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Beyond Reach?

… The elusive Hoyle state …

Creation of C-12 in hot stars

Provide guidance:
no-core shell model with large model spaces
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Horizontal shells
(all configurations)

NCSM
 (multi-     )  hΩ-

Filled
shells

Ab initio No-Core Shell Model

(       ) limit 0hΩ- Valence shell

 Manage spurious center-of-mass motion
 Relation to the NCSM: fully microscopic!
 ExtensibleExtensible: spaces; 3&4 body enabled, etc.: spaces; 3&4 body enabled, etc.

SU(3) limit (       )0hΩ-

Vertical slices
monopole & quadrupole
excitations (including
2p-2h, 4p-4h …)

NCSpM
 (multi-ħΩ)

Multi-shell
symplectic

slice

Complete: equals NCSM
if all slices included
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Probability Distribution: Ground States 12C

*Only 3 0p-0h
slices: ~85%

Nσ(λμ)
24.5(04) : most deformed
24.5(12)2: S=1 states
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T. Dytrych, K.D. Sviracheva,
C. Bahri, J.P. Draayer, J.P. Vary,

Phys. Rev. Lett. 98 (2007) 162503
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‘Microscopic’ Symmetries: Sp(3,R)⊃SU(3)

Mars’ Deimos

Intrinsic nucleon dynamics -
reflected in shape deformations

rotations

shapesSU(3)

SO(3)

SO(2)
space orientation

z
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Spatial part, SU(3): (λ µ) 

Full (NCSM) Model Space

12C; J=0; Nmax=12
Dimensions of ‘space-spin pixels’

12 ħΩ10 ħΩ8 ħΩ6 ħΩ4 ħΩ2 ħΩ0
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  Further organization of space … symplectic slices
8 ħΩ6 ħΩ4 ħΩ2 ħΩ0ħΩ

(0 4)
Bandhead

(0 4) Slice
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Symplectic (vertical) slices

Bandhead

Symplectic
Slice

Basis States
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Selected Model Space

NCSM

Spherical harmonic oscillator basis
Symplectic basis

NCSpM

Unitary
Transformation
to Symplectic
Basis

3 slices
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The three slices

(0 4) Bandhead
(Oblate)

(12 0) Bandhead
(More Prolate)

0p-0h

2p-2h

4p-4h

Main contribution to
ground state
rotational band
(0g.st.

+, 21
+, 41

+)

Main contribution
to 03

+

Main contribution to
Hoyle state

(6 2) Bandhead
(Prolate)
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Simple Effective Interaction

Elliott SU(3) model
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Harmonic oscillator
potential

Not adjusted… fixed by ħΩ

(range parameter a)Long-range expansion of any 2-b central force

Valence shell

Multiple shells
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C-12 Energy Spectrum

Vary/Maris
NCSM
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0+

2+

4+
0+

2.8 W.u.
5.12 W.u.4.65 W.u.

Parameters
NCSM with JISP16:
Fixed:
ħΩ	  = 15 MeV, Nmax=	  6

NCSpM:
Fixed:      Adjusted:
ħΩ	  = 18 MeV,	  Nmax=	  20 	  	  	  	  γ =	  –1.71x10-‐4

Not confirmed 
experimentally

Hoyle state
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NCSpM:
Fixed:      Adjusted:
ħΩ	  = 18 MeV,	  Nmax=	  20 	  	  	  	  γ =	  –1.71x10-‐4

C-12: Other Observables

5.12 W.u.4.65 W.u.

Parameters

NCSpM Exp
Matter
rrms, fm

Ground
state

2.44 2.43(2)

Hoyle
state

2.93 N/A

Q, e fm2 21
+ +6.62 +6(3)

22
+ –20.61 N/A
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C-12: B(E2) Transition Rates

4.50 W.u.4.65 W.u.

Parameters

7.05 W.u.8.0 W.u.

61.0 W.u.

Ground state (small mixing)
0p-0h: 98.63% , 4p-4h: 1.37%

NCSpM:
Fixed:      Adjusted:
ħΩ	  = 18 MeV,	  Nmax=	  20 	  	  	  	  γ =	  –1.71x10-‐4
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Probability Distribution

 Ground state
peaks at 0hΩ and
extends to ~10hΩ

 Hoyle state peaks
at 8hΩ and
extends to ~18hΩ
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Probability Distribution

 Ground state
peaks at 0hΩ and
extends to ~10hΩ

 Hoyle state peaks
at 8hΩ and
extends to ~18hΩ

 Ground state:
compared to ab
initio SA-NCSM
(Sp=Sn=0) with
JISP16 (Nmax=8)
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0+
2+

Hoyle state

NCSM Current Model Spaces

NCSpM
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2+

4+

0+
2+

Hoyle state

Contribution of (simple) many-body terms
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Terms kept in the interaction expansion up to …

Present results
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Conclusions

… The elusive Hoyle state … within the ab initio NCSM reach

… need of many-body interactions

NCSpM… understanding deformations, rotations, clusters
              … O-16, Si-28, Mg-24,…

… simple …
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… Not possible without …

Elliott/Moshinsly … SU(3)

Draayer/Akiyama … SU(3) (re)coupling coefficients

Rosentsteel/Rowe … Adding K.E.: Sp(3,R)

Rowe … Vector Coherent State: MEs of Sp(3,R) generators

Bahri … Sp(3,R)-based code

Vary/Maris … NCSM

Dytrych … SA-NCSM

NERSC + LONI (LSU)


