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Fundamental Many-body Collective
Principles Dynamics Properties

nucleon-nucleon sy mmetrg structure
tnteraction 1] : > adapted |l > and
(NN, NNN, ...) NCSM reactions
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Compu’catiowaL Limits of No Core Shell Model

Highly deformed modes,

) Cluster-like configurations,
UH 207 B(E2) w/o effective charges
l4He < 18

6a7L1 o 16 by o y
BooBe S 14 [ higher spaces }

212
. 9,108 <
12C 210 [ ‘heavier’ nuclei ]

, ... enables...

1 °Ne 1077

B *Mg N s 3470 : protons =
1043Cy neutrons S ym metry

oM Adapted

Jsozr NCSM

(&%
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NCSM versus 'Symmetry Adapted NCSM

NCSM#*
(multi- 2w )

SA-NCSM *
(multi-Aw)

multi-shell
symplectic
slice

Vertical slices
(monopole & quadrupole
1 collective excitations)

Horizontal discs
(all configurations)

max >

I .

(Ohw) limit ~ —— 0hw SU(3) limit

*J. P. Vary, P. Navratil Filled | *Complete (=NCSM) if
& B. R. Barrett ~2000 shells v all SU(3) reps included

°©  Realistic interaction (Local/ *  Mandge spurious center-of-mass motion
wonlocal; NN, NNN, ...) *  Relation to the NCSM: fully microscoplie!

* Inprinciple exact solutions . Reproaluce rotational energy and ESM

*  Reproduction of binding energies transition rates without effective charge

and spectral features of Light nuclel

Extensible: spaces; 354 body enabled, ete.
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Sp(3,R) 2 sSU(3) Structure

G. Rosensteel and B, ). Rowe ~1980
B Sp(3.R): symmetry of the nuclear collective dynamics

6 co=—=c=— E Tnilnj mass monopole and quadrupole moments

9 =>Z TniPnj £ TnjPni  (-) angular momentum
(+) monopole and quadrupole deformations

6 -=:>-Z PniDPnj quadrupole flow tensor
n

2] generators

@ quadrupole and monopole vibrations and deformations

© rotational dynamics from rigid rotor to irrotational flow

B SUQ3) is a subgroup of Sp(3.R) 11— Symplectic basis states are labeled by (A 1£) and also by Sx S, S

| Symplectic Sp(3 R) symmetry matches deformed geometry [SU(3)] with the various modes of the nuclear collective dynamics

ﬂ‘?
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... RISR / Benefit Analysis ...

+
—— 2 1) W 1D =
¥ o+ 3 +

> L +
5} - " ]
2 C 1+ ]
= of  Amomnevg -
5 [ WithIllinois-2 2
“ 0L GFMC Calculations 0 w4
- 10 September 2006 105 .

80 -

V18 ]

90~ +IL2 Exp o

- C ® 12¢ ]

-100
| * Variational & Green’ s Function Monte Carlo
’ (VMC/GFMC): A<12, local interactions

* Coupled-cluster Theory (CCT): near closed-shell
nuclei (“He, '°0, 9°Ca); model space truncation
| * No-core Shell Model: A<16, space truncation -
binomial model space growth does you in
SS3 ° Symmetry-adapted No-core Shell Model (first
SRE  results, major investment time/effort required)

a

A

From @uarks and Gluowns to Hadrons and  Sywmwmetry Adapted No-Core Shell Model for /ﬁl_\
Nuclet; Erice, ttaly; September 16-24, 2011 Light Nuclel with RCD Inspired Interactions sl




| Probability Bistribution: Ground States *2C § *¢0

100 (04) ‘slice’ SA-NCSM NCSM
o0 ¥ I I I i IN». I I ] 00
? ‘( “slice’

S =
o O

I
)

(9%
o

L] 6hsz

4hQ
N 2hQ
L 0hQ

100 %

0, Probability distribution (%)
3

| °’C
|| .

20
10
0
12 13 14 16
hw (MeV)
Only 3 Op-Oh N ()
representations:
~85%

I | l R

17

18

{ 24.5(04) : most deformed
24.5(12)%: spin one states

I

| I | Validity
| of

| }Elliott’s

SUQ3)

-l
14 16
hw (MeV)

of 0/

2hw 2p-2h 1rreps:

~4% (12C)
~10% ('°0)

(6
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Major rReductions L Model Space

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Dimension of Model Space

1012?

+ 3 0p-Oh
1010 3 4E " ® "all Op-Oh N E
i NCSM 4| * dominant NCSM  ;
108 : : : - ONpc_%lf\;Isz_zh ;
106f SA-NCSMT[
SA-NCSM;
10* ¢ %
102} I
0AW 47w 8hw 1270 07w 47w 8hw 1270
NCSM vs SA-NCSM
model space dimension
T. Dytrych. K.D. Sviracheva, 0.009% for 12C
C. Bahri, J.P. Draayer, J.P. Vary, 0.0004% for 'O
Phys. Rev. Lett. 98 (2007) 162503 7~
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NCSM versus SA-NCSM

B 64Ge

[0}

Q

© 68Se X

X 72Kr @CSND @

+-60Ca g7

aaca  Nwaberof  nmmm) §

’ o

vV 32Ar basis states -

<©-28S .g

- 24Sj 6h__ » ’ , »” S

e Blnominal Counting Z
-12C

—_
OO')

0 2 4 6 8 10 12 14 16 18 20 22 24

N max

—_
001

=N
O-h

—_
O(»)

— required for complete

caleculation

number of highest weight states

0 2 4 6 8 10 12 14 16 18 20 22 24

N max

“Cluster Bookkeeping”
7%

1"4
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Symmetry Adapted Thewg

/%1\

basis classification scheme Bolr-
. Mottelson
space sSpin Modlel /
) 2 SLI3) 25005 U(2) > ¥ (Byy) = (Mt)
[fl o (Aw x L S
\/) oo v 7 ELLLo’c’c angol "* 14
deformation  (LS) JM SY m;: Lectie
\ - ‘ > 4
Step 1 oL Sr Sy S (Ap)
I} Generate distributions of nucleons over HO shells for a given Nmax model space (10) (02) (21) (04
1/2 11‘2{0 tece ‘
\ 7\ BLSI
rf : L
o0 o o np coupling - tee¢
Hmex = scheme w2 e O
1/2 3/2 ! L e g“ ‘
Step 2 Step 3 2, ¢ © ¢
I for each set of nucleons in a HO shell determine I decompose each U(N) irrep into a complete set of SU(3) irreps 0 b
antisymmetric representations of U(N)xU(2) NE P
‘seed’ 3/2 3/2 5 ¢ G.«
Ue) ® U@lo) D  SU®) . 3 &
quantum labels: S M e (O configurations AR
© Example: v 1'/2{1 ¢ ¢ ¢
4 nucleons in pf oo Eﬂ Ba = {(82)(71)33(52)(06)(60)(33)(14)(41)8,3(11)} 15O 32 1,«‘?{; t :
— OG- 6— s=1 B:D H:] ) {(90) (63)(71)(44)(25)(512’; ((gg; 8 :; ((: )) (22) (03) ((gg)) “ 1)} 1/2 3‘,:‘2{; t :
(01 (29
S=2 11 E ) {(52)(06)(33)(22)(30)} e 1y 12{? 2 :
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Low Spiw and High Deformation Dominance

B SU(3)-scheme decomposes Nmax model space into subspaces of states A
labeled by Sx S, (A p)S Li Sz Sv S (A p)
(10) (02) (21) (04)
0 e e
B the center-of-mass HO does not mix S, 5, (A p)S 1/2 1/2 { 1 ¢ € ‘
, @ ® §
3/2 1/2 { - ;
. 2L @ @ §
c.m. spurious states can be removed from each subspace exactly —__
1 -
1/2 3/2{ ¢ @ (¢
: (@ @ §
o @
B truncation according to intrinsic spin Sx S, S 3/2 3/2 1 ‘, e
2 Q@
Spin-decomposition of ground state band wfns in 12C [Nmax=6 model space] 3 " -
J=0 J=2 J=4 ©00) (11) (30)
211% 7 065 162% 6.93% %owy | JISP16 1/2 1)/2{0 ¢ ¢ ‘
9.36% .66% - 5. ,S“ s 1 b ‘v ‘
e 18 1x0o 1 €@ ©
e | v a2
T2.47% wm,.,,,.}.’.. 2 ¢ €
1.18% 1/2 3/2 1 e €
a7, | N3LO / {
L 4.03% -%OL—'E_O 2 ¢ ¢
W Ox1—1
e T
N ompenous’ 0RQ 1/2 1/2{ o € ¢
80.56% 1 C t
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Physical / Algebraie Structure

~ohQ)
A

raising operators

lowering operators

Basis states in symplectic “cone” are built over symplectic bandhead by action of raising operators

(&%
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ngcho’cic (1p-1h, 2Am) Raising Operator

Action of raising operator that has (2,0) SU(3) tensor character (symplectic generator) ———pm

12C (L=0, $=0,J ;= 0)

2C (L=1, S=1,J,,= 0%

probabil ty

probability

probability

Projection of the ground state into Sz Sy (A 1)S  subspaces

MWSp=05n=0 $=0 @ Sp=0Sn=1 =1 [JSp=15n=05=1
MSc=18r=1$=1 OSp=18n=15=0 MRamaining Sp Sn S sUbSDAES

B Sp=1 8n=15=2

0.08000
0.04500
0.04000
0.03500
0.03000
0.02500
0.02000
0.01500
0.01000

0.00500
o onca I W w Ml e g s _m. L R T
(00 (1t 103 3 (22 4) (47 @3 @©Q 06) (82) (25) (44 (71) (®3 (@0 B2 (107 (120)

4hQ

00900
0.0800
04700
0.0620
00500
00400
00300
00200
00100
0.0000

(13 4 0) (32 0%) (24) s1 (=3 ro) 52

080000

050000

040000

030000

020000

0.10000

0.00000

(01) @0 112) ©4)
SU(3) labels

Projection of the ground state into Sx Sy (A 1)S  subspaces

WSp=08n=0 S=0 H Sp=0Sn=1 S=1 [ Sp=15n=0 S=1
ESo=18r=1$=1 OSp=18Sn=1$=0 M Remaining Sp Sn S subspacos

B Sp=1 8n=15=2

0.06000
0.04500
0.04000
0.03500
0.03000
0.02500
0.02000
0.01500
0.01000
0.00500

probabil ity

00 g1 I PO (@2 (14 @I @2

€0) [©6 (52) 25)
00900
00820
00700
0.0600
00500
0.0400
00300
00200
00100
0.0000

probability

o) (c2| 121 (3 140) [cF]] 08) B4| 81) (3 ro)

N

o1 @0 ©4)
SU(3) labels

080000

080000

040000

030000

probability

020000

0.10000

0.00000

0.00000 I M . _m.. I_ — e Dl g s WL |n. —_—— o ln
(44) (71) (B3] (©0 (82 (107 (120)

4hQY

2R

2

ﬂ?
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Dominate Modes - (113-114 20w § Qp-;zh 2hm)

12C (J = 0%)

B most important subspaces contain states

of the three leading Sp(3.R) irrep
Projection of the ground state into Sz S, (A )S  subspaces
B Significant contribution from the
most deformed 2p-2h Sp(3.R) irrep
WS=08n=05=0 @ Sp=0Sn=1 $=1 [ISp=15n=0S=1 BSp=1 Sn=18=2
ESc=15r=1 =1 OSp=1Sn=1 $=0 M Remaning Sp Sn S sULLDAS
0.08000
0.04500 4r0
0.04000
& 003500
3 005000
§ 0.02500
S 002000 (44) (60) (82) 4R
0.01500
0.01000 I "
0.00500
0.00000 _m_ . _m.. I_ —en Ol g e M. Iu. R S 62) K0
(00) (11 03 (30) (22) (14) (47 (33 (60) (©6) (52) (25 (44) (71) (B3I (20 (82) (107 (120)
0.0800 most deformed 2p-2h Sp(3.R)
00800 2k
- 00700
£ 0o / (00) (22) (06) (44) 4rQ
€ 00s0
: f
S 00400
& 00300
2070 ©2) 24 20
00100 I
oo Ml __ M@ e WM . E1 B. R -
noy ©2) iz (13 140) F2) 08) (24) s1n (=3 iro) s2) I (04) [1):194
040000 L — | most deformed Op-Oh Sp(3.R)
050000 llm
E‘ 040000
g 030000 (11)(30)(41)(33)(52) 470
8’ 020000 ' I
0.10000 (10) (21) (13) (32 2R
000000 —_— —_— —_— = — \4_\*
o1 @0) 12) 4 — I
SU(3) labels 11— (12) o0
Sp=0 5n=1 5-1
/\ &
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Ground /

State

N=0
dominate
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Low ngx,g 0+ states L 120 (N
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0.400
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0.400
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r
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0.400
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Ib
1,
.

0.600

0.500

0.400

0.300

0.200
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=6) ...

N=0
dominate

Hoy le
State

N=2
dominate

ﬂ‘i\
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. Structure of 1F 07 v *2C ...

M Sp-0 Sn=0 S-0 M Sp~1Sn=0S=-1 O Sp-0Sn-1S=1 ESp~15n=-15-1 MSp=15n=-15=-0 O Sp-15n-15-2 MremainingSpSn S
2.00%
1.80%
1.60%
1.40%
1.20%
1.00%
0.80%
0.60%
0.40%
0.20%

0.00% = .ﬂ.n.n.l“].l...;n.l].. Jl-...n...ll.l]._.lllLl.n._.n.l o sl Jl_..ll....._lﬂ.__-_

©1) @0) (12) @1) (04) 23) (50) (42) (15) B4) (1) O7) (53) R6) (£5) BO) F2) (64) (1) §3) (110)(102)(12 1)(14 0)
5.00%
4.50%
4.00%
3.50%
3.00%
2.50%
2.00%
1.50%

1.00%
0.50%

o | TR /T TR N | TN
©0) (11) @3) @0) (22) (14 @#1) @3) (©6) (B0 (25 (52) @4) F1) B3) (0O @2 (101) (120)

9.00%

8.00%

o 0600
6.00%

5.00%

<o 0500
3.00%

2.00%

0.400

1.00%
0.00% I M n Mo - ML N T, I —
1o ©2  Ren 03 @0 B2 O @4 SN @I @0 62

45.00%
0.300

40.00%
35.00%
30.00%

mo
H2
04

0.200 m6

25.00%
20.00%
15.00%
0.100

10.00%
5.00%

0.00%

©1) 20) (12) 4) 0.000

ﬂ‘?
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. Structure of 7" ot in 2C ...

H Sp=0 Sn=0 S~0 M@ Sp~1Sn=0S=1 [ Sp=0 Sn=1S=1 @ Sp=1Sn=1S=1
W Sp=135n=15~0 O Sp=1Sn=1S=2 MremaningSpSnS
3.00%
2.50%

2.00%

0.50%

0.00% __I.-.ll.n.ll.ll.ln.ll.l.n.. J].ll.n.l].l‘.l.ll.l].—._l].u- JLIL[LI.n.I:Ln Jl._u.ll.u.__ I
1) 20) (12) @1) 04) (23) (50) (42) (15) (34) (61) (07) (53) (26) (45) (80) (72) (54) (3 1) (B3) (110)(10 2)(12 1)(140)
8.00%

7.00%
6.00%
5.00%
400%
3.00%

2.00%
1.00%
0.00% = - ———— .n._...n.--:L:LI_ mme Mol dl o mea o 0 o -

o) (11) ©3) @0) @22) (14) @1) (33) (06) (B0) 235) (52) #4) 1) B3 GO B2 (1071) (120)
25.00%

- 0.600

0.500

10.00%

com 0.400

000%  — —m e = om = W1 ————-n . ;.

W0
(10 ©2) 3] (13) ©“o) B2 ©s) 24) 51) “@3) 70) ©2) 0.300

w2
04
me6

10.00%
2.00%
8.00% 0.200
7.00%
6.00%
5.00% 0.100
400%
3.00%

2.00% 0.000

1.00%
0.00% s
©1) @0) (12) ©4)
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.. Structure of 15F 07 (Ground State) of *¢0 ...

(00) B Sp=05n=05=0 [ Sp=1Sn=1S=2 M Sp=1Sn=0S=1 0 Sp=0Sn=1S=1 M Sp=1Sn=15=0
205’);/.26%
spin
b Sp=05,=05=0
collective dynamics & geometry
16%
(00) (22) (60) 6n0
|20 i
(02) (40 4RQ
- |
(20) 2RQ
10%
(04 00
8% Symplectic (0 0) representation
(4 0)
6%
4%
(60)
2%
(02) (22)
I _L__I-L_III_ I T R L I Y | I

(01) (12) (04) (S50) (10) (21) (40) (05) (S51) (16) (35) (08) (27) (46) (65) (92) (00) (03) (22) (41) (06) (25) (44) (71) (63) (09) (28) (47) (66) (93) (120)(104)(123)
(00) (20) (31) (23) (42) (02) (13) (32) (24) (43) (70) (62) (54) (81) (73) (100) (84) (11) (30) (14) (33) (60) (52) (17) (36) (55) (90) (82) (74) (101) (85) (112)(131)
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. Structure of 14™ ot of *0 ...

B Sp=0Sn=05S=0 M Sp=0Sn=15=1 [ Sp=1 Sn=0S=1 M Sp=1Sn=15=1 M Sp=1 Sn=15=0 [ Sp=1Sn=15=2

35%
- (84)
spin
SP =05,=05=0
30% (60) (82) (104) 6o
259 (40) (62) (84) 4s0
(]
(20) (42) R0
20%
(00) 0RO
cluster correlations
15% 120+ He
10%
(82)
5%
(20) (42) (40) (62) (10 4)
| N ©0
0% - _-_-._.-.I-_-_I.. ol e o h o o __I da _--__|I|Il ~lbnlll n e B e ———a ____.l.._lLll_llnlI.. I]. - ]IIL II.II 8 ma@O 0. @ I____
(01) (12) (04) (50) (10) (21) (40) (05) (51) (16) (35) (08) (27) (46) (65) (92) (00) (03) (22) (41) (06) (25) (44) (71) (63) (09) (28) (47) (66) (93) (120)(104)(123)
(00) (20) (31) (23) (42) (02) (13) (32) (24) (43) (70) (62) (54) (81) (73)(100)(84) (11) (30) (14) (33) (60) (52) (17) (36) (55) (90) (82) (74) (101) (85) (112)(131)
- - <
0AQY 2R 478 6h8)
0% 8.10% 65.22% 26.63%
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Reaching Higher / Symmetry Winmnowing

20
10
-
e
64 — -
. Ge
16
2 10
@
e
@ v
L
% 10 v & Full space
O v A * Spintruncation
h EEEEEEEER l/l’-llllllllllllll..llllllllllllllllllllllllllll‘..l.'lll‘;’;-‘lﬁlllllll.l vSpir‘trt‘r\(:atlor‘+2‘€>%rr‘OSt
@) — — S deformed SU(3)
— - . -y -A- Spin truncation+10% most
o 108:/ - > deformed SU(3)
@) - Spin truncation+5% most de-
& formed SU(3)
-]
Z
4
10

0 2 4 6 8

N
max 2\
/ Fu“
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. Emerging "Shell Model” Philosophy ...

----------------------------------------------

Single-Particle Shell Model S T

... Mean-Field Theories ... L DFT + )

/
H = T + v — Microscopic Shell Model — . @
| | §

... Algebrate Theortes ...

Cﬁv"
Geometrical Collective Model g X
Potential
' Energy ... uncertain / invites creativity ...
Kinetic

Ewnergy ... certain / dictates “open-core” wature of theory ...

From uarks and Gluons to Hadrons and  Symmetry Adapted No-Covt Shell Model for W1 /]
Nuclet; Erice, ttaly; September 16-24, 2011 Light Nuelel wuth RCD Inghired nteractions Lsy



. Looking Forward — 2% Decade of 21 Century

------------------------------------------

e Stand alone SA-NCSM code tested/avatlable
(...balance utilization of computer resources...)

* Designed to hawndle up to 4-body interactions
(...importance of alpha-particle corvelations...)

* Continued development/targeted applications
(*2C, *°0, °Ne, >*Mg ...awn extensible theory...)

.. Stay Tuned ...
73
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