.05* 1.72 4+ 0.50* B . E . : Binding Energy
40 1 1 :
2ONi 484.0 £+ 2.0* - - . . oy
68N 590.4 + 2.0% _ _ AESO : Spln-Orblt Spllttlng
100Gy 825.2 + 2.0% - - Eg\m . IsoScalar Giant monopole
19302811 1102.8 + 2-0: 4.71 £ 005: - resonance excitation energy (constrained)
Zr 783.9 £ 2.0%  4.27 4 0.05 ) E(I;SQR . IsoScalar Giant quadrupole
Isoscalar resonances resonance excitation energy (centroid)
Ecur MeV]  Egog [MeV] a,: Nuclear polarizability
208 1 >k 1 >k
90Pb 13.5 = 0.9 10.9 = 0.5 WL(l) - EWSR of IVGDR
/T 17.7 £ 0.5* -

Apy: Parity violating asymmetry

Isovector properties

ap [fm3]  m(1) [MeV fm?] Apyv (ppb) * Theoretical error

208Ph  19.60 + 0.60 961 £ 22 ool £ 18
48(Ca 2.07 £ 0.22 - 2668 + 113 1G. Colo, X. Roca-Maza, arXiv:2102.06562v1 [nucl-th] 3
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The need for emulation

— Computing all the observables — ~ 2 hours! R, [fm]

— Bayesian inference — 10%~7 model evaluations! °-29

!
O

2 h. x10°000°000 points...

Just too much time

Emulator
O
N
Ot

MADAI package?
(Emulator for Bayesian inference)

5.4/ 1 B
5.4 5.45 .9 D.99
Model

Thttps://madai.phy.duke.edu/
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Progressive marginalized posteriors
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Progressive marginalized posteriors

pdi

B.E.
Rch
/ T /\ B

pdf

pdi

pdt

pdi

pdt

pdi

/\ +Apy

VAN I T~ AU
NN~ = A ] N e
JANFANVANVANANEPANIZa W AN VANTIWE
VAN UPAN N~ A

@@@@&@@@%%%Qﬂ%%&\%&ﬁ&@

> o Ky [MeV ¢ L [MeV] Gy [MeV fm?®] G1 [MeV fm” mg/m
o [fm? Ey [MeV] 0 | | | | 0 | |G ]Wo MeV fm®] o/ m;/m



Corner plot and mean values
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Posterior observables means and uncertainties

| | B > > : [1,2) o,
‘/’texp — Hiheo ‘ In units of O, = Gexp T Otheo . [2,00) o,
Inference Experiment
Ground-state properties Ground-state properties
B.E. [MeV] R [fm] AFEso [MeV] B.E.' [MeV] R ? [fm]  AFEgo® [MeV]

“9*Ph 1636+ 1.8 5.494+0.03 2.34+0.16 208PL 1636.4 + 1 x 1073 5.50 + 0.001  1.96 + 0.05
¥Ca 417+1.2 3.51+0.02 1.92+0.20 8Ca  416.0 2 2x107° 3.48 +£0.002  1.72 &+ 0.05
WVCa 342+1.6 3.50+0.02 0Ca 3421 +£4x107° 3.48 & 0.002 -
561\[j 482 + 1.4 _ 56N 484.0 + 1 x 102 - -
68Ni1 590 4+ 1.0 _ 68Ni  590.4 + 4 x 104 - -
100q, 896 + 1.6 - 100G 825.2 =+ 0.25 - -
1329, 1103 +1.7 4.71 4+ 0.03 13280 1102.8 + 1 x 1073 4.71 + 0.002 -
N7 74 4+1.3 4.97 4+ 0.02 NV7Zr 7839+ 1x107* 4.27 £ 0.001 -

"Meng Wang et al 2021
Chinese Phys. C 45 030003

2Angeli et al., Atomic Data and
Nuclear Data Tables 99 (2013)

3Zalewski et al., Phys. Rev. C
77, 024316 (2008)



Posterior observables means and uncertainties

o — [1,2)
| Uery — Mipeo | inunits of 6, =4 /0, + 0,7, [2.00) 0,
Inference Experiment

[soscalar resonances [soscalar resonances

Evr MeV]| E%;SQR MeV] E%}SMR 2 [MeV] E%}SQRS MeV]|
“%phL 1354+ 0.3 10.84+ 0.4 208 P 13.5 + 0.1 10.9 + 0.3
NV7r  17.84+04 - N7 17.7 + 0.07 -

D. Patel et al., Physics Letters B 2Y.K. Gupta et al., Physics Letters B 3Youngblood et al., Phys. Rev. C

726 (2013) 760 (20106) 69, 034315 (2004)



Posterior observables means and uncertainties

| | f » » :[1,2) o,
| Uery — Mipeo | inunits of 6, =4 /0, + 0,7, [2,00) 0,
Inference Experiment
Isovector properties Isovector properties
ap [fm’] m(1) [MeV fm*] Apyv [p.p.b.] ap [fm°] m(1) [MeV fm?| Apv (ppb)
208pY, 19.5+ 0.5 958 + 22 589 + 5 208P,  19.60 + 0.60 961 + 22 550 + 18
*¥Ca 2.3040.08 - 2591 + 54 BCa  2.07 + 0.22 ; 2668 + 113

"Tamii et al., PRL 2Birkhan et al., PRL  3S. GORIELY et al., Phys. 4PREX Collaboration, Phys. SCREX Collaboration, Phys.
107, 062502 (2011) 118, 252501 (2017) Rev. C 102, 064309 (2020) Reuv. Lett. 126, 172502 (2021) Reuv. Lett. 129, 042501 (2022) 7



Structure of the presentation

Nuclear equation of state from nuclear experiments and
neutron stars observations

- Second Part: constraints on EoS from Neutron Stars observations
- Second Bayesian inference



Meta-Model nuclear equation of state

Meta-Model (M.M.): Taylor expansion of the nuclear equation of state around saturation

M.M.

l

Neutron star EoS

l

Neutron star observables!

"Margueron et al., Phys. Rev. C 97, 025805 (2018)



Second Bayesian inference:
Parameters & Constraints

Parameters and prior distribution:

Po> Eo, Ko, J, L, m(;k/m, m{k/m

K,

m
QO’ ZO’ stm’ Zsym
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Second Bayesian inference:
Parameters & Constraints

Parameters and prior distribution:
Po» Eo» Ko, J, L, m/m, m=/m Previous Posterior distribution

Kym K\ = Kyym(po» Eo» Ko, --.) — Not a free parameter!
Qo> Zo> sy Zsym Uniform distribution



Second Bayesian inference:
Parameters & Constraints

Parameters and prior distribution:

o> Eos Ko, J, L, m*Im,m*/m  Previous Posterior distribution
Koym Koom = Kom(Po» Eos Ko, ...)— Not a free parameter!
Qo> Zo> sy Zsym Uniform distribution

Observational constraints:

- Maximum observed mass of Neutron Star;

- Ligo-Virgo-Collaboration tidal deformability results;

- NICER mission simultaneous mass-radius
measurements

- Ab-initio computations of neutron matter at low density



Prior distribution

--- Ab-initio calculations
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Conclusions

- Bayesian statistical analysis on nuclear matter parameters with nuclear

experiments ;

- Skyrme ansatz

- Fit with observables of different types (ground state, giant resonances,...)

- Result: a robust posterior distribution of the (nuclear matter) parameters

- Our protocol could describe the observables we chose; the only tension is

with Ay, of 208Pb

- Bayesian statistical analysis on nuclear matter parameters with neutron star

observations:
- Final distribution of parameters informed by both nuclear physics and

neutron star observations!

12



(Gaussian process (GP) emulator

0.0 02 04 06 08 1.0 The MADAI package:
o - was built for GP applied to
- N\ bayesian inference
) — N\ - given the parameters prior
=° ‘ distributions, it automatically

N

builds the grid

- It does a MCMC to estimate
the posterior distribution

- It extracts parameters sample
following the posteriors

B

0.0 02 04 06 08 1.0
X (arb)

From MADAI user manual

B1



Emulator

Emulator
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Rep, [fm)] Ground-state properties
| ' Discrepancy Corr. coeflicient
B.E. Ry, AEso B.E. R.a, AEso
“CPb 0% 0% 0% 0.993 1.000 0.997
¥Ca 0% 0% 0% 0.998 0.999 0.998
VCa 0% 0% - 0.999 0.999 -
Ni 0% - - 0.99 - -
Ni 0% - - 0.994 - _
100G, 0% - - 0994 - _
* 9280 0% 0% - 0.992 1.000 -
0.4 V7r 0% 0% - 0.996 1.000 -

Isoscalar resonances

Discrepancy Corr. coefficient

E&ur E&or Eéur  EGor
Py 0% 1.0% 1.000 0.904
V7 0% - 1.000 -

Isovector properties

Discrepancy
D m(l) Apv D

Corr. coefficient

m(1)

Apv

18

19 20

BCa 0%

“CPb 0% 0%

0 % 0.988 0.9999 0.998

0 % 0.990 0.9992

Model
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b.r.,R_ only corner plot
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Equation of state and sound speed
posterior distributions
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Mass-Radius relation and A AN osterior distributions
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