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First Step:
- Bayesian inferences on nuclear matter parameters with constraints from nuclear 

experiments -> inclusion of of 

Second Step:
- Employing the results as basis for a second Bayesian inference,  this time with neutron 

stars observables as constraints.

APV, αD

A very coincise summary of my PhD
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Main Goal: 
- Find a reliable probability distribution of nuclear matter parameters that is informed both by 

nuclear  physics and astronomical observations.



Statistical analysis with Skyrme interaction
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Parameters of the model: nsat, Esat, Ksat, Esym, Lsym, m*s , m*v , Gs, Gv, w0

Nuclear matter parameters

Effective 
masses

Spin-orbit 
parameter

Surface term parameters

1-to1 correspondence with usual Skyrme’s parameters!

“hfbcs-qrpa1” code to compute observables from parameters

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



Observables used
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48 CHAPTER 2. BAYESIAN ANALYSIS AND MADAI

Table 2.18: Observables used for the fifth inference with their errors.

B.E. [MeV] Rch [fm] �ESO [MeV] E
IS
GMR [MeV]

Pb208 1636.4 ± 2.0 5.50 ± 0.05 2.02 ± 0.50 13.5 ± 0.5
Ca48 416.0 ± 2.0 3.48 ± 0.05 1.72 ± 0.50
Ca40 342.1 ± 2.0 3.49 ± 0.05
Ni56 484.0 ± 2.0
Ni68 590.4 ± 2.0
Sn100 825.2 ± 2.0
Sn132 1102.8 ± 2.0 4.65 ± 0.05
Zr90 783.9 ± 2.0 4.27 ± 0.05 17.7 ± 0.5

↵D [fm3] m(1) [MeV fm2] APV (p.p.b.) E
IS
GQR [MeV]

Pb208 19.60 ± 0.60 961 ± 22 550 ± 18 10.9 ± 0.5
Ca48 2.07 ± 0.22 2668 ± 113

Table 2.19: Parameters uniform prior intervals for the fifth inference.

w0 ext. L, K0, w0 ext.

⇢0 [fm3] ( 0.15 , 0.17) ( 0.15 , 0.17)
E0 [MeV] ( -16.50 , -15.50) ( -16.50 , -15.50)
K0 [MeV] ( 200.00 , 260.00) ( 180.00 , 260.00)
ESym [MeV] ( 26.00 , 34.00) ( 26.00 , 34.00)
L [MeV] ( 0.00 , 100.00) ( -25.00 , 100.00)
Gs [MeV fm5] ( 90.00 , 150.00) ( 90.00 , 150.00)
Gv [MeV fm5] ( -70.00 , 70.00) ( -70.00 , 70.00)
w0 [MeV fm5] ( 60.00 , 190.00) ( 60.00 , 190.00)
m

⇤

s [-] ( 0.70 , 1.10) ( 0.70 , 1.10)
m

⇤

v [-] ( 0.60 , 0.90) ( 0.60 , 0.90)

2.8 Fifth inference

This section is dedicated to the last inference I performed. We learned in subsection 2.7.2
that the choice of which and how many spin-orbit splittings are used in the inference impacts
appreciably the results of the fit.

Looking at Fig. 2.16, we see nonetheless that some parameters have their posterior truncated
by the limitations of the prior interval. The second spin-orbit parameter w2p0 does not even
show a peak and seems not to be constrained at all by our set of experimental data. For some
other parameters (m⇤

s and Gv) we have seen that further expanding the priors leads to numerical
instabilities which, at the present moment, I don’t know how to avoid. On the other hand, for
others (L, K0 and w0) there is no such problem and we can explore more broad priors.

Therefore, I performed two new inferences, one where I extended the prior interval of w0
(called ‘w0 ext.’), and another one where I extended those of L, K0 and w0 (called ‘L, K0,
w0 ext.’). Since it makes little sense to retain w2p0 in our analysis, both of these inferences
are performed with the sole spin-orbit parameter w0. The comprehensive list of observable +
relative error used and prior intervals are in Tables 2.18 and 2.19.

Let’s start with the validation and the results in Table 2.20. As we can see, the emulation
is almost perfect for all observables, the sole exception being 208Pb E

IS
GQR for the ‘w0 ext.’

inference, where the emulation is slightly worse. As for the results, the overall reproduction of

https://

2 h. x 10’000’000 points …
Direct bayesian inference unfeasible!

MADAI package
(Emulator for Bayesian inference) 

https://madai.phy.duke.edu/
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Posterior observables means and uncertainties
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Table 2: Validation and results comparison of the fourth inferences. See comments of ?? for the color legend.

Validation Results
w0 L, K0, w0 L, K0, w0 L, K0, w0 w0 L, K0, w0 L, K0, w0 L, K0, w0

new err. new err. 2 new err. new err. 2

B.E.
[MeV]

40Ca 0 % 0 % 0 % 0 % 342 ± 1.5 342 ± 1.5 343 ± 0.9 342 ± 1.1
1.00 1.00 1.00 1.00 342 ± 2.0 342 ± 2.0 342 ± 1.5 342 ± 1.5

48Ca 0 % 0 % 0 % 0 % 417 ± 1.1 417 ± 1.2 417 ± 0.7 417 ± 0.8
1.00 0.99 0.99 0.99 416 ± 2.0 416 ± 2.0 416 ± 1.2 416 ± 1.2

56Ni 0 % 0 % 0 % 0 % 482 ± 1.3 482 ± 1.4 483 ± 1.0 483 ± 1.0
1.00 0.99 0.99 0.99 484 ± 2.0 484 ± 2.0 484 ± 1.4 484 ± 1.4

68Ni 0 % 0 % 0 % 0 % 590 ± 1.0 590 ± 1.0 591 ± 0.6 590 ± 0.6
0.99 0.99 0.99 0.99 590 ± 2.0 590 ± 2.0 590 ± 1.0 590 ± 1.0

90Zr 0 % 0 % 0 % 0 % 784 ± 1.3 784 ± 1.3 784 ± 0.9 784 ± 0.9
1.00 0.99 0.99 0.99 784 ± 2.0 784 ± 2.0 784 ± 1.3 784 ± 1.3

100Sn 0 % 0 % 0 % 0 % 826 ± 1.6 826 ± 1.6 826 ± 1.3 826 ± 1.3
0.99 0.99 0.99 0.99 825 ± 2.0 825 ± 2.0 825 ± 1.6 825 ± 1.6

132Sn 0 % 0 % 0 % 0 % 1103 ± 1.6 1103 ± 1.7 1103 ± 1.4 1103 ± 1.4
0.99 0.99 0.99 0.99 1103 ± 2.0 1103 ± 2.0 1103 ± 1.7 1103 ± 1.7

208Pb 0 % 0 % 0 % 0 % 1636 ± 1.8 1636 ± 1.8 1636 ± 1.6 1636 ± 1.6
0.99 0.99 0.99 0.99 1636 ± 2.0 1636 ± 2.0 1636 ± 1.8 1636 ± 1.8

Rch [fm]

40Ca 0 % 0 % 0 % 0 % 3.49 ± 0.01 3.50 ± 0.02 3.49 ± 0.01 3.49 ± 0.01
1.00 1.00 1.00 1.00 3.48 ± 0.05 3.48 ± 0.05 3.48 ± 0.02 3.48 ± 0.02

48Ca 0 % 0 % 0 % 0 % 3.50 ± 0.02 3.50 ± 0.02 3.49 ± 0.01 3.50 ± 0.01
1.00 1.00 1.00 1.00 3.48 ± 0.05 3.48 ± 0.05 3.48 ± 0.02 3.48 ± 0.02

90Zr 0 % 0 % 0 % 0 % 4.26 ± 0.02 4.26 ± 0.02 4.25 ± 0.01 4.25 ± 0.01
1.00 1.00 1.00 1.00 4.27 ± 0.05 4.27 ± 0.05 4.27 ± 0.02 4.27 ± 0.02

132Sn 0 % 0 % 0 % 0 % 4.69 ± 0.02 4.69 ± 0.03 4.69 ± 0.01 4.69 ± 0.01
1.00 1.00 1.00 1.00 4.65 ± 0.05 4.65 ± 0.05 4.65 ± 0.03 4.65 ± 0.03

208Pb 0 % 0 % 0 % 0 % 5.47 ± 0.03 5.47 ± 0.03 5.46 ± 0.02 5.46 ± 0.02
1.00 1.00 1.00 1.00 5.50 ± 0.05 5.50 ± 0.05 5.50 ± 0.03 5.50 ± 0.03

EIS

GQR

[MeV]

208Pb 6 % 1 % 1 % 1 % 10.8 ± 0.4 10.7 ± 0.4 10.6 ± 0.3 10.8 ± 0.4
0.89 0.93 0.94 0.96 10.9 ± 0.5 10.9 ± 0.5 10.9 ± 0.4 10.9 ± 0.4

EIS

GMR

[MeV]
90Zr 0 % 0 % 0 % 0 % 17.8 ± 0.4 17.8 ± 0.4 17.9 ± 0.3 17.8 ± 0.3

1.00 1.00 1.00 1.00 17.7 ± 0.5 17.7 ± 0.5 17.7 ± 0.4 17.7 ± 0.4
208Pb 0 % 0 % 0 % 0 % 13.5 ± 0.3 13.5 ± 0.3 13.5 ± 0.2 13.5 ± 0.2

1.00 1.00 1.00 1.00 13.5 ± 0.5 13.5 ± 0.5 13.5 ± 0.3 13.5 ± 0.3

↵D [fm3]
48Ca 0 % 0 % 0 % 0 % 2.3 ± 0.1 2.3 ± 0.1 2.3 ± 0.1 2.3 ± 0.1

1.00 0.99 1.00 1.00 2.1 ± 0.2 2.1 ± 0.2 2.1 ± 0.2 2.1 ± 0.2
208Pb 0 % 0 % 0 % 0 % 19.5 ± 0.5 19.4 ± 0.5 19.4 ± 0.6 19.4 ± 0.6

1.00 0.99 0.99 1.00 19.6 ± 0.6 19.6 ± 0.6 19.6 ± 0.8 19.6 ± 0.8
APV

[p.p.b.]
48Ca 0 % 0 % 0 % 0 % 2571 ± 47 2582 ± 50 2583 ± 54 2583 ± 58

1.00 1.00 1.00 1.00 2668 ± 113 2668 ± 113 2668 ± 124 2668 ± 124
208Pb 0 % 0 % 0 % 0 % 587 ± 5 588 ± 5 589 ± 5 589 ± 6

1.00 1.00 1.00 1.00 550 ± 18 550 ± 18 550 ± 19 550 ± 19
m(1) IV
[MeV]

208Pb 0 % 0 % 0 % 0 % 957 ± 22 958 ± 22 953 ± 30 954 ± 31
1.00 1.00 1.00 1.00 961 ± 22 961 ± 22 961 ± 31 961 ± 31

�ESO

[MeV]
48Ca
(⌫2p)

0 % 0 % 0 % 0 % 1.91 ± 0.18 1.92 ± 0.19 1.70 ± 0.09 1.84 ± 0.16
1.00 1.00 1.00 1.00 1.72 ± 0.50 1.72 ± 0.50 1.72 ± 0.19 1.72 ± 0.50

208Pb
(⇡2f)

0 % 0 % 0 % 0 % 2.33 ± 0.15 2.34 ± 0.16 2.17 ± 0.09 2.33 ± 0.14
1.00 1.00 1.00 1.00 1.96 ± 0.50 1.96 ± 0.50 1.96 ± 0.16 1.96 ± 0.50
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1.00 1.00 1.00 1.00 2668 ± 113 2668 ± 113 2668 ± 124 2668 ± 124
208Pb 0 % 0 % 0 % 0 % 587 ± 5 588 ± 5 589 ± 5 589 ± 6
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0.99 0.99 0.99 0.99 1636 ± 2.0 1636 ± 2.0 1636 ± 1.8 1636 ± 1.8

Rch [fm]
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GQR

[MeV]

208Pb 6 % 1 % 1 % 1 % 10.8 ± 0.4 10.7 ± 0.4 10.6 ± 0.3 10.8 ± 0.4
0.89 0.93 0.94 0.96 10.9 ± 0.5 10.9 ± 0.5 10.9 ± 0.4 10.9 ± 0.4
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↵D [fm3]
48Ca 0 % 0 % 0 % 0 % 2.3 ± 0.1 2.3 ± 0.1 2.3 ± 0.1 2.3 ± 0.1
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m(1) IV
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3

Table 2: Validation and results comparison of the fourth inferences. See comments of ?? for the color legend.

Validation Results
w0 L, K0, w0 L, K0, w0 L, K0, w0 w0 L, K0, w0 L, K0, w0 L, K0, w0

new err. new err. 2 new err. new err. 2

B.E.
[MeV]

40Ca 0 % 0 % 0 % 0 % 342 ± 1.5 342 ± 1.5 343 ± 0.9 342 ± 1.1
1.00 1.00 1.00 1.00 342 ± 2.0 342 ± 2.0 342 ± 1.5 342 ± 1.5

48Ca 0 % 0 % 0 % 0 % 417 ± 1.1 417 ± 1.2 417 ± 0.7 417 ± 0.8
1.00 0.99 0.99 0.99 416 ± 2.0 416 ± 2.0 416 ± 1.2 416 ± 1.2

56Ni 0 % 0 % 0 % 0 % 482 ± 1.3 482 ± 1.4 483 ± 1.0 483 ± 1.0
1.00 0.99 0.99 0.99 484 ± 2.0 484 ± 2.0 484 ± 1.4 484 ± 1.4

68Ni 0 % 0 % 0 % 0 % 590 ± 1.0 590 ± 1.0 591 ± 0.6 590 ± 0.6
0.99 0.99 0.99 0.99 590 ± 2.0 590 ± 2.0 590 ± 1.0 590 ± 1.0

90Zr 0 % 0 % 0 % 0 % 784 ± 1.3 784 ± 1.3 784 ± 0.9 784 ± 0.9
1.00 0.99 0.99 0.99 784 ± 2.0 784 ± 2.0 784 ± 1.3 784 ± 1.3

100Sn 0 % 0 % 0 % 0 % 826 ± 1.6 826 ± 1.6 826 ± 1.3 826 ± 1.3
0.99 0.99 0.99 0.99 825 ± 2.0 825 ± 2.0 825 ± 1.6 825 ± 1.6

132Sn 0 % 0 % 0 % 0 % 1103 ± 1.6 1103 ± 1.7 1103 ± 1.4 1103 ± 1.4
0.99 0.99 0.99 0.99 1103 ± 2.0 1103 ± 2.0 1103 ± 1.7 1103 ± 1.7

208Pb 0 % 0 % 0 % 0 % 1636 ± 1.8 1636 ± 1.8 1636 ± 1.6 1636 ± 1.6
0.99 0.99 0.99 0.99 1636 ± 2.0 1636 ± 2.0 1636 ± 1.8 1636 ± 1.8

Rch [fm]

40Ca 0 % 0 % 0 % 0 % 3.49 ± 0.01 3.50 ± 0.02 3.49 ± 0.01 3.49 ± 0.01
1.00 1.00 1.00 1.00 3.48 ± 0.05 3.48 ± 0.05 3.48 ± 0.02 3.48 ± 0.02

48Ca 0 % 0 % 0 % 0 % 3.50 ± 0.02 3.50 ± 0.02 3.49 ± 0.01 3.50 ± 0.01
1.00 1.00 1.00 1.00 3.48 ± 0.05 3.48 ± 0.05 3.48 ± 0.02 3.48 ± 0.02

90Zr 0 % 0 % 0 % 0 % 4.26 ± 0.02 4.26 ± 0.02 4.25 ± 0.01 4.25 ± 0.01
1.00 1.00 1.00 1.00 4.27 ± 0.05 4.27 ± 0.05 4.27 ± 0.02 4.27 ± 0.02

132Sn 0 % 0 % 0 % 0 % 4.69 ± 0.02 4.69 ± 0.03 4.69 ± 0.01 4.69 ± 0.01
1.00 1.00 1.00 1.00 4.65 ± 0.05 4.65 ± 0.05 4.65 ± 0.03 4.65 ± 0.03

208Pb 0 % 0 % 0 % 0 % 5.47 ± 0.03 5.47 ± 0.03 5.46 ± 0.02 5.46 ± 0.02
1.00 1.00 1.00 1.00 5.50 ± 0.05 5.50 ± 0.05 5.50 ± 0.03 5.50 ± 0.03

EIS

GQR

[MeV]

208Pb 6 % 1 % 1 % 1 % 10.8 ± 0.4 10.7 ± 0.4 10.6 ± 0.3 10.8 ± 0.4
0.89 0.93 0.94 0.96 10.9 ± 0.5 10.9 ± 0.5 10.9 ± 0.4 10.9 ± 0.4

EIS

GMR

[MeV]
90Zr 0 % 0 % 0 % 0 % 17.8 ± 0.4 17.8 ± 0.4 17.9 ± 0.3 17.8 ± 0.3

1.00 1.00 1.00 1.00 17.7 ± 0.5 17.7 ± 0.5 17.7 ± 0.4 17.7 ± 0.4
208Pb 0 % 0 % 0 % 0 % 13.5 ± 0.3 13.5 ± 0.3 13.5 ± 0.2 13.5 ± 0.2

1.00 1.00 1.00 1.00 13.5 ± 0.5 13.5 ± 0.5 13.5 ± 0.3 13.5 ± 0.3

↵D [fm3]
48Ca 0 % 0 % 0 % 0 % 2.3 ± 0.1 2.3 ± 0.1 2.3 ± 0.1 2.3 ± 0.1

1.00 0.99 1.00 1.00 2.1 ± 0.2 2.1 ± 0.2 2.1 ± 0.2 2.1 ± 0.2
208Pb 0 % 0 % 0 % 0 % 19.5 ± 0.5 19.4 ± 0.5 19.4 ± 0.6 19.4 ± 0.6

1.00 0.99 0.99 1.00 19.6 ± 0.6 19.6 ± 0.6 19.6 ± 0.8 19.6 ± 0.8
APV

[p.p.b.]
48Ca 0 % 0 % 0 % 0 % 2571 ± 47 2582 ± 50 2583 ± 54 2583 ± 58

1.00 1.00 1.00 1.00 2668 ± 113 2668 ± 113 2668 ± 124 2668 ± 124
208Pb 0 % 0 % 0 % 0 % 587 ± 5 588 ± 5 589 ± 5 589 ± 6

1.00 1.00 1.00 1.00 550 ± 18 550 ± 18 550 ± 19 550 ± 19
m(1) IV
[MeV]

208Pb 0 % 0 % 0 % 0 % 957 ± 22 958 ± 22 953 ± 30 954 ± 31
1.00 1.00 1.00 1.00 961 ± 22 961 ± 22 961 ± 31 961 ± 31

�ESO

[MeV]
48Ca
(⌫2p)

0 % 0 % 0 % 0 % 1.91 ± 0.18 1.92 ± 0.19 1.70 ± 0.09 1.84 ± 0.16
1.00 1.00 1.00 1.00 1.72 ± 0.50 1.72 ± 0.50 1.72 ± 0.19 1.72 ± 0.50

208Pb
(⇡2f)

0 % 0 % 0 % 0 % 2.33 ± 0.15 2.34 ± 0.16 2.17 ± 0.09 2.33 ± 0.14
1.00 1.00 1.00 1.00 1.96 ± 0.50 1.96 ± 0.50 1.96 ± 0.16 1.96 ± 0.50

3

Table 2: Validation and results comparison of the fourth inferences. See comments of ?? for the color legend.

Validation Results
w0 L, K0, w0 L, K0, w0 L, K0, w0 w0 L, K0, w0 L, K0, w0 L, K0, w0

new err. new err. 2 new err. new err. 2

B.E.
[MeV]

40Ca 0 % 0 % 0 % 0 % 342 ± 1.5 342 ± 1.5 343 ± 0.9 342 ± 1.1
1.00 1.00 1.00 1.00 342 ± 2.0 342 ± 2.0 342 ± 1.5 342 ± 1.5

48Ca 0 % 0 % 0 % 0 % 417 ± 1.1 417 ± 1.2 417 ± 0.7 417 ± 0.8
1.00 0.99 0.99 0.99 416 ± 2.0 416 ± 2.0 416 ± 1.2 416 ± 1.2

56Ni 0 % 0 % 0 % 0 % 482 ± 1.3 482 ± 1.4 483 ± 1.0 483 ± 1.0
1.00 0.99 0.99 0.99 484 ± 2.0 484 ± 2.0 484 ± 1.4 484 ± 1.4

68Ni 0 % 0 % 0 % 0 % 590 ± 1.0 590 ± 1.0 591 ± 0.6 590 ± 0.6
0.99 0.99 0.99 0.99 590 ± 2.0 590 ± 2.0 590 ± 1.0 590 ± 1.0

90Zr 0 % 0 % 0 % 0 % 784 ± 1.3 784 ± 1.3 784 ± 0.9 784 ± 0.9
1.00 0.99 0.99 0.99 784 ± 2.0 784 ± 2.0 784 ± 1.3 784 ± 1.3

100Sn 0 % 0 % 0 % 0 % 826 ± 1.6 826 ± 1.6 826 ± 1.3 826 ± 1.3
0.99 0.99 0.99 0.99 825 ± 2.0 825 ± 2.0 825 ± 1.6 825 ± 1.6

132Sn 0 % 0 % 0 % 0 % 1103 ± 1.6 1103 ± 1.7 1103 ± 1.4 1103 ± 1.4
0.99 0.99 0.99 0.99 1103 ± 2.0 1103 ± 2.0 1103 ± 1.7 1103 ± 1.7

208Pb 0 % 0 % 0 % 0 % 1636 ± 1.8 1636 ± 1.8 1636 ± 1.6 1636 ± 1.6
0.99 0.99 0.99 0.99 1636 ± 2.0 1636 ± 2.0 1636 ± 1.8 1636 ± 1.8

Rch [fm]

40Ca 0 % 0 % 0 % 0 % 3.49 ± 0.01 3.50 ± 0.02 3.49 ± 0.01 3.49 ± 0.01
1.00 1.00 1.00 1.00 3.48 ± 0.05 3.48 ± 0.05 3.48 ± 0.02 3.48 ± 0.02

48Ca 0 % 0 % 0 % 0 % 3.50 ± 0.02 3.50 ± 0.02 3.49 ± 0.01 3.50 ± 0.01
1.00 1.00 1.00 1.00 3.48 ± 0.05 3.48 ± 0.05 3.48 ± 0.02 3.48 ± 0.02

90Zr 0 % 0 % 0 % 0 % 4.26 ± 0.02 4.26 ± 0.02 4.25 ± 0.01 4.25 ± 0.01
1.00 1.00 1.00 1.00 4.27 ± 0.05 4.27 ± 0.05 4.27 ± 0.02 4.27 ± 0.02

132Sn 0 % 0 % 0 % 0 % 4.69 ± 0.02 4.69 ± 0.03 4.69 ± 0.01 4.69 ± 0.01
1.00 1.00 1.00 1.00 4.65 ± 0.05 4.65 ± 0.05 4.65 ± 0.03 4.65 ± 0.03

208Pb 0 % 0 % 0 % 0 % 5.47 ± 0.03 5.47 ± 0.03 5.46 ± 0.02 5.46 ± 0.02
1.00 1.00 1.00 1.00 5.50 ± 0.05 5.50 ± 0.05 5.50 ± 0.03 5.50 ± 0.03

EIS

GQR

[MeV]

208Pb 6 % 1 % 1 % 1 % 10.8 ± 0.4 10.7 ± 0.4 10.6 ± 0.3 10.8 ± 0.4
0.89 0.93 0.94 0.96 10.9 ± 0.5 10.9 ± 0.5 10.9 ± 0.4 10.9 ± 0.4

EIS

GMR

[MeV]
90Zr 0 % 0 % 0 % 0 % 17.8 ± 0.4 17.8 ± 0.4 17.9 ± 0.3 17.8 ± 0.3

1.00 1.00 1.00 1.00 17.7 ± 0.5 17.7 ± 0.5 17.7 ± 0.4 17.7 ± 0.4
208Pb 0 % 0 % 0 % 0 % 13.5 ± 0.3 13.5 ± 0.3 13.5 ± 0.2 13.5 ± 0.2

1.00 1.00 1.00 1.00 13.5 ± 0.5 13.5 ± 0.5 13.5 ± 0.3 13.5 ± 0.3

↵D [fm3]
48Ca 0 % 0 % 0 % 0 % 2.3 ± 0.1 2.3 ± 0.1 2.3 ± 0.1 2.3 ± 0.1

1.00 0.99 1.00 1.00 2.1 ± 0.2 2.1 ± 0.2 2.1 ± 0.2 2.1 ± 0.2
208Pb 0 % 0 % 0 % 0 % 19.5 ± 0.5 19.4 ± 0.5 19.4 ± 0.6 19.4 ± 0.6

1.00 0.99 0.99 1.00 19.6 ± 0.6 19.6 ± 0.6 19.6 ± 0.8 19.6 ± 0.8
APV

[p.p.b.]
48Ca 0 % 0 % 0 % 0 % 2571 ± 47 2582 ± 50 2583 ± 54 2583 ± 58

1.00 1.00 1.00 1.00 2668 ± 113 2668 ± 113 2668 ± 124 2668 ± 124
208Pb 0 % 0 % 0 % 0 % 587 ± 5 588 ± 5 589 ± 5 589 ± 6

1.00 1.00 1.00 1.00 550 ± 18 550 ± 18 550 ± 19 550 ± 19
m(1) IV
[MeV]

208Pb 0 % 0 % 0 % 0 % 957 ± 22 958 ± 22 953 ± 30 954 ± 31
1.00 1.00 1.00 1.00 961 ± 22 961 ± 22 961 ± 31 961 ± 31

�ESO

[MeV]
48Ca
(⌫2p)

0 % 0 % 0 % 0 % 1.91 ± 0.18 1.92 ± 0.19 1.70 ± 0.09 1.84 ± 0.16
1.00 1.00 1.00 1.00 1.72 ± 0.50 1.72 ± 0.50 1.72 ± 0.19 1.72 ± 0.50

208Pb
(⇡2f)

0 % 0 % 0 % 0 % 2.33 ± 0.15 2.34 ± 0.16 2.17 ± 0.09 2.33 ± 0.14
1.00 1.00 1.00 1.00 1.96 ± 0.50 1.96 ± 0.50 1.96 ± 0.16 1.96 ± 0.50

5

|xexp − xinf | ∈ [2,∞) σc

σc = σ2
exp + σ2

inf |xexp − xinf | ∈ [1,2) σc
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where the spin-orbit potential Wq reads
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(3.19)

In asymmetric systems, the relation between the spin currents Jn and Jp and the gradient
of the densities is given by the solution of the 2 ⇥ 2 system of linear equations
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(3.20)

————– end copied —————

Solving the the full self-consistent problem would be too expensive computation-wise for our
Bayesian approach. Thus, the densities in (3.13) are not the solution of the minimization of the
ETF problem, but rather are parametrized spherical Wood Saxon profiles. This parametrization
is described in depth in [Phys. Rev. C 88, 045805 (2013)]3

n(r) = nr�cl(r) + nr�gas(r) =
n0

1 + exp
�
r�R
a

� +
ng

1 + exp
�
� r�R

a

�

np(r) = np, r�cl(r) =
n0, p

1 + exp
⇣

r�Rp

ap

⌘ (3.21)

where ng, n0, n0,p are respectively the free gas, the central baryonic and central proton densities,
R(p) are the radius parameters and a(p) are the di↵useness parameters. Note that there is no
free proton gas.

For our purpose, n0 and ng are the same as those listed as the independent variable of the
total energy density of the cell ⌦WS in (3.7). The other five parameters (R, a, n0, p, Rp, ap) are
to determined from the independent variables.

Let’s start with the central proton density n0, p

n0, p = n0

1 � �

2
(3.22)

where � is the bulk asymmetry, i.e., the local asymmetry at the cluster’s center. It is not
obvious a priori which is the appropriate value of �. A simple guess could be putting the bulk
asymmetry equal to the global asymmetry of the cluster,

� = �I = I (3.23)

Alternatively, one could require the cluster’s central density n0 to correspond to the satu-
ration density at asymmetry �. Thus

@eB(n, �)

@n

����
n0

= 0 (3.24)

leads to

n0 = nsat

✓
1 � 3Lsym�

2

Ksat +Ksym�
2

◆
(3.25)

3Hereafter referred to Papakonstantinou.
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where n is the total density of the system and the asymmetry factor F is a function of either
the asymmetry I or the proton fraction Yp = Z/A

Fm (Yp) = 2m�1
⇥
Y

m
p

+ (1 � Yp)
m⇤

, Fm(I) =
1

2
[(1 + I)m + (1 � I)m] (3.11)

In our scheme, we always compute the energy density as

"g = "g(n = ng, I = 1) (3.12)

Cluster energy

The cluster energy is computed as the di↵erence between two terms: the total energy of the
cell EWS minus the energy of the free gas. The energy of the cell is computed with a Skyrme
energy density functional, where this time the gradient and spin-orbit terms are not zero like
with homogeneous matter. To avoid a lengthy self-consistent computation, the kinetic and
spin-orbit densities have been approximated to the second order in ~2 within the extended
Thomas-Fermi approximation.

Thus the cluster energy reads

EWS =

Z

VWS

ESky
ETF (n(r), np(r))d

3r (3.13)

where n(r) and np(r) are respectively the total and proton densities. From (3.13) the energy
of the cluster

Ei = EWS � "g(ng)(VWS � Vcl) (3.14)

where Vcl is the volume occupied by the cluster.

————– copied —————

In the extended Thomas-Fermi approximation to second order in ~2, the kinetic density
reads
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Here, ⌧
L
q,2 is the second-order local term, ⌧

NL
q,2 is the second-order non-local term, and the

e↵ective mass factor fq = m/m
⇤

q is defined as

fq = 1 +
2m

~2 [(C⌧
0
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1
)nq + (C⌧

0
� C

⌧
1
)nq̄] . (3.17)

The spin-orbit current obtained at the same ~2 order in the semi-classical expansion is given
by

Jq = � 2m

~2fq
nqWq (3.18)

Skyrme EDF approximated within extended Thomas 
Fermi theory at second order in ℏ2

Parametrized density profiles for 
improved computational efficiency 

From CLDM to ETF


