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Nuclear data for astrophysics

100 p-process: ~2000 nuclei
N (v,n),(v,p),(y,0),n-,p-,a1-capture, B*
80 s-process: ~400 nuclei
(n,y), B-EC
60

rp,-vp process: ~200 nuclei

r-process: ~5000 nuclei
(n,7),(v,n), B~,Bdnfission, FFD

(p,Y),(n,p),B+EC

a-process: ~1000 nuclei
n-, p-, 0, v-capture, (y,x)

—
Li-Be-B
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M. Arnould & S. Goriely, Prog. Part. Nuc. Phys. 112, 103766 (2020)
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Energy density functionals (EDFs)
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e Typically ~ 15 parameters e More parameters (22/25)
e Advanced calculations e MF + pheno. calculations
— Orms(M) ~ 2-10 MeV | = Orms(M) ~ 0.6 MeV )

We are bringing the “structure” to the "astro” scale!

-
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Symmetry breaking; nuclear shapes

Spherical Prolate

One DOF: 85
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Symmetry breaking; nuclear shapes

Spherical Prolate Triaxial

9

Oblate

One DO S0 Two DOF: (Ba, ) or (8,7)
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mm breaking; nuclear shapes

Spherical Prolate Triaxial

Oblate

One DOF: Ao . Two DOF: (B, Bz) or (8,7)

2D 3D

Triaxial, RA

Reflection-asymmetric (RA)

Two DOF: By, B30
Three DOF: (8,7, 330)
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Symmetry breaking; time-reversal

Assumption of > 95% EDF calculations

T/HFB) = ¢'*|HFB)

— massively simplifies calculations
— implies (J) =0
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Symmetry breaking; time-reversal
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Symmetry breaking; time-reversal

E=/C””p(r)p(r)+---+/C“S(r)~S(r)+--~+/0”j(r)~j(r)+~-~ J

Assumption of > 95% EDF calculations

T/HFB) = ¢'*|HFB)

— massively simplifies calculations
— implies (J) =0

What is impacted by time-odd terms?
X Even-even g.s.
v Odd-N and/or Z g.s.
v Even-even excited states
v" Dynamics (QRPA, TDHF(B), ...)
Ve
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The models

BSkG = Brussels Skyrme on a GridJ

= GSk from last year

All fitted on 2408 masses! J
35661 (N
® 33 parameters ® 22 parameters ® 25 parameters

® 2D HO-basis ® 3D r-space ® 3D r-space
® Axial shapes ® Triaxial shapes ® Triaxial shapes
* (J)=0 * (J)=0 * (J)#0
® Published ® In press ® Preliminary

| | ® Vibrational corr.
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How do we fit > 20 parameters on 2408 masses efficiently?
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=\ /
® 3D 7-space solver ® 100s of Neural Networks
® Robust and quick ® Simulate MOCCa calculations
® Symmetry options ® Explore param space of C*7,. ..

MOCCa since 2020: new algorithms cimest) guarantee convergence for odd nuclei )
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All results shown were obtained with a full MOCCa calculation.
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Clarification

All results shown were obtained with a full MOCCa calculation.
None of the results shown have been extra/interpolated with machine learning.
Machine learning is only used to perform the interaction fitting.
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3 BSkG1 BSkG2

Mgy — My, (MeV)

0 40 80 120 160 0

10 80 120 160
Neutron number N

Neutron number N
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Neutron number N

Neutron number N

(0][¢] New
BSk27 | BSk32 | BSkG1 | BSkG2
Parameters 24 33 22 25
o(M) [MeV] | 0512 | 0.586 | 0.741 0.678
o(Sp) [MeV] | 0.425 | 0.489 | 0.466 0.500
o(Qp) [MeV] | 0.516 | 0.601 | 0.645 0.619
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Time-odd contributions

107

0.8¢ .°

Esyo (MeV)

50 100 150 200 250 300
Mass number A
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Mass differences

—- BSKGI  --- BSKG2 - Exp.
¢
Ca Sn Pb
=2 1
[}
= 1r .
B ¢ b
05—
*
_ ozt
=
£
IR ¥
.
22 M SR
4 i A
¥ WA
00750 100 150 200 250

Mass number A

Oid New
BSk27 | BSk32 | BSkG1 | BSkG2
o(M) [MeV] | 0.512 | 0.586 | 0.741 0.678
o(Sp) [MeV] | 0.425 | 0.489 | 0.466 0.500
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Charge radii

BSkG1 BSkG2

6 6r
5 5
£ &
3 4f 34
~ ~

3 3

3 i 5 6 3 i 5 6
Rc‘exp. (fm) Rn,exp. (fm)

BSk27 | BSk32 | BSKGI | BSKG2
o(M) [MeV] | 0512 | 0586 | 0.741 | 0.678
o(R,) [fm] | 0.028 | 0027 | 0.027 | 0.027

W. Ryssens (ULB) 16th of December 2021 15 /34



0.8
0.7 r
0.6 1
0.5

031
02+
01

00 1 L 1 L
0 50 100 150 200 250

Mass number A

08 T T T T T
0.7
0.6
0.5

031
02r
0.1r
0.0

-l L |
0 50 100 150 200 250

Mass number A
W. Ryssens (ULB) 16th of December 2021 16 /34




Triaxiality: where?

Energy gain due to triaxiality

— 25
100 f '- ;_//
' 2
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Triaxiality: comparison to experiment
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Heavy-ion collissions at LHC

probe triaxiality of 129Xel
B. Bally et al., arXiv 2108.09578[nucl-th]

v
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Magnetic moments

In isotopes, J™ =9/2%

6.8
6.61
Schmidt line
6.4F
6.2 ’""'"'_""“"“'"'"“"“'"-0--9. :-

6.0 L

Magnetic moment (py)

58 60 62 64 66 68 70 72 T4 76 78 80 82
Neutron number N

--- BSkG2 - ®- fio =2
-+ fio=0 % Exp.

Exp. data from A. Vernon et al., under review at Nature. DOI:10.21203/rs.3.rs-611360/v1 J
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Superdeformed rotational band in 1*‘Hg

JrEvEon —— BSkG2

160 I - f"() = 0

P —_ =2

— 1401 —— SLy5sl

B B — = -~--- Experiment
. E 120
<
: N ™ 100
80t
0.0 0.1 0.2 0.3 0.4 05
hw (MeV)
Exp. data from B. Singh, Nuclear Data Sheets 97, 241 (2002). J

SD-1 band
(1988Bu03,1994010)
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Triaxiality: fission

20py with BSkG1

— Axial

15.01

12.5

10.0t

7.1

Energy (MeV)

2.01

251

00 B L L | L I
—0.5 0.0 0.5 1.0 1.5 2.0

W. Ryssens (ULB) 16th of December 2021 21/34



Triaxiality: fission

20pPy with BSkG1
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Triaxiality: fission

20pPy with BSkG1

— Axdal
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BSkG2: improved fission barriers above Z > 90
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BSkG2: improved fission barriers above Z > 90

o Vibrational corr. offers 3 parameters
K1 S I T
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BSkG2: improved fission barriers above Z > 90

Vibrational corr. offers 3 parameters

10
Z 05
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= 0.5
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— 10
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2 00
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210
— 10
Z 05
2 00
7 0.5
g -10

BSkG1
BSkG2

138

142

146

150

Neutron number N

W. Ryssens (ULB)

® G.s. mostly unaffected
® Refit on 12 e-e Z > 90 barriers
® validated on 41 RIPL-3 barriers

MeV) BSkG1 BSkG2
a(M) 0.741 0.668
o(Er) 0.853 0.447
o(Err) 0.792 0.450
0(Fiso) 0.620 0.465

HFB-14 FR(L)DM
o(M) 0.729 0.560
o(Er) 0.591 0.763
O'(E[]) 0.717 n.a.
0(Eiso) 0.730 n.a.

v

HFB-14 from S. Goriely et al., PRC 75, 064312 (2007).
FRLDM from P. Méller et al., PRC 79, 064304 (2009).
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Conclusions & Outlook

We are bringing nuclear-state-of-the-art to large-scale modelling. J
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Conclusions & Outlook

We are bringing nuclear-state-of-the-art to large-scale modelling. J

Conclusion

® BSkG1: first global model with triaxial deformation

— competitive on o(M),0(R.)

— excellent reproduction of COULEX data on triaxial deformation
® BSkG2: first global model with time-odd terms

— competitive on o(M),0(R.)

— among the best for actinide fission barriers

— Analysis ongoing: new observables, new coupling ctes, ...

Qutlook
® Groundstate octupole collectivity
® Complete the fission model (G. Scamps, J.-F. Lemaitre)
— thousands of nuclei (ML!), fission yields and half-lifes

® Move into extended Skyrme forms (L. Batail, G. Grams and IP2l Lyon)

— t4/ts terms for stiffer EOS (with )
— N2LO for deformed shell gaps
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A taste of things to come

T
Beos(y) = B
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Bonus!
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More In isotopes

In isotopes, J™ = 1/2~
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Example of the collective correction: >*°Pu

rot.  CTUTTYT Evib. — rot. + E\rib.
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R-process

i ¢ (a) dynamical ejecta ——HFB-21
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Moment of inertias
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Charge density
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