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2. Theoretical framework

o Initial tntrinsie states: PN-VAP (M. Anguiano et al., Nucl. Phys. A 683, 227 (2001))

(D|Hy, PNPZ|®) N 4 . A
EN,Z[(I)] — <<I>|PNPZ|<I>> +€DD ((I)> _)‘Q20<(I)|Q20|(I)> _>‘Q22<(I)|Q22|(I)>

o ntermediate Particle Number and Angular Momentum Projected states

IME;NZ: ) = Z o [ Dl (@) R©Q)PY P2 |(8,7))do

o Final GCMstates  |[M: NZo) = Z INZU|IMK NZ; B)
KB
I;NZ I;NZo \fI;NZ 3N Zs0
> (Mksyrpry = BN TN g ) Fiinaryt =0
K//B/,yl
N o (IMK;NZ; py|IMK"; NZ; 5'v')

Hipaxrgy = (IME;NZ;By|Hap|IMK'; NZ;8'Y') +epp 2 [2(8,7), 9 (8,7")]
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o Initial tntrinsie states: PN-VAP (M. Anguiano et al., Nuel. Phys. A 683, 227 (2001))

/IARITT DN DZ1Aa\

E%4[®]= Recent 3D AMP implementations

o Intermedtia Skyrme: M. Bender, P-H. Heenen, Phys. Rev. C 78, 024309 (2008)

- Particle number and angular momentum restoration of intrinsic
[T I; LN states.

S

o Final GCM Relativistic: J.M.Yao et al,, Phys: Rev.(; 8 I., 04.143I (2010)
- Angular momentum restoration of intrinsic HFB states.

Z (HﬁégZGogny:T.R.R.,J.L. Egido, Phys. Rev C 81,064323 (2010)
K'B'y " - Particle number and angular momentum restoration of PN-VAP
states.
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2. Theoretical framework
@ Effective nucleon-nucleon interaction: qogny force (PLS/DIM)
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Example: #*Mg

Configuration mixing within the framework of the Generator Coordinate Method (GCM).
K and deformation mixing

IM;NZo) =) fisl Y[ IMK; NZ; 37) S (M oy — BTN EONGN ) FNT =0
K By K'B’y
Convergence of the GCM states
-185 | | | | |
- Plateau condition as a -190 | T . 2% ]
function of natural states. S l . 2+2 *
) . 2 | go000®
E '1 95 B . I-:;;mmmmmmmmmmw“’ -
- Orthogonalization W oyl _
requirements. o010 T — crvomss s ssaed
202 Ea' S g nB a2 amd
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G
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Example: #*Mg

Configuration mixing within the framework of
the Generator Coordinate Method (GCM).
K and deformation mixing

IM;NZo) =Y fip "UMK;NZ;p7)
KB~y

I;NZ I';NZ;oc \rI;NZ INZO‘_
> (M — NP NG g ) Fi7 = 0
K//B/,-Y/

- Axial ground state rotational
band

- Second band associated to a
gamma band

-Third band with shape mixing
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T. R.R., J. L. Egido, PRC 81, 064323 (2010)

Configuration mixing within the framework of the Generator Coordinate Method (GCM).
K and deformation mixing
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e All configurations are
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T.R.R., J. L. Egido, Phys. Lett. B 705, 255 (2011)

e Symmetry corresponding to
the different orientation of the
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Particle number projection |
SR R M SEN—
2. Theoretical framework

Example: 8%Zr

MeV
_______ e Symmetry corresponding to
— 9 the different orientation of the
o axes
e All configurations are
A included between ye[0°,60°]
Vi
A
A 1 6
i‘i,"%""'? -
) 7'}%?:
g \‘:.’—: 5
i
421 a,é
,f. {7 _
=,’ff’,f~\"‘§ 4
NS h‘C""
SN
\ V4 — 3

T.R.R., J. L. Egido, Phys. Lett. B 705, 255 (2011)
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Example: 8%Zr
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o axes
e All configurations are
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2. Theoretical framework

Example: 8%Zr

e Up to five minima in the potential energy

T.R.R., J. L. Egido, Phys. Lett. B 705, 255 (2011)

surface.

* Absolute minimum corresponds to spherical
configuration (N=40 spherical gap)

e Other minima related to the filling in and out of
gor2, P12, f52 and ds2 orbits.

1117
lll ~ Nandgan |

GSI, March 2013
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Particle number and angular

momentum projection --

2. Theoretical framework
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Example: 8%Zr

- - * Five minima are closer in energy whenever the

rotational invariance is restored.

O 1 2 3 4 5 6 7 8 9 10 e Absolute minima corresponds to deformed

0o 60 configuration 8~0.55
'S e Barriers between the minima are less than 1
MeV. Mixing?
T.R. R, J. L. Egido, Phys. Lett. B 705, 255 (2011)
GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez
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2. Theoretical framework
Example: 8%Zr
Relevance of angular momentum projection
(Similar feature as in 32Mg, see R. Rodriguez-Guzman et al., Nucl. Phys. A 709, 201 (2002))
MeV
10
9
8
-7
- 6
- 5
- 4
-3
- 2
L |50 i 1
ORI AA
.8 0

PNAMP /=0

T.R.R., J. L. Egido, Phys. Lett. B 705, 255 (2011)
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2. Theoretical framework

Example: 8%Zr

r 4 N ([ N N [ N ) )
8 0.15
= 4 ——
10— 7
I 0.1
4 L 025 83
0.38 ‘ 7 } 4 0.05
L (10) —— 6 l 8y o O 2 —— 9
r 0.74 ! 71 0.57 0-25
’ 0.20 6 ‘L 0
L 0.33 l 5 0O 02 04 06 08 0 02 04 06 08
5 3 011 0.15
i ) ! 6 L | 0.43 0.10 1stexc. 60 y-1st exc. 80
3 0.41 4 023
— 0.40 0.45
4, ¥ ¥ 6; —x— 0F 0.1
L 8y —x— 8T 0.31 5, Y 2
0.24] 055 0.22 | 27 —— 0.05
—~~ i (8) —— 33 X 6 —— 032 0.27 10 0 |
> 074 54 . 4s X ¥y 0.06
) i 26 Y | 0.31 0
2 | 0.40 0.18 4, X 0.14 05 v 0O 02 04 06 08 0 02 04 06 0.8 015
= » 070 4 | o= 3o 4 ¥ 2nd exc. 60 y-2nd exc. 60 '
>< — 0.41 0.61
LLI F 4 0.13 25 LA A 0.1
L (6) —— 61 —— 2 =T 3, — o —F—
0.40 4 0.31 04 0.05
L 0.34 2, ¥ v O3 —x_ 10 10
L 0.65 5 0
1 - ‘T 0.15
Co— || 4= 0,
0.1
B 0.58
L 0.05
| (2) — 2y
0.39
Or © s o 02 04 06 08 0 02 04 06 08
Exp g.s. Y-g.S. 1stexc. y-1stexc. 2nd exc. y-2nd exc. 3rd exc.  4th exc. By B,
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T.R.R., J. L. Egido, Phys. Lett. B 705, 255 (2011)
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2. Theoretical framework

Example: 8%Zr

4 N N N N I N
8 0.15
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7 (8) 6, he | 27 et — 120 " 005
/>‘\ — P 51 0.32 45 'Of7 » 110 110
% 7 - Axial ground ional bandin agrggﬂentW|th the experimentalievels. 0 & . .. . .0
5 (relevance of beyond-mean-field.effects). | % -— dexc. g0 yzdecgo 00
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r 0.13 \/ ¢ \‘/ 5
. 6 —— 4y 3, J v 30 VN 30
- Twortriaxial rotational bands. T 24 0, 2100 ®)), 230 005
0.34 . ¢ \4
0.65 “0
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T.R.R., J. L. Egido, Phys. Lett. B 705, 255 (2011)
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3. Applications
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e Nuclear structure applications

v’ Appearance of new shell closures in neutron rich Calcium isotopes: N=32, N=347?

v’ Degradation of N=28 shell closure.
v Shell quenching in N=82 for Cadmium isotopes? Key relevance in r-process
nucleosynthesis (waiting points)

v Shape (phase) transitions in Nd/Sm/Gd isotopes.

e Neutrinoless double beta decay

e Comments on formal aspects

v Convergence of the results.

v ‘Contaminations’.

GSI, March 2013 Symmetry restoration and configuration mixing calculations...
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N=32 and/or N=34 in Ca, Ti and Cr isotopes.

The tendency of the experimental data for the excitation energies E(2*) and
transition probabilities B(E2,0™—>2*) shows the presence of sub-shell closures.

N
o
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L // ' 24
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08| o d
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N=32 and/or N=34 in Ca, Ti and Cr isotopes.

The tendency of the experimental data for the excitation energies E(2*) and
transition probabilities B(E2,0™—>2*) shows the presence of sub-shell closures.
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N=32 and/or N=34 in Ca, Ti and Cr isotopes.

C I T I T T I
5 ,Ca . (@) - v AXIAL calculations
%\ 4 : K . ‘ ....... i
C :: :.: '-“ .“‘ ".. 5 . .
23 s S o E v Excellent qualitative agreement for the
N2 50 : excitation energies E(2*).
1 ; ........... @ () . E
—_ v N=32 is a good sub-shell closure
. 2o Tl . (b) while N=34 is not. EXPERIMENTALLY
%\ k . T Oo CONFIRMED 2012!!
L :.’ "“
= o A T e
N1 ¢’ . ®
Lu L
| | | | | | | | | |
I T I T I I I T I T I
, 24Cr (c)
S T s
(D) - @ Exp. &
?, | @ Teo. . @ PY
+ | o . ............. _|
Llj\|1 I ."‘. .' ‘‘‘‘‘‘‘‘ ®...... o
| L | L | L | L | L | L |
22 24 26 28 30 32 34
N 4 T.R.R and J.L. Egido, Phys. Rev. Lett. 99, 06201 (2007)
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N=32 and/or N=34 in Ca, Ti and Cr isotopes.

C I T I
5 ,Ca 2 v AXIAL calculations
>4 Fe
=3 ®gnd v Excellent qualitative agreement for the
N2 - excitation energies E(2*).
r L ()
1 - -..-.
T v N=32 is a good sub-shell closure
5L oo Tl P while N=34 is not. EXPERIMENTALLY
S 7 : CONFIRMED 2012!!
() o,
N1 F o
LLl
—————
54Cr
< 2r L)
© | @ Exp.
g : ® Teo. .»‘N’ ‘..‘»....,”
RIS ®
L  J
| L | L | L | L | L L ]
20 24 26 28 30 3A_A4
N y T.R.R and J.L. Egido, Phys. Rev. Lett. 99, 06201 (2007)
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3. Applications
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Triaxial calculations 44S (N=28)

: (a) Theory
i 45— () p—
- 78 39

3 vl 198
= 130
B 23

26

i \_

(b) Experiment

PRL 105, 102501(2010) and PRC 83, 061305 (2011)

(25.) 3248

1128(6)

21
1329(1)
63(18)

01

T.R.R and J.L. Egido, PRC 84, R051307 (2011)

v Very good qualitative
description of the observed
levels and reduced
transition probabilities.

v Degradation of N=28
shell closure.
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3. Applications

Systematics of the E(2) and B(E2) in Cadmium isotopes

0.6 - % _
— | T _...g*ffgfﬂi | v AXIAL calculations
C\-'GQ) GO o Q“'ﬁgﬁ %'
~ 0.4 B _____ o L N ] .
e ? Yo, A v Good qualitative agreement for the
] " 1 3 E(2*) excitation energies and B(E2)
@02 ° S transition probabilities from shell to shell
Ol v' N=50-58 parabolic behavior (filling g7,2
32 : w w w w w :E w w i ] She”)
- @ Experiment P
: Cd Fo .
=25 | 48 O Theory I v N=60-70 flat behavior (filling dss2, ds2,
2 2 i s1/2 shells)
~15 o © N
1 Q o P
Q N GO, D ) S _
g % e oo f _____ .o om0 7 e .f ; v Anomalous behavior of E(2*) for 128Cd
- e e o .o.o o O O = .
0.5 Ge @ * has been is well reproduced
0 * 9712 0570, 03/2,51/2 hyqs 4
48 52 56 60 64 68 72 76 80 84
Neutron number ) TRR,JL Egido, A Jungelaus, Phys. Lett. B 668, 410 (2008)
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3. Applications

Systematics of the E(2) and B(E2) in Cadmium isotopes
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Shape transitions in Nd isotopes

3. Applications
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3. Applications
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3. Applications

Process mediated by the weak interaction which occurs in those even-even nuclel
where the single beta decay is energetically forbidden.

/Sr
A=76 [/
//

(87
(87
1

60 -

Mass Excess (MeV)
(o))}
(6]
|

70

Courtesy J. Menéndez
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3. Applications

Process mediated by the weak interaction which occurs in those even-even nuclel
where the single beta decay is energetically forbidden.
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3. Applications

Process mediated by the weak interaction which occurs in those even-even nuclel
where the single beta decay is energetically forbidden.
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3. Applications

Process mediated by the weak interaction which occurs in those even-even nuclel
where the single beta decay is energetically forbidden.
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3. Applications

Process mediated by the weak interaction which occurs in those even-even nuclel
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3. Applications

Process mediated by the weak interaction which occurs in those even-even nuclel
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Ov double beta decay

3. Applications

Neutrinoless double beta decay Qv (33
éXN :>1§_|_2 Yn_o + 2e”

* Violates the leptonic number conservation

* Neutrinos are massive Majorana particles

* Mass hierarchy of neutrinos

e Experimentally not observed (yet?) (T12>10%°y)
* Beyond the Standard Model
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Ov double beta decay

3. Applications

Neutrinoless double beta decay Qv (33
éXN :>1§_|_2 Yn_o + 2e”

* Violates the leptonic number conservation

* Neutrinos are massive Majorana particles

* Mass hierarchy of neutrinos

e Experimentally not observed (yet?) (T12>10%°y)
* Beyond the Standard Model
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&
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3. Applications
(0: N7 Z5: 451 0%710; N Zs: 1) A_ 1 50 T.R.R., Martinez-Pinedo, PRL 105, 252503 (2010)
VA0 NpZg;q510; Ny Z g5 q)(0; NiZis 4i|0; NiZis qi) -
2 i'c J 6.0
0.8 /l et l
'/ a -5.0
0.6 f ‘ f
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- GT strength greater than Fermi.
- Similar deformation between mother and granddaughter is favored by the transition

operators
- Maxima are found close to sphericity although some other local maxima are found
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3. Applications
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3. Applications

(0; N7 253 51027 10; NiZs i) A_ 1 50 T.R.R., Martinez-Pinedo, PRL 105, 252503 (2010)
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- GT strength greater than Fermi.

- Similar deformation between mother and granddaughter is favored by the transition
operators

- Maxima are found close to sphericity although some other local maxima are found
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- GT strength greater than Fermi.

- Similar deformation between mother and granddaughter is favored by the transition
operators

- Maxima are found close to sphericity although some other local maxima are found
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3. Applications

e GCM+PNAMP ¢ IBM-2 A QRPA(Tu)
m ISM + PHFB v QRPA(Jy)

V4 | | | | | | | QRPA (Jy): M.
Kortelainen, J. Suhonen,
i 2 . PRC 75, 051303(R)
6 v B (2007) and PRC 76,
A 024315 (2007)
- /. ~ _
e / e 4 e QRPA(Tu): F. Simkovic
S / ~—_ Y e - etal., PRC 77, 045503
/ o—— O 5. N (2008)
L ’\ / ‘ N / N |
/ T~ ® h -~ X \Q
4 - / \ 4 v [ ] _ ISM: J. Menendez et al.,
o / v * \ PRL 100, 52503 (2008)
> : / v A A \ -
s 3L K M i IBM-2:J. Barea, F.
| | A lachello, PRC 77,
i ‘/ O O % \\ 4 | 045503 (2008)
[
2 — A * \% - PHFB: K. Chaturvedi et
i ] al. PRC 78, 054302
(2008)
1 B B ]
0 | | | | | | | | | | |

48Ca 76Ge 8ZSe 96Zr 1OOMO11GCd 124Sn 128-|-e 130-|—e 136)(e 150Nd

T.R.R., Martinez-Pinedo, PRL 105, 252503 (2010)
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48Ca 76G\Q?\ szr 1OOMO11GCd 124Sn 128-|-e 130-|—e 136)(e 150Nd

. - -
3. Applications
e GCM+PNAMP ¢ IBM-2 A QRPA(Tu)
m ISM *x PHFB v QRPA(Jy)
| | | | | | | | ?\ @ ,?.f;'al\a(i\:\ﬁ);,)?-Suhonen,
2 6 6 PRC 75, 051303(R)
- \ ?\ (2007) and PRC 76,
A \L 024315 (2007)

QRPA(Tu): F. Simkovic
et al., PRC 77, 045503
(2008)

ISM: J. Menendez et al.,
PRL 100, 52503 (2008)

IBM-2:J. Barea, F.
lachello, PRC 77,
045503 (2008)

PHFB: K. Chaturvedi et
al. PRC 78, 054302
(2008)

T.R.R., Martinez-Pinedo, PRL 105, 252503 (2010)

GSI, March 2013 Symmetry restoration and configuration mixing calculations...

Tomas R. Rodriguez



@ TECHNISCHE

Some formal aspects 0 oaman,
; . . . T
4. Some formal aspects
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
T T

Q — U, c; + Vie(q)c
arbitrary single particle basis: k (CD ; 'k (Cj) l : (@7)
» Fermionic operators: {al (@), (@} = S {a (@), (@)} = {on(@), o (D)} = 0
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4. Some formal aspects

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 : :

N | . a(q) = ZUlk(Cj)Cl + Vir(@)e
arbitrary single particle basis: l
» Fermionic operators: {al (@), (@} = S {a (@), (@)} = {on(@), o (D)} = 0
Variational principle: § [E’HFB@ — (D()|H — AN — Az Z — Xq@cb(cm} =

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

|®(9))=IHFB(q))
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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:

al(@) =D Un(@e] + Vin(@)e
[

» Fermionic operators: {al (@), (@} = S {a (@), (@)} = far (@), aw (@)} = 0
Variational principle: 6 [E'HFB(q) = (B(Q)|H — AvN — Ay 2 — XaO| D =0
principle: 5| £ (q) = (@(@|H ~ AN~ A2 =X Qle(@)]
An(Q) = (R(QIN[®(9)) = N
Az2(9) > (@(D]219(9) = Z e X
A{@) — (2(D)|Qe(D) = 7 E7R(q) = (P(q)|H|®(q))
‘ HFB (CD > Product Type
GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez



G TECHNISCHE
" DARMSTADT

Some formal aspects

4. Some formal aspects

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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4. Some formal aspects

Hartree-Fock-Bogoliubov (HFB)

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

e Quasiparticle vacua: [ @ ‘(I) q>> = () 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(cf) ak,((j)} = {ax(q),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) — (®(7)|N|2(7) =
Az(7) = (2(9)|2)2() =

7 A
A(D) = (@I = 7 E™M5(9) = (9(9)|H|®(q))
‘HFB (Cj>> Product Type
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4. Some formal aspects

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 1 | 1 | 1 |

0 2 4 6 8 0 2 4 6 8
r (fm) r (fm)
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4. Some formal aspects

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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4. Some formal aspects

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

1 Ex N =20

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

-8.5

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) -
I ! 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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Effects of deformation on the convergence
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Effects of deformation on the convergence

Example:
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Effects of deformation on the convergence

Example:

-950
-955
-960

e 1.55fm
e 1.65fm
e 1.75fm
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MeV)
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Effects of deformation on the convergence
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Effects of deformation on the convergence
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Effects of deformation on the convergence
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Effects of deformation on the convergence

Example:
B T T T T T :. I:' I: T I:l:._ B T T T T T T T T ]
-950 AN ) n -
g SN 5 .
-955 - o [ i i - .
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Effects of deformation on the convergence

Example:
950
960 N=10
D -965 | o = -
= I : :
§-970 " - E
o975 | - -
980 - ° - ¢ e 0 0o :
985 - : -
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Effects of deformation on the convergence
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Effects of deformation on the convergence

Example:
C T R A 5 _ ' ' ' ' ' ' ' ' ]
-950 Y - .
-955 - IS : .
B C % e ] - .
L ! '.' Q,- - L .
-960 - % B n — .
% 2065 [ e 155fm i o - - -
s [ e 1.65fm ¢
—~ [ e 1.75fm ] [ -
E'970 e 1.85fm g - E
T - y - }
L -O75 |- e 2.05fm - - .
L 0 2.15fm : § o .
[ 0 2.25fm 1 : ° o . ° :
-980  , 235 E - S E
-985 | . - ]
T I T S S (NN ER RO SO AN S SR N M B ! ! ! ! I ! ! ! ! I ]

1.5 2 2.5
b (fm)

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez



A% TECHNISCHE
HEFd=\ UNIVERSITAT
-7 DARMSTADT

.-
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Effects of deformation on the convergence
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Effects of deformation on the convergence
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Effects of deformation on the convergence
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Effects of deformation on the convergence
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Effects of deformation on the convergence
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* 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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FIG. 1. (Color online) Particle-number-restored deformation en-
ergy surface of 8O calculated with SLy4 and a density-dependent
pairing interaction and the corresponding single-particle spectra
of protons and neutrons as a function of the axial quadrupole
deformation for L = 5 and 199 discretization points of the integral
over the gauge angle (lowest panel). There are clear anomalies that
appear when either a proton or neutron single-particle level crosses
the Fermi energy. The dimensionless quadrupole deformation S, is
defined in Eq. (66).
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B
5. Summary

e Energy density functional methods provide a reliable
description of nuclear structure observables, nuclear
astrophysics input for nucleosynthesis simulations and
NMEs in lepton humber violating processes.

e Close connections with other models (Shell Model, IBM, ...)
e Other degrees of freedom will be also explored.

e Need of energy density functionals adjusted to beyond
mean field results.

e Description of odd nuclei at the same level. Beta decays!!
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2
Ov gv (0) ov Ov 0v33
MOVBB — _ <—) MYEP 4 M&PE — M)

e Each term can be written as the expectation value of a transition operator
acting on the initial al final states:

Ov 210%
Mg - <O}F‘Og 55\0%

* Nuclear structure methods for calculating these NME:

e Quasiparticle Random Phase Approximation in different versions: QRPA,
RQRPA, SRQRPA. (Tubingen group, Jyuvaskyla group)

e Interacting Shell Model -ISM- (Strasbourg-Madrid collaboration, Michigan)
e Interacting Boson Model -IBM- (Yale group)
* Projected Hartree-Fock-Bogoliubov -PHFB- (Lucknow-UNAM group)

e Energy Density
Functional

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez
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Nuclear Matrix Elements

2
Ov gV(O) Ov Ov ov3pa
MOVBB — _ <—) M¥PP 4 PP — MY

e Each term can be written as the expectation value of a transition operator
acting on the initial al final states:

Ov A0v
Mg = <O}L‘Og Bﬁ‘oj>

* Nuclear structure methods for calculating these NME:

Different ways to deal with:

- Finding the best initial and final ground states.

- Handling the transition operator (inclusion of most relevant terms, corrections,
approximations, etc.).

Some remarks about these methods:

- Calculations with limited single particle bases.

- Interactions fitted to the specific region (ISM) or to each nucleus individually (rest).
- Difficulties to include collective degrees of freedom.

- Problems with particle number conservation.

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez
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1. Introduction 2. Method: GEM+PNAMP 3. Results: GCM+PNAMP 4. Summary and Conclusions

Neutrino potentials

Starting from the weak lagrangian that describes the process some approximations
are made:

|. Non-relativistic approach in the hadronic part.

2. Closure approximation in the virtual intermediate state

3. Nucleon form factors taken in the dipolar approximation.
4.Tensor contribution is neglected.

5. High order currents are included (HOC).

6. Short range correlations are included with an UCOM correlator.

- Find the initial and final 0 states within the GCM+PNAMP method (axial calculations)
- Evaluate the transition operators between these states

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez
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1. Introduction 2. Method: GEM+PNAMP 3. Results: GCM+PNAMP 4. Summary and Cohclusions

- Neglect the tensor term. s O T i 55
- Closure approximation (10% error at most) M7 =~ ( )> Mp™" + Mgy~ — Mr

0\, 4 ¢ 1) (2
My = (gA( ) 0F |V (1,2)# M0
F v (0) (0F|Vr(1,2) 0;")
MO8 = <0;1VGT(1,2)%<1>%(2>10j>
<771 _)2‘ AF(172)|F/17?,2> — UF(|F1 - 772|)5(_)1 — 77/1)5(772 — 77/2)
(P Var(1,2)|717h) = ver([fi — 7])8(F — 7))d(h — 7h)dh) - ¢
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1. Introduction 2. Method: GEM+PNAMP 3. Results: GCM+PNAMP 4. Summary and Cohclusions

- Neglect the tensor term. w0\ o o5 55
- Closure approximation (10% error at most) M = — (gA(O)> Mp"™" + Mgr™ — Mp
0v 30 94(0) : +17 ~(1) ~(2) 10+
gv (0)
Me? = (0 Ver(1,2)7 P 0f)
(M7 |Ve(1,2) 7 7y) = O — 71)6(72 — 775
(P72 |Ver(1,2)[7175) = J(7 = 7)o( — 7)1 -

Neutrino potentials

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez



; ' J%  TECHNISCHE
T 't" E7/%\ UNIVERSITAT
ransi IOnS ; DARMSTADT

| Introduction 2. Method*GCM+PNAMP 3:Results: GCM+PNAMP 4 Summary and Conclusions

|. Axial states K =0 0; N;Zis0) = Z G(/)\;jvizi;a|A?;NiZi>
2. Angular momentum [ = () — A
: — O;NeZprso A O;N¢ Z
3. Quadrupole deformations ¢ = @20 0;N;Zp; o) = ZGAf tZf A s41y
Ay
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Matrix elements of the double beta
transition operators between particle
number and angular momentum
projected states
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- GT strength greater than Fermi.

- Similar deformation between mother and granddaughter is favored by the transition
operators

- Maxima are found close to sphericity although some other local maxima are found
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NME: deformation and mixi_ﬁg

1. Introduction | 2. Nuclearistructure 320vRP decay 4. Summa"r.y and outlook
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- GT strength greater than Fermi.

- Similar deformation between mother and granddaughter is favored by the transition
operators
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collective states within this plot
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| 2. Nuclear structure 320vBB decay 4. Summa‘ry and outlook
Gogny D1S parametrization
A 483 | 76 | 82 | 96 | 100 | 116 | 124 | 128 | 130 | 136 164
MOV | 237 | 460 | 422 | 565 | 508 | 472 | 4.81 4.11 5.13 | 4.20 0.64
T12 | 285 | 769 | 20.8 | 548 | 864 | 924 | 16.2 [ 343.1| 8.84 | 12.7 1.3
(y) | X1 023 | x102 | x10% | x10%3 | x1023 | x1023 | x1023 | x1028 | x10%3 | x102%3 x1036
Gogny D1M parametrization
A 48 | 76 | 82 | 96 [ 100 | 116 | 124 | 128 | 130 | 136 164
MOV | 243 | 464 | 428 | 570 | 519 | 4.83 | 4.71 3.98 | 5.07 | 4.29 0.50
T2 | 27.1 756 | 202 | 538 | 828 | 882 | 16.9 | 365.8 | 9.05 | 12.2 2.1
(y) | X1 023 | x102 | x10% | x10%3 | x1023 | x1023 | x10%3 | x1023 | x1023 | x102%3 x1036

double beta decay

double electron

capture

GSl, March 2013
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: deformation and mixing . = = 0 Darmetaoy
|. Intreduction 2. Nuclear structure 320vfB decay 4. Summary and outlook

11 | | | |
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8_ | [ | —
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= 5__ PY ® o o ° -
4+ m ® 5 ® ® =
3L _
L . |
2r o
1L _
O_ | | | | | | | | | | ]

48 76 82 96 100 116 124 128 130 136 150
A

Noticeable difference in the NME if only intrinsic spherical configurations are

considered without configuration mixing.
T.R.R., Martinez-Pinedo, PPNP 66, 436 (2011)
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1. Introduction 2. Nuclearcstrueture 320vBp decay 4-8Summary and outlook

Shape evolution in the Cadmium isotopic chain

LECC
A ol
ELE DL

¥ Shape evolves from ]
N=50 to N=82 magic
number through
prolate axially
symmetric structures

v Highest deformation
Is found in mid-shell
nuclei (f~0.2)

V' Rest of calculations
will assume axial
symmetry

T.R.R, J.L. Egido, A. Jungclaus, Phys. Lett. B 668, 410 (2008)
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Summéry_and ou.tlook. B

1. Introduction | 2. Nuclear structure 320vpBB decay 4. Sumary andbotitlook

e Energy density functional methods provide a reliable
description of nuclear structure observables, nuclear
astrophysics input for nucleosynthesis simulations and
NMEs in lepton humber violating processes.

e Close connections with other models (Shell Model, IBM, ...)
e Other degrees of freedom will be also explored.

e Need of energy density functionals adjusted to beyond
mean field results.

e Description of odd nuclei at the same level. Beta decays!!

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez
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Theoretical framework

2. Theoretical framework

In order to give a proper description of the nuclear system we need:

= A good interaction or energy density functional (EDF) that describes
the dynamics of the constituent nucleons.

= A good method -adapted to the corresponding interaction/EDF- for
solving the quantum many body problem.

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez
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2. Theoretical framework

In order to give a proper description of the nuclear system we need:

= A good interaction or energy density functional (EDF) that describes
the dynamics of the constituent nucleons.
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2. Theoretical framework
In order to give a proper description of the nuclear system we need:
= A good interaction or energy density functional (EDF) that describes
the dynamics of the constituent nucleons.
Some considerations: see also Duguet, Papenbrock, Lesinski talks

e Both mean field (SR-EDF) and beyond mean field (MR-EDF) methods
use intrinsic many-body auxiliary wave functions.

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez



4 TECHNISCHE

Theoretical framework N o

TS

2. Theoretical framework

In order to give a proper description of the nuclear system we need:

= A good interaction or energy density functional (EDF) that describes
the dynamics of the constituent nucleons.

Some considerations: see also Duguet, Papenbrock, Lesinski talks

e Both mean field (SR-EDF) and beyond mean field (MR-EDF) methods
use intrinsic many-body auxiliary wave functions.

e Density matrices (normal and abnormal) and spatial densities are
written in terms of these auxiliary wave functions.

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez
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2. Theoretical framework

In order to give a proper description of the nuclear system we need:

= A good interaction or energy density functional (EDF) that describes
the dynamics of the constituent nucleons.

Some considerations: see also Duguet, Papenbrock, Lesinski talks

e Both mean field (SR-EDF) and beyond mean field (MR-EDF) methods
use intrinsic many-body auxiliary wave functions.

e Density matrices (normal and abnormal) and spatial densities are
written in terms of these auxiliary wave functions.

e All the observables and variational procedures in EDF methods are
expressed in terms of density matrices and spatial densities.

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez
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2. Theoretical framework
In order to give a proper description of the nuclear system we need:
= A good interaction or energy density functional (EDF) that describes
the dynamics of the constituent nucleons.
Some considerations: see also Duguet, Papenbrock, Lesinski talks

e Both mean field (SR-EDF) and beyond mean field (MR-EDF) methods
use intrinsic many-body auxiliary wave functions.

e Density matrices (normal and abnormal) and spatial densities are
written in terms of these auxiliary wave functions.

e All the observables and variational procedures in EDF methods are
expressed in terms of density matrices and spatial densities.

e The usual EDF methods consist in determining the “best” auxiliary many body
wave functions

GSI, March 2013 Symmetry restoration and configuration mixing calculations... Tomas R. Rodriguez
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4. Some formal aspects
= _ ! ! | ! | _
980 i . A=500 MeV 1 rgAY3 < \/2(N +3/2)b IR convergence
B ®° ]
: : o =600 MeV :
981 - . 1 A< \/Q(N +3/2)h/b e UV convergence
- ® ]
> B ° ] PHYSICAL REVIEW C 86, 031301(R) (2012)
B ° . -1
~— '982 n ® o * . ® ~ o
A B ©,." . ° ° . ] N’LO (500 MeV)
LL i o o * ] ~100F O CC (A, > 1100 MeV)
I _ ® o °* i A CC (A, > 1200 MeV)
LLI - @ ® ® o © - = v CC (A, > 1300 MeV)
B ® @® ® © ® g § . — Theory (A, > 1100 MeV)
-983 ) - a-op e e
: : extrapolations
: : A
- : I R
_984 . ! | ! | ! | i L (fm)
FIG. 2. (Color online) Open symbols: Ground-state energy of 1°O
8 1 O 1 2 1 4 as a function of L. Lines: Fits to Eq. (11) yield E,, &~ —122.6 MeV

and ko, ~ 0.95fm~!. Ayy from Eq. (1).

L, (fm) L.=+2(N+3/2+2)b
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