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5. Summary and outlook

* Nuclear masses are one of the most relevant input for nucleosynthesis calculations, in

particular for the r-process.

 Masses (separation energies) affect significantly (n,y) capture rates, (y,n)

photodissociation reactions and Q-values for 3-decay.
e Only few nuclei are/will be experimentally explored in the relevant region for r-process

nucleosynthesis = we require theoretical predictions.
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» First calculations for heavier -closed shell- nuclei with chiral NN+3N hamiltonians
» Systematics is well reproduced at this level.

» Improvements are in progress (3N at N3LO, adjust the 3N, 4N terms, ...)
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e Self-consistent mean field
approximations provide a very
good description of known data.
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.-

e Effective nucleon-nucleon interaction:
Gogny force (D1S-D1M) that is able to describe properly many phenomena along the
whole nuclear chart.

2
V(1,2) = e (M=T)/W (W, 4+ B;P — H;P" — M;P’P")
1=1

+iWo(0’1 —+ O'Q)k X 5(7?1 — 7?2)]-6 —|—t3(1 -+ xOP")cS(f’l — Fg)pa ((771 + 772)/2)

_|_VCoulomb (7?1 . 7?2 )
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1. Introduction

e Effective nucleon-nucleon interaction:
Gogny force (D1S-D1M) that is able to describe properly many phenomena along the

whole nuclear chart.

2
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+Vcoulomb (7'17 TZ) Coulomb term

e Methods of solving the many-body problem: Variational approaches

= Parameters of the effective interaction are fitted to reproduce experimental data solving the
many-body problem at certain level of approximation (mean field normally).
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Hartree-Fock-Bogoliubov (HFB)

Variational space: {]@(c]»} set of product-type wave functions which fulfill:

e Quasiparticle vacua: [ (@ |(I) (§D> =0

e Most general linear combination of the : :

o | . () = E Uik (q)c; + Vik(@)c
arbitrary single particle basis: l
» Fermionic operators: {al (@, aw (@)} = dues {al (@), ol (D} = {an(@), ar (@)} = 0
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Hartree-Fock-Bogoliubov (HFB)

Variational space: {]@(c]»} set of product-type wave functions which fulfill:

e Quasiparticle vacua: [ (@ ‘(I)(Q” =0

e Most general linear combination of the : :

o | . () = E Uik (q)c; + Vik(@)c

arbitrary single particle basis: l

» Fermionic operators: {al (@), (@} = S {a (@), (@)} = {on(@), o (D)} = 0

Variational principle: 5 [ETFB(7) = (B()|H — AW N — Ay Z — hO|D —0

principle: 5| £ (q) = (@(@|H ~ AN~ A2 =X Qle(@)]

AN (D) = (@(9)IN|2(7) = N
\z(q) = (2(DNZ|2(q)) = Z
Ag(@) = (®()|QP(D) = ¢
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Hartree-Fock-Bogoliubov (HFB)

Variational space: {]CI)(c]»} set of product-type wave functions which fulfill:

e Quasiparticle vacua: [ (@ \(I)(gj)) =0

e Most general linear combination of the

arbitrary single particle basis:

(@) =D U(De] + Vie(er
[
+ Fermionic operators: {ab(@, o (D)} = b {aL (@), o (D)} = {ox(@), an (@} =0

Variational principle: & [E™MFB(g) = (&(q)|H — AN — Az Z — 3;Q|® -
iationa pArlnC|pe { (@) = (P(Q)| AN Az AR @>Lq>(q)>=|HFB(q>> 0
AN(9) = (B(Q)IN]®(q)) = N

Az(q) — (®(9) Z:\<I>(CD> =7

A(D) = (@I = 7 EUFB(q) = (®(q)|H|®(q))
‘HFB(CD> Product Type
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Hartree-Fock-Bogoliubov (HFB)

Variational space: {]CI)(c]»} set of product-type wave functions which fulfill:

* Quasiparticle vacua: Qg (@ ‘(I)(Q” =0 1. finite basis!!
?

e Most general linear combination of the ; convergence:

- o (@) =) Unlg Vik(

arbitrary single particle basis: l

» Fermionic operators: {al (@, aw (@)} = dues {al (@), ol (D} = {an(@), ar (@)} = 0

Variational principle: 6 [E'FFB(q) = (B()|H — AN — Ay Z — A0|D —0

[ (@) = (2(g)] N 22 = Al (qﬂ 8(a))=|HFB(q))

AN (D) = (@(9)IN|2(7) = N
\z(q) = (2(DNZ|2(q)) = Z

A(D) = (@I = 7 EUFB(q) = (®(q)|H|®(q))
‘HFB(CD> Product Type
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Hartree-Fock-Bogoliubov (HFB)

Variational space: {]CI)(c]»} set of product-type wave functions which fulfill:

e Quasiparticle vacua: [ @ ‘(I) q>> =0 1. finite basis!!
?

e Most general linear combination of the convergence:

. . . - E , Ulk Wk( 2. Breaks the
arbitrary single particle basis: symmetries!!
e Fermionic operators: g) Qg q“)} = Oppr; {ak(*) ak,((j)} = {ax(q),ar (@)} =0
Variational principle: 5 [ETFB(@) = (B(P|H = AN — Ay Z — 2O|D —0

[ (@) = ((9) N 24 = Ak (qﬂ 8(a))=|HFB(q))

AN (D) — (®(7)|N|2(7) =
Az(7) = (2(9)|2)2() =

A(D) — (@0 <q’>>=q EUFB(q) = (®(q)|H|®(q))
‘HFB(CD> Product Type
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Hartree-Fock-Bogoliubov (HFB)

Variational space: {]CI)(c]»} set of product-type wave functions which fulfill:

e Quasiparticle vacua: [ @ ‘(I) q>> =0 1. finite basis!!
?

e Most general linear combination of the convergence:

. . . - E , Ulk Wk( 2. Breaks the
arbitrary single particle basis: symmetries!!
e Fermionic operators: g) Qg q“)} = Oppr; {ak(*) ak,((j)} = {ax(q),ar (@)} =0
Variational principle: 5 [ETFB(@) = (B(P|H = AN — Ay Z — 2O|D —0

[ (@) = ((9) N 24 = Ak (qﬂ 8(a))=|HFB(q))

v (@) = (@(@)[N|2(2) =
Az(7) = (®(D)|2]2()) =
(@) = (@(D)]Q2(9) =7

3. No
configuration
mixing!!
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Hartree-Fock-Bogoliubov (HFB)

* Most of the calculations are performed in a finite harmonic oscillator basis.
* Results must not depend on the choice of the arbitrary single particle basis if it is complete.

b=1.65 fm ] (7 N b=2.45 fm

| L | L | L L | L | L |

0 2 4 6 8 0 2 4 6 8
r (fm) r (fm)
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Hartree-Fock-Bogoliubov (HFB) al(q) = Z Ulk( mk(@
[

* Most of the calculations are performed in a finite harmonic oscillator basis.
* Results must not depend on the choice of the arbitrary single particle basis if it is complete.

ON=3 _ 0 S |
Convergence achieved when vle obtain: |
3 2 » Independence of the binding’energy on b. :
< e |ndependence of the bindi nergy on:N-when an
40 407,
‘extra major’shell is added. | |
-60 -60 7 !
0 > 4 s s o 2 4 6 g
r (fm) r (fm)
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Examples in ab-initio calculations

P. Maris et al., Phys. Rev C 79 (2009)

Ground State Energy (MeV)
{1
(&)
1

1
(00)
L I L L L L

] N =20
8.5 1EX

5 10 15 20 25 30 35 40
Oscillator Energy (MeV)

FIG. 10. (Color online) Calculated ground-state energy of *H as
a function of the oscillator energy, 71€2, for selected values of Nyx.
The curve closest to experiment corresponds to the value Ny,,x = 20
and successively higher curves are obtained with Ny, decreased by
two units for each curve.

R. Roth, Phys. Rev C 79 (2009)

'22 T T T T T T
‘“He
23+ IT-NCSM(seq) -
1 Nmax =4
241 |
% 251 .
2, 6
Ky -26F -
_27 - 8 -
_ 01
281 12 -
14 |
20 25 30 35 40 45 50

hQ [MeV]

FIG. 7. (Color online) Ground-state energies of “He obtained for
the Vycom interaction as function of the oscillator frequency 7€2 for
different Np,x/1€2 model spaces. Results of [T-NCSM(seq) calcula-
tions (solid symbols) are compared with full NCSM calculations
(crosses).
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Examples in EDF calculations

A. Arzhanov, Master Thesis

| l l \—/ 1 2 l l
-846.25[- —~
-128.5 ~343.5 1 04Sr
- 16
>
o
=, -846.75- -
m -1291 4, 3 18
T :
. 16 |
-847.25[- 4.0
1295} 18 eﬁ -344.5 “e(%,a
82 Q
I 1 I 1 I-(\“? L L L [ =X l('0 [
12 14 16 18 @7 22 1.7 19 21 2825 27
b [fm] b [fm]

e 150 and 4°Ca show independence on b and N — converged.
e 1045r is not fully converged — asymptotic behavior of HO is gaussian while realistic

densities fall off exponentially.
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Effects of deformation on the convergence

Example:
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5. Summary and outlook

* Published tables could contain some lack of convergence in the total binding energy.

* Two neutron separation energies are better converged.

e Artificial ‘jumps’ or ‘noise’ could appear in the S2n due to lack of convergence.
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e Experimental data: AME12, only even-even.
| * Gogny D1S: Delaroche et al., PRC 81, 014303 (2010).
: e Gogny D1S*: Nosc=18, b optimized, B2 explored.

1 * Gogny D1S is not a good parametrization for masses
| (overbinding of double magic nuclei, underbinding of

neutron rich nuclei, poor rm.s.).

|

* Better convergence gives smaller rm.s. and smoother
behavior along the whole AME12 even-even data.

. »~1.5 MeV average gain in energy by improving the

...........3 cONvergence.

100

150 200

Mass Number A. Arzhanov, Master Thesis

Bad Honnef 2013

Convergence and correlations in nuclear masses calculated with energy density functional methods Tomas R. Rodriguez



. ; R : ' . B TECHNISCHE
7%=\ UNIVERSITAT
Approaching odd-nuclei 0 e
; | . - o ————
1. Introduction 2. Convergence and numerical noise 3.0dd nuclei in PNA approach 4. Beyond mean field effects 5. Summary and outlook

Hartree-Fock-Bogoliubov (HFB) with blocking

Variational space: {|(I)b> — ()42; | (I)>} set of product-type wave functions which fulfill:

e Quasiparticle vacua: @k ‘(I)b> _

* Most general linear combination of the _ 1 — + —
Oy = E k€ + Viker
arbitrary single particle basis:

 Fermionic operators: {54;2’ an} = O {54;;7 @L} = {ay,ar} =0
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Hartree-Fock-Bogoliubov (HFB) with blocking

Variational space: {|(I)b> — ()42; | (I)>} set of product-type wave functions which fulfill:

e Quasiparticle vacua: @k ‘(I)b> _

* Most general linear combination of the _ 1 — + —
Oy = E k€ + Viker
arbitrary single particle basis: l

 Fermionic operators: {54;2’ an} = O {54;;7 @L} = {ay,ar} =0

Variational principle: 5 [EI;HFB = (Py|H — AN N — AZZ\CI)Q} — 0
) |®p)=|HFBy,)
)\Z — <(I)b|Z|(I)b> =/

)\N — <(I)bu\7|q)b> =N
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Hartree-Fock-Bogoliubov (HFB) with blocking

Variational space: {|(I)b> — ()42: | (I)>} set of product-type wave functions which fulfill:

e Quasiparticle vacua: @k ‘(I)b> _

* Most general linear combination of the _ 1 — + —
Oy = E k€ + Viker
arbitrary single particle basis:

e Fermionic operators: {@L, o} = Opnrs {5%7 ak,} — {ag, ap} =0

Variational principle: 5 [EbHFB <<I>b|H AvN — AZZ\CI)Q} — 0
. |@y)=|HFBy)
Ay — <(I)b|Z|(I)b> =/

AN — (Bp|N|Dy) = N EHFB <HFB5‘H‘HFB5>
‘HFBb> Product Type
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Hartree-Fock-Bogoliubov (HFB) with blocking

Variational space: {|(I)b> — ()4;2 |(I)>} set of product-type wave functions which fulfill:

* Quasiparticle vacua: QL ‘(I)b> — ()

* Most general linear combination of the [ = — — Breaks time
O{;L = E Ulkczr + Virc reversal

symmetry!

arbitrary single particle basis:

e Fermionic operators: {64,1, o} = Opnrs {5%7 O‘k/} — {ag, ap} =0

Variational principle: 5 [EbHFB <<I>b|H AvN — AZZ\CI)Q} — 0
. |@y)=|HFBy)
Ay — <(I)b|Z|(I)b> =/

An — (Dy|N|By) = N EHFB <HFB5‘H‘HFB5>
‘HFBb> Product Type
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5. Summary and outlook

Perturbative nucleon addition method T ouuetetal. phys. Rev. c 65, 014301 (2001)

Binding energy, Z=even
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Perturbative nucleon addition method T ouuetetal. phys. Rev. c 65, 014301 (2001)

. + +
1. Find an even HFB wave IIV NI 1 N |2
function (no blocking) L | >
constrained to have an odd GC)
number of particles = > even
P o @ &N
R N '
AN — <(I)N_|_1’N|(I)N_|_1> =N+1 < .
. o
even ___ ‘\
EN+1 — <¢N+1|H|¢N—|—1> % \\
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©
B e
Sead EVEN
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Perturbative nucleon addition method T ouuetetal. phys. Rev. c 65, 014301 (2001)

. + +
1. Find an even HFB wave IIV NI 1 N |2
function (no blocking) L | >
constrained to have an odd T
. 0 .
number of particles D ‘ Egpen
U
\ _ N odd
AN = (PN |[N|@yy1) = N +1 - ‘AEN—I—l
. 9 :
eEveNn N '
BT = (PN |H| PN 1) % ;
. e, : even
< LN
T RN
2. Add the energy of the syt Tl -~
lowest quasiparticle excitation M ) "EN+2

odd even qp
EN+1 — EN+1 T &
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Perturbative nucleon addition method

16
A. Arzhanov, Master Thesis C
] e HFB-D1M ;
12 % Cd m AME12 4
(,1)— 4 - . (] : ¢ B
- . ",’ o o“ 9 ® ® L i
O g o P . ‘ ‘. 5 S .;
70 75 80 85 90 95 100
Mass number
4 Overestimation of the pairing gap. - True blocking.
4 Overestimation of N=82 shell gap. - Beyond mean field effects.
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e Similar behavior of the two-neutron separation energies in all approaches and close to the experiment in the

experimental region.

 GCM approach always includes correlation energies (variational) while 5DCH fails close to the shell closure.

* 5DCH approach removes the shell gap at N=82 while the others still give a sizable gap. This quenching is an artifact of

the 5SDCH and not an effect of including correlations beyond mean field (NOT VARIATIONAL).
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* Convergence of the binding energies in the current energy density functional mass models

can have an impact in nucleosynthesis calculations.
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* Convergence of the binding energies in the current energy density functional mass models

can have an impact in nucleosynthesis calculations.

* Odd nuclei cannot be described properly within the perturbative nucleon addition method.

Need of performing true blocking.
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* Convergence of the binding energies in the current energy density functional mass models

can have an impact in nucleosynthesis calculations.

* Odd nuclei cannot be described properly within the perturbative nucleon addition method.

Need of performing true blocking.

e Current microscopic mass models can be improved including correlations beyond mean

field approximation. Some microphysics is missing in the plain mean field (HFB) description.
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1. Introduction 2. Convergence and numerical noise 3.0dd nuclei in PNA approach 4. Beyond mean field effects 5. Summary and outlook

* Convergence of the binding energies in the current energy density functional mass models

can have an impact in nucleosynthesis calculations.

* Odd nuclei cannot be described properly within the perturbative nucleon addition method.

Need of performing true blocking.

e Current microscopic mass models can be improved including correlations beyond mean

field approximation. Some microphysics is missing in the plain mean field (HFB) description.

e Current global calculations including BMF effects have assumed certain approaches/
iInteractions that could produce unphysical results whenever local analyses are performed:
- 5DCH is not always variational/consistent with the underlying mean-field and fails near

the shell closures: spurious rather than BMF effects in these regions.
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Convergence affects the Addition of new degrees of Beyond mean field effects
results freedom affects the results affects the results

Need to reduce the physical and numerical uncertainties in
energy density functional calculations
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|. Introduction 2. Convergence and numerical noise 3. Beyond mean field effects 4. Summary and outlook

e Systematic analysis of the convergence/numerical noise.
* Perform global studies ensuring convergence of the results

with the present variational BMF method.

e Study the impact on nucleosynthesis simulations.
* In the long-range plan:
- Description of the odd systems at the same level of BMF

approach.
- Development of parametrizations of the interaction fitted

with BMF functionals.
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5. Summary and outlook

Mass fractions X

* Impact of the nuclear mass model on r-process nucleosynthesis

calculations:

Final abundances depend on the mass model used (for the same astrophysical conditions)
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