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Seyler-Blanchard effective interaction
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The SB interaction was first developed in the 60’s and is a momentum- and 2-body semi-empirical
interaction, here supplemented by a density term to cope with higher order correlations (medium).

u(ri2, pr2) = C.Y (rig)l-a + B(pr2/ Pear)* — ¥(Peat/p12) + 0(2p/po)?’]

- > < > > - >
Yukawa : Non-satur. Momentum-dependence Density-dependent
Finite r-dependence Attractive Repulsive + attractive Repulsive

C=2T_,/p_ is the coupling constant of the interaction, with p_ = 3/(4x r,°) and r,=1.14 fm
P_., T . are the Fermi momentum and energy at saturation density

Normalized Yukawa function with a finite range a=0.59294 fm .
| e rn/é
Y(ry)= .
3
ri2/a

41 a
This is a phenomenological interaction requiring 6 parameters

a,,=35(1F&)a. Bu=30F0)B.  v.=3:(1F )y, o, =3(1F ()0,
where the indices /,u stand for like (-, pp,nn) and unlike (+,np) particles

4 are for the isocalar part: a, 3, y, O
2 for the isovector part: &, C

W.D. Myers, and W.J. Swiatecki, Nucl. Phys. A 601 (1996) 141
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Extended Thomas-Fermi model with SB interaction
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Using a semi-classical approach : extended Thomas-Fermi model

- 2 protons/neutrons per phase space cell, within a lattice with mesh r,=1.14 fm

- SB interaction between all nucleons (no gradient corrections),
- Coulomb repulsion (no exchange term but Slater approx.) between protons,
- Minimization of the total energy E=E,_+ E_+E__ by Metropolis sampling of the

nuc coul

proton, neutron positions and momenta on the TF lattice

We get ground-state masses (binding energies) corrected from pairing and Wigner terms
to compare with experimental masses : Audi & Wapstra’'s Atomic Mass Evaluation (AME).

a=1.94684, B=0.15311, y=1.13672, o=1.05
(. B=1.02811), ¢&=0.27976, (=0.55665, a=0.59294 fm.

| W.D. Myers, and W.J. Swiatecki,
Nucl. Phys. A 601 (1996) 141

Meutron number, N

rms deviations are obtained from the comparison with 1654 nuclei. The average rms deviation
over all considered nuclei is o= 0.655 MeV
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Ground-State Masses : experimental evaluation AME
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Ground-State Masses from Extended Thomas-Fermi

Theoretical (ETF with SB interaction from Myers & Swiatecki) R
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Part of HIPSE package for initialization: Seyler-Blanchard Interaction in a Thomas-Fermi Model with
Markov Chains Monte Carlo (MCMC) in a similar formulation as Myers & Swiatecki
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Qualification of the agreement @

2 n 9
?residual: XB — (1/n) Zz Op n=3070 (Z,N>10)
OB = (Bea:p,i - BSB,?J)/Bexp,i
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Bayesian Monte Carlo with gradient descent algorithm
Relative distance : A = (Bexp-Bssrri)/Bexp

For any parameter x; at iteration /
Tiv1 = T + ABi/A;
AB; = B; — B,

L

RN
et e el

sk

Stopping condition when

|Bexp-Bsereil < 500 keV

Initial sampling from uniform
prior distributions :

Xi=Xox 20 %
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Qualification of the agreement (ll) @

w2 residual : XQB — (1/n) Z? 0%3 n=3070 (Z,N>10)
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Qualification of the agreement (lll)

cCoSM
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GS properties : Neutron skins \ 2+

Arpy =< 12 >12 — <2 S1/2

e 208py, Arp, = 0.18 +0.04 fm
SBTF % 01 0 :neutrons
Nucleus < r2 >1/2 Arpp o Aryp £ o [ref] :_.5 . 08:protons \\
(fm) (fm) (fm) 5 0.06
YCa 3.35 -0.03+0.02 | -0.04-+0.02 [88, 90] = L \\\
*¥Ca 3.60 0.1640.03 | 0.1640.02 [89, 90] 0.04;
64 3.79 0.0120.02 -0.010.02 [87] B \\
68 7 4.01 0.19+0.03 0.19+0.01 [91] 00 \
100 g, 4.35 0.06+0.02 |  -0.08+0.01 [92] 000 b o L
116y, 4.66 0.1140.02 0.110.02 [93] 0 2 4 6 8 r(fm1)°
1208n 4.73 0.1440.03 0.15+0.03 [93] --
1826, 4.87 0.20£0.04 |  0.180.02 [94] Charge radii
208 py, 5.63 0.18£0.04 | 0.19+0.02 [87, 105] 5 ] 5 5
LT oIS Ty >k R, > ENIZ <R >
. _ . . . ; 2
6(Arnp) = 0.025 fm Spin-orbit: 0—-0.05fm——» + SO + +3/4M
From a large-scale analysis incl. 25 NM : Ar., = 0.029 fm
X. Roca-Maza et al., PRL 106, 252501 (2011)
Tension with PREX-II ?
Arpy = 0.00147Lgym + 0.101

Ary,, = 0.283 + 0.071 fm
= ., =57+10 MeV Loy — 1064 37 MoV
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Probability Density Functions (PDF) for SB parameters

Probability/0.0001 Probability/0.001 Probability/0.001

Probability/0.001

25,000 convergences performed
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0.05 i— J L\J\"
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10.1_3 1.1l32 1. 134L 1. 136 1.138 14 1.142 1.1I44‘\L 1.1:16 ;]‘48 1.15
“2=& isovector Mean 0.28
015 Std Dev  0.009421
0.1
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Probability/0.001 Probability/0.001 Probability/0.001

Probability/0.001

0.2

0.15

0.1

0.05

oo

e
=
o

o
-

0.05

=]

0.15

0.

-

0.05

0
0.1

e
h

o
=
o

=]
iy

0.05

So

|

oSN
= B Mean 0.1526
- isoscalar Std Dev  0.008617
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- o Mean 1.05
- Isoscalar J Std Dev  0.009233
1_ 1?01 1 02 .0 .05 1.06 1.6? 1.68 f.og 1.1
Poat (fm ) Mean 0.161
) Std Dev  0.0007801
iIsoscalar

—_—

0.159 0.6  0.161

0162 0.163 0.164 0165 0.166

56 0.157 0.158

i— C isovector Mean 0.5569

= Std Dev  0.009563

.5_1 0.I52 0. 53 0.54 0.57 0.58 [IISQ D.IB 0.61

Distributions with mean values and consistent standard variations...
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Results for

the nuclear EOS
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Derivation for Cold Nuclear Matter : Equation of State

—~ /
COSM P,

Total energy of a nucleus with neutron, proton densities at T=0

P = (/B 0,6)= (po/2) (),
E=|d’ &),

where
';ﬁ:Pn:'rJP{ﬁ‘ l"v='prIIPﬂ'-'
3 e
é(ry)= TD(PUJQ}g{‘I'f"' ' (Kinetic)

1 r 6 \ 3 apial | @2
=5 Tolpo/2) | dry [} 3 {1;—33@3 il _' —gﬁ]}

] - 6 3 il 2 Interaction (SB)
it o[ﬂu,’?]j e {II-EBFIPE +E}.ng‘:' _1 i 5"{ }

i 3 i s

o u'[Pu.rQ]J d’ry fB3W3 {’Iu—ﬁ B (D7 + 'a"%}*i-%'f“k';‘ 1*%i; }

i R
+5e€ lpu_f'.E}‘J il (Coulomb) (17)

12

- Integrals are trivial for uniform matter at T=0 (const. densities and step func.)

W.D. Myers and W.J. Swiatecki,
Annals of Physics 204, 401-431 (1990)
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Derivation for Cold Nuclear Matter : Equation of State

/
oo — @ Y,
P

Neutron (6 = 1) and symmetric nuclear matter (6 = 0) EoS: ¢(p,0)=E(p,d)/[E_, [29]
o 3

(

3 y
e(p,0) = =(1 —~)Q% — —Q3 + _BQ?®
4 (’O ) g( FY) 2 D 6 ‘ Eﬁy?n(.‘o) :E(pzl}_f(pao)
kiﬁ(pj 1] = 5#."?(1 — ) — ) 4 gszEQ‘ﬁ
f # parabolic approx. in &
Q= (p/psat)® K = 21/3 see J. Margueron’s talk
B = ﬁ T %g 3 9 32
B = B + %fﬂ By Teat = F}{h —1+~v1+¢/k—1/k)}Q
+“—'5.s’33 + §{h—,2(1 —¢) - 1}BOY®
e
Kind of EoS a (Q%) b (%) ¢ (%)
Neutron (6 = 1) 0.44882  -0.35055  0.13674

Symmetric (§ = 0) -0.08203  -0.97342  0.61687
Asymm. (§ = 0.282) -0.0171 -0.95176  0.59882
Isovector Esym 0.79443 0.27232  -0.18275
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EoS for Cold Nuclear Matter : isoscalar and isovector terms

- e — o /./'
100,000 EOS computed from mean values and std deviations of SB parameter PDFs :
Isoscalar & Neutron Isovector
< 180 : : — 80 : :
= L . :
% ure Neutron Matter E I Calculations 2 psat, 4 6 I\ /IeV
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EoS for Cold Nuclear Matter : isoscalar and isovector terms

100,000 EOS computed from mean values and std deviations of SB parameter PDFs

Isoscalar & Neutron |sovector
% 1807 ; ; / % 80_ Exp;ariments‘;
I | Pure Neutron Matter -
= 1600 PNM =3 B FOPI/LAND
< i | SBTF + 16/20 D 70/ |11 | Asy-EOS
L 140; ¥-EFT (NLO) + 15 E HIC
[ | e BSk31 / B |1AS
L 60__ Zhang
120 | = GSk2 i Brown
|| = SLy4/APR L
100f S0¢
80F 40+
) i
L 30 Calculations
i SBTF + 10/20
4 N
0 I SNM - L-EFT (N°LO) + 1o
B 20_ %232323 Saturation + 1o
O £ S i Meta-EoS + 1o
""" SBTF # T6/20 101 s PAL asy-stiff
k] Saturation + 1o = PAL asy-soft
Meta-EoS + 1o i = Sly4/APR .
T T e T L 0?'|\|||\|\|\|\|||\|\||||\|\||\|\||||\|||\|\|
0 05 1 15 2 25 3 35 4 45 5 0 05 1 1.5 2 2.5 3 3.5 4 4.5 5
p/psat p/psat

Phase transition at high p ?
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EoS empirical parameters from SBTF : isoscalar

100,000 EOS computed from mean values and std deviations of SB parameter PDFs

Taylor expansion of energy around psa:  e(n0,n1) = eis(no) + 8%ei(no).

Saturation Energy (MeV) Incompressibility Modulus
T 0.08fF _15.8 < F
= : Mean % 0.005 Mean 237
= 0.07F Std Dev  0.4986 2 E Std Dev 11
- g - 0.03F
S 0.06F = 2
= E = 0.025F
= 0050 S :
F =]
8 ; S 0.02F
S 0.04F a g
o r F
0.03F 0.015:—
9_02:_ 0.01
0.01 0.005F-
DE....l.. nnnnllnnnnllog [ P T R T L
-9 -18 -17 -16 -15 -14 13 0200 220 240 260 280 300
Q. Z,, (MeV)
T E Mean -200 - E Mean 236
3 006F > 0.04F
2 . Std Dev  26.06 2 : StdDev 4678
T 0.05F w 0.0351
= L - o
= C £ 0.03F . .
5 0o0af 2 ot Higher orders in p (QsavsymZsavsym) rule
[=] - [=] : o - - -
€ 003f £ ooob the high density region p > 3 psa
0.02f- 0.015;—
. 0.01F
0.01- 0.0055
Fovon b v bueed b b L T Ly P I o I IS I I = TV PP BN
—%00 -350 -300 -250 -200 -150 -100 —éﬂ (Me\l? GG 50 100 150 200 250 300 350 400 450 500
'sal J_ .j 1 3 l
= 2 4
€y = E.rm 5 EKmr-x T ngarI + Ez.vafx g iiicy (2}

1 1 1
€y = E.';ym .= L.fymx + EKS’IWH-XE + 3 Q.'-‘}'mv’f3 T 472?}-'171-’54 Ty
X = (p-psa)/(3psay)
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EoS empirical parameters from SBTF : isovector @

100,000 EOS computed from mean values and std deviations of SB parameter PDFs

Taylor expansion of energy around psa:  e(no,n1) = eis(no) + 8%ein(no).

Symmeiry Energy (Me\) Slope (MeV)
= 0.035:— =004 - -
2 owl :":a; 13:0‘2 % oot Mean 5847\ Higher orders in p (Qsatsym, Zsavsym) rule
[¥s) = 1 . — - - -
S oot = : Subev 1005/ the high density region p > 3 psa
B oo2f E
o C 2
£ ooisE &
o
0.005 -
ok 2
Koy (MEV) Q,, (MeV)
T oosf Mean  —153.1 T MME Mean  243.1
2 E 2 oot
2 o004 Std Dev  24.02 R Std Dev  37.95
= E z ’
E 00af E 0.025
£ E g ooz
002 0015
00 - o.01E
' E_ 0.005
LY — - =150 00
Zym (MeV)
= £ Mean -297.3 J_ l 3 l 4
Z 0035 SdDev 6431 2
5 omE €is = E.mr 7+ _Ksar-x o _.,Qsarx =+ jzsarx T (2)
2 3! 41
2 b 1 1 1
£ E _ 3 4
LOIS E- €jy = E':_},-‘m + L.';_},-‘mx + _Kfymxz + 2 stmx + _IZ*;}-'mx T ey
0.01 i— 2 3 g 4 :
0.005 i—
j: X = (0-Psa)/ 3 Psat
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EoS empirical parameters : isoscalar + isovector terms @

Taylor expansion of energy around n, (o__):

1 1 1
E(H{],H]) = €y (Hﬂ) + 3231:'1? (ﬂﬂ'). €is = Lisar + EKsarxz o igmrlﬁ = azsm‘-x4 sy (2)
1 1 1
X = (p-psat)/3psa €y = Esym + LoymX + ixsymxz + QoymX + asz‘ + s

B

Third and fourth order param. Q,Z
could be likely uncertain due

to the extrapolation to high
densities p >> Zpsat ...

Ksat (2) 237 + 11

Zsat (4) 236 +47

Loym (1) 58.5 + 10

+
Qsym (3) et It is here TRUE values for isovector EP !
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Gaussian Process Regression : non-linear & bayesian

Polynomial regression

Finding a function f to solve y=f(x) ...

2.0 - . T . -1.0}F i

15 . -15+-Only one function and value... I

[l L 1 L L
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= ; I] |Iu 1|.-'. Elu . <y>, Oy
. \ p(yIx)

... given the red points x|

Infinite number of functions...

L L 1 L

Gaussian Process Regression 5 o s

X

Probabilistic (bayesian) inference
Gaussian Processes for Machine Learning

C.E. Rasmussen & C.K.l. Williams, MIT Press (2006) Find the best non-parametric solutions
www.Gaussi1anProcess. Org/gpml and quan“fy thelr dispersion

Olivier LOPEZ, LPC Caen (lopezo@Ilpccaen.in2p3.fr), NUSYM23


mailto:lopezo@lpccaen.in2p3.fr

GPR : Step by Step Matérn kernel \

g:mi.mpi///
1 posterior Yo N\ .
C,(d) = ¢* V2r— | K, | v2v— |,
I'(v) P Y
100
.¢. Exp. data GPR: L = 55.7+/—0.0 MeV
GPR: K= —246.1+/—0.0 MeV

801
__ 60]
>
[
=
:5: R? =0.9678
wn 40/ RMSE =1.86 MeV

201

Optimum Kernel:
41.8*%2 * RationalQuadratic(alpha=2.95, length_scale=1.44)
0 . : : .
0 1 2 3 4 5
P/Psat
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GPR step by step Matérn kernel @

50 posteriors Yo N\ .
C. {d} - 02 \/2__ K, \/2__ )
I'(v) P P
100 |
.¢. Exp. data GPR: L = %4.8 +/—12.9 MeV
GPR: K= —62.44+4/-195.5
80
__ 60 7 e ——
S
[
=
E R? =0.9804
n 40/ RMSE =1.13 MeV
201
Optimum Kernel:
47.5**2 * Matern(length_scale=2
0+ ! :
0 1 2 3 4 5
P/ Psat
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Gaussian Process Regression Matérn kernel ) (@/

21-v d d
C,(d) = ¢* V22— | K. | v2u— |, o
o tw \"™ ’
50,000 posteriors trained on 10 exp. points
100
- <GP> GPR: L= 57.3 + /- 13.84¥e%
<GP> +20 GPR: K= —104.6+/—-195.0 Me,/
mm <GP> x10 |
80| 4 Exp.data y
__ 60
>
)
2
§ R? =0.9804
%) 40- RMSE =1.13 MeV
20
Optimum Kernel:
47.5%%2 * Matern(length_scale=2.42, nu=2.5)
0 1 2 3 4 5

P/Psat
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EoS for Cold Nuclear Matter : isovector part @
50,000 posteriors trained on 10 exp. points

100
— < GP> GPR: L=  57.4+/—13.8 MeV

<GP> +2g  GPR:K= —103.8+/-193.5 MeV
— <SBTF>

80 B <SBTF> *x20
4 Exp. data

60

R? =0.9804
RMSE =1.13 MeV

S(p) (MeV)

40

20

Optimum Kernel:

47.5%%2 * Matern(length_scale=2.42, nu=2.5)

2 3 4 5
P/ Psat

0 1

~ GP and SBTF are in agreement up to p = 3p__
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Benchmark @

50000 posteriors trained on 10 exp. points

1001
- <(GP> GPR: L = 57.3 +/=13.8 MeV

 <GP> t1o

801 4 Exp.data W. G. Lynch, and M. B. Tsang,
Phys. Lett. B 830, 137098 (2022)

60
>
]
2
—_ 2 =
3 R 0.9804
wn RMSE =1.13 MeV
40
20

Optimum Kernel:

47.5%%2 * Matern(length_scale=2.42, nu=2.5)

1 2

P/ Psat

n 2 = = .
RMSE = Z yz) R _ Variance e:-:plamed. by the model
Total variance

1=1
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GPR : Jsym - Lsym- Ksym 2D correlations — Ellipse plots ¢

- — o
szm - Lsym Lsym = Ksym szm = Ksym
Mean W= 32 4 o7 32.4
-104 -104
Covariance 2= (1.8 13 255 1472 -33
13 255 1472 51633 33 51633
100 600
600 s
20 400
400
80
200 500
70
E 0 0
= 60
s
B 50 —200 —200
—400
&0 —400
30 —600
Positive correlation p = 0.61 =800 Positive correlation p = 0.41 (Almost) no correlation p =-0.09
298 30 32 34 36 38 20 40 60 80 100°9%s 30 32 34 36 38

Jsym (MeV) Lsym (MeV) Jsym (MeV)
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Comparison with experimental and theoretical constraints

e

100 T - T - T T |

Constraints on S, L

80

GP-B : Gaussian process BUQ-EYE

C. Drischler, R. J. Furnstahl, J. A. Melendez
and D. R. Phillips, PRL 125, 202702 (2020)

60

40

Slope Parameter L [MeV]
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Comparison with experimental and theoretical constraints

e

100 T - T - T T |

Constraints on S, L

Gaussian Process Regression
1o ellipse

80

GP-B : Gaussian process BUQ-EYE

C. Drischler, R. J. Furnstahl, J. A. Melendez
and D. R. Phillips, PRL 125, 202702 (2020)

60

40

Slope Parameter L [MeV]
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Comparison with experimental and theoretical constraints @

100 T T T ! I
Constraints on Jsym - Lsym

Gaussian Process Regression
1o ellipse, Episode |

30

Slope Parameter Ly, [MeV]

GP-B : Gaussian process BUQ-EYE

C. Drischler, R. J. Furnstahl, J. A. Melendez
and D. R. Phillips, PRL 125, 202702 (2020)

60

40 SBTF in the 20 confidence level area

deduced from Gaussian Process GP-B

Fully consistent with the previous analysis
with GPR

UG Analytic
S>>

-~

Agrees with most of the experimental +

theoretical constraints for L.

l-....-
—
i
——

- szm

Symmetry Energy J;,,, [MeV]
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Comparison with experimental and theoretical constraints @
casn
But PREX Il ?

Lsym = 106 + 37 MeV
Jym = 38.4 + 4.2 MeV

100 T T T T T
Constraints on Jsym - Lsym

o must be reduced !

30

1o
B.T. Reed et al., PRL 126 (2021) 172503

20

Slope Parameter Ly, [MeV]

GP-B : Gaussian process BUQ-EYE

C. Drischler, R. J. Furnstahl, J. A. Melendez
and D. R. Phillips, PRL 125, 202702 (2020)

60

40 SBTF in the 20 confidence level area

deduced from Gaussian Process GP-B

Fully consistent with the previous analysis
on GP

UG Analytic
S<—>

-.....-
—
i
—

Agrees with most of the experimental +
theoretical constraints for L_

ym - szm

Symmetry Energy J,, [MeV]
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EoS empirical parameters : isoscalar + isovector terms @
50,000 EoS “
Taylor expansion of energy around n, (o__):

e(no,n1) = eis(no) + 8ein(no). e, = E. + %Km,xz + %me -+ dri‘Zmch4 + ..., (2)
. L. m .
Ciy = Lysym + LgymX + EKsymxz + ? stmx £y stymx + ...

X = (0-Psa)/3Psat

B

Third and fourth order param. Q,Z
are likely uncertain due

to the extrapolation to high
densities p >> Zpsat ...

Ksat (2) 237 + 11

Zsat (4) 236 +47

B i ST e

Qsym (3) 243 + 38
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EoS for Cold Nuclear Matter, experimental constraints @

Esat (0) -15.8+ 0.5 -15.8 + 0.3
Ksat (2) 237 +11 230 + 20
Qsat (3) -200 * 26 300 *+ 400
Zsat (4) 236 +47 -500 + 1000
Jsym (0) 325+1.2 32.5+2 32.5+2
Loym (1) 585 + 10 57 +14 60 + 15
Ksym (2) -153 + 24 -104 * 194 -100 * 100
Qsym (3) 243 + 38 100 + 400
Zsym (4) -297 + 64 -500 + 1000

- Semi-classical approach : extended Thomas-Fermi Model with Seyler-Blanchard interaction
- Plausible set of EOS obtained from a bayesian analysis based on ground-state masses (AMEZ2020)
- EOS empirical parameters consistent with all experimental results but PREX I/II

* Extracted from Table VIl ibid J. Margueron, R. Hoffmann Casali, and F. Gulminelli
Phys. Rev. C 97, 025805, 025806 (2018).
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Conclusions

- SBTF agrees with GPR up to 2ps.: with experimental / theoretical estimates
- Adjusted to the latest atomic masses evaluation AME2020

- Dedicated gradient descent algorithm has provided a kind of bayesian
analysis on SB interaction parameters and has defined the theoretical uncertainties

- Following Myers & Swiatecki’s work, PDF EOS empirical parameters have been
derived accordingly

- For the isoscalar empirical parameters (95% CL, 20 ) :

E_=-158%1.0 MeV, K_, =237 22 MeV,
Qsac = -200 £ 52 MeV , Z = 236 + 94 MeV

- For the isovector empirical parameters (95% CL, 20 ) :
szm =32.5+2.6 MeV, Lsym = 58.5 + 20 MeV,
Ksym =-153 £ 48 MeV , Qsym =243 + 76 MeV , Z,, = -297 + 128 MeV

Results are consistent with (almost) all known experimental and
theoretical constraints including non-linear regressions (GPR/GP-B)

But agreement with PREX/CREX results ?

- uncertainties should be reduced... PREX / CREX/ ASY-EOS, ...

Olivier LOPEZ, LPC Caen (lopezo@Ilpccaen.in2p3.fr), NUSYM23
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The end

Epilogue :
Taylor expansion for EOS still valid at high p, especially for p > 20sa ?

Can we assess a possible phase transition at large densities
from HIC and/or NS ??
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EoS for Cold Nuclear Matter : isovector part @

SBTF : 50,000 EOS computed from bayesian inference using AME2020 + charge radii
GP . Gaussian Process with Matérn kernel trained on 10 experimental data

100
- <(GP> GPR: L = 57.4+/-13.8 MeV
<GP> +20 GPR: K= —103.8+/—193.5 MeV
m— <SBTF>
801 B <SBTF> *x20
4 Exp. data
__ 60
>
[}
=
— 2 =
3 R 0.9804
RMSE =1.13 MeV
" 40 £
20
Optimum Kernel:
47.5%%2 * Matern(length_scale=2.42, nu=2.5)
0-
0 1 2 3 4 5
P/ Psat
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EoS for Cold Nuclear Matter, experimental constraints @

Esat (0) -15.8+ 0.5 -15.8 + 0.3
Ksat (2) 237 +11 230 + 20
Qsat (3) -200 * 26 300 *+ 400
Zsat (4) 236 +47 -500 + 1000
Jsym (0) 325+1.2 32.5+2 32.5+2
Loym (1) 585 + 10 57 +14 60 + 15
Ksym (2) -153 + 24 -104 * 194 -100 * 100
Qsym (3) 243 + 38 100 + 400
Zsym (4) -297 + 64 -500 + 1000

- Semi-classical approach : extended Thomas-Fermi Model with Seyler-Blanchard interaction
- Plausible set of EOS obtained from a bayesian analysis based on ground-state masses (AMEZ2020)

- EOS empirical parameters consistent with all experimental results incl. GPR but PREX I/l

* Extracted from Table VIl ibid J. Margueron, R. Hoffmann Casali, and F. Gulminelli
Phys. Rev. C 97, 025805, 025806 (2018).
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Results

Jsym (0) 325+2 325+2 35.3+2.8
Lsym (1) 57+ 14 60 + 15 79.5 + 38
Ksym (2) -104 + 194 -100 + 100 47 + 252
Density pcc (fm?) 0.075 *+ 0.007 0.069 + 0.006
Proton fraction Y. 0.027 + 0.005 0.021 £ 0.005
Pressure P.. (MeV/fm?3) 0.32 +0.05 0.33 +0.05

- GPR results compatible with current (experimental) estimates

* Extracted from Table VIl ibid J. Margueron, R. Hoffmann Casali, and F. Gulminelli
Phys. Rev. C 97, 025805, 025806 (2018).

** J. Estee et al., Phys. Rev. Lett. 126, 162701 (2021)
***W. G. Lynch, and M. B. Tsang, Phys. Lett. B 830, 137098 (2022)
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Charge radii (

From the rms proton density < ?"i >
<ry >m<r,>+<R,>+N/Z<R.,> wih: <R} >=0.7080 fm’
+ SO +3/4M? < R? >= —0.117 fm?

Ar., = 0.029 fm over 706 nuclei with Z =8 - 96

Spin-orbit contribution : 0 — 0.05 fm

I. Angeli, and K.P. Marinova, Atomic Data and Nucl.

Data Tables 99, 69-95 (2013).
From in-source resonance-ion laser spectroscopy at ISOLDE:

SBTF

< 12, (22Hg) >= 29.8870 fm? < 17, c0p(*2Hg) >= 29.8592 fm”
< r?,(*Hg) >= 30.1829 fm? <7}, .., (*"®Hg) >= 30.0712 fm?
< 12, (28Hg) >= 30.3326 fm? < 72, .., (**®Hg) >= 30.2862 fm’

T. Day Goodacre, et al., Phys. Rev. Lett. 126, 032502
(2021).
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Non-parametric regression: Gaussian Processes (GP)

Taking advantage of the experimental estimates from literature
-~ W. G. Lynch, and M. B. Tsang, Phys. Lett. B 830, 137098 (2022)

\ o @)

> High density p / psa:>1 : 2 mean values + 10 uncertainties

FOPI-LAND  P. Russotto et al., Phys. Lett. B 697, 471 (2011) . elliptic flow
ASY-EOS P. Russotto et al., Phys. Rev. C 94, 034608 (2016) : elliptic flow
SaRIT J. Estee et al., Phys. Rev. Lett. 126, 162701 (2021) : a'/m ratio

Esym([1.45%0.2]psa) = 52 * 13 MeV, Esym([210.25]psa;) = 56 * 15 MeV

> Saturation density p /p_=1:1 combined value + 10 uncertainty

J. Margueron, R. Hoffmann Casali, and F. Gulminelli, Phys. Rev. 97, 025806 (2018).
Large body of theoretical predictions based on nuclear masses

E__([1*0.1]p_) = 32.5 2 MeV

sym
> Low density ps./5 < p / psar<1 : 6 mean values + 10 uncertainties

P. Danielewicz and J. Lee, Nucl. Phys. A 922, 1 (2014) . Isobaric Analog States

M. B. Tsang, et al., Phys. Rev. Lett. 102, 122701 (2009) : Isospin diffusion

B. A. Brown, Phys. Rev. Lett. 111, 232502 (2013) : GS for doubly magic nuclei
Z. Zhang, and L. W. Chen, Phys. Lett. B 726, 234 (2013) : neutron skins

E,,,, ([0.21%0.11]p ) = 10.1 + 1.0 MeV, E_, ([0.31%0.03]p,,)=15.9 + 1.0 MeV
E.,,. ([0.43%0.05]p_,) = 16.8 £ 1.2 MeV, E,,., ([0.63%0.03]p,.) = 24.7 £ 0.8 MeV
E., . ([0.66%0.04]p ) =25.5*1.1 MeV, E_ _ ([0.72%0.01]p )= 25.4*1.1 MeV

> Limit boundary (no uncertainty) : E_ (0)=0 %0 MeV
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