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45Fe  2-proton decay 

Shape transitions in Sm 

 
large isospin magnifies unknown physics  
clustering behavior 
novel evolution in structure 

118 chemical elements (94 naturally found on Earth) 
288 stable (primordial) isotopes 
 
Thousands of short-lived isotopes – many with interesting properties 

Nuclei across the chart




Ab initio approaches 
•  Quantum Monte Carlo 
•  Lattice EFT 
•  Configuration interaction/NCSM 
•  Coupled Cluster method 
•  In-Medium SRG 
•  Self-Consistent Green’s Functions 
compete with each other and 
complement each other 



Energy	
  scales	
  and	
  relevant	
  degrees	
  of	
  freedom	
  

Fig.: Bertsch, Dean, Nazarewicz, SciDAC review (2007) 
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Effective theories provide us with 
model independent approaches to 
atomic nuclei 
Key: Separation of scales 

Chiral symmetry is 
broken 

Pion is Nambu-
Goldstone boson  

Tool: Chiral effective 
field theory 

DFT 

collective 
models 

CI 

ab initio 



Nuclear forces from chiral effective field theory

[Weinberg; van Kolck; Epelbaum et al.; Entem & Machleidt; …]	



[Epelbaum, Hammer, Meissner RMP 81, 1773 (2009)] 	



Low energy constants from fit of NN 
data, A=3,4 nuclei, or light nuclei.	



CE	

CD	


•  Model	
  inadequacy:	
  op8miza8on	
  of	
  

the	
  parameters	
  	
  order-­‐by-­‐order	
  
•  Parameter	
  uncertain8es:	
  

Covariance	
  and	
  sensi8vity	
  analysis	
  
of	
  parameters	
  in	
  few-­‐	
  AND	
  many-­‐
body	
  systems	
  



Optimization of Chiral interactions at NNLO 
	
  

NNLO(POUNDerS)	
  
NNLO(EGM	
  450/500)	
  
Nijmegen	
  PWA	
  

A.	
  Ekström	
  et	
  al,	
  Phys.	
  Rev.	
  LeU.	
  110,	
  192502	
  (2013)	
  

cD	
   cE	
  

cD-­‐cE	
  fit	
  of	
  the	
  3H/3He	
  binding	
  
energy	
  and	
  the	
  3H	
  half	
  life	
  	
  
(From	
  P.	
  Navra8l	
  and	
  S.	
  Quaglioni)	
  
	
  
cD	
  =	
  -­‐0.39	
  	
  +/-­‐	
  0.07,	
  	
  
cE	
  =	
  -­‐0.398	
  +0.015/-­‐0.016	
  
	
  
	
  

Eg.s.	
   <rp>1/2	
   Eg.s.	
   <rp>1/2	
   Eg.s.	
   <rp>1/2	
  

NN	
   -­‐8.25	
   1.60	
   -­‐7.50	
   -­‐27.59	
   1.43	
  

NN+NNN	
   -­‐8.48	
   1.58	
   -­‐7.73	
   1.76	
   -­‐28.46	
   1.42	
  

Exp	
   -­‐8.48	
   1.60	
   -­‐7.72	
   1.77	
   -­‐28.30	
   1.47	
  



The Berggren completeness treats bound, 
resonant and scattering states on equal footing. 
 
Has been successfully applied in the shell 
model in the complex energy plane to light 
nuclei. For a review see  
 
N. Michel et al J. Phys. G 36, 013101 (2009). 

Physics of nuclei at the edges of stability	
  



Green’s function Monte Carlo computations

Demonstration that light nuclei can be build from scratch 

Pieper & Wiringa, Ann. Rev. Nucl. Part. Sci. 51, 53 (2001) 



Anomalous	
  Long	
  Life8me	
  of	
  Carbon-­‐14	
  

3-­‐nucleon	
  forces	
  suppress	
  
cri8cal	
  component	
  

net	
  decay	
  rate	
  	
  
Is	
  very	
  small	
  

Anomalous	
  long	
  life8me	
  of	
  Carbon-­‐14	
  (used	
  in	
  carbon	
  da8ng)	
  explained	
  by	
  ab-­‐ini8o	
  
CI	
  calcula8ons	
  using	
  NN	
  and	
  NNN	
  forces.	
  Three-­‐nucleon	
  forces	
  yield	
  suppression	
  of	
  
transi8on	
  matrix	
  element.	
  

Maris,	
  Vary,	
  Navrá8l,	
  Ormand,	
  Nam,	
  Dean,	
  
Phys.	
  Rev.	
  LeU.	
  106,	
  202502	
  (2011)	
  



Computation of the Hoyle state

The Hoyle state (postulated in 1954) explains the abundance of 12C in stars. 

Epelbaum, Krebs, Lee, Meißner,  
Phys. Rev. Lett. 106, 192501 (2011)  

Epelbaum, Krebs, Lähde, Lee, Meißner,  
Phys. Rev. Lett. 109, 252501 (2012)  

Nuclear Lattice Effective Field Theory Collaboration 

Bent arm or obtuse 
triangle of alpha clusters 
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NCSMC	
  
with	
  three	
  6He	
  states	
  
and	
  ten	
  7He	
  eigenstates	
  
More	
  7-­‐nucleon	
  correla8ons	
  
Fewer	
  6He-­‐core	
  states	
  needed	
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Experimental	
  controversy:	
  	
  
Existence	
  of	
  low-­‐lying	
  1/2-­‐	
  state	
  	
  
…	
  not	
  seen	
  in	
  these	
  calcula8ons	
  

4

Jπ experiment NCSMC NCSM/RGM NCSM

ER Γ Ref. ER Γ ER Γ ER

3/2− 0.430(3) 0.182(5) [2] 0.71 0.30 1.39 0.46 1.30

5/2− 3.35(10) 1.99(17) [40] 3.13 1.07 4.00 1.75 4.56

1/2− 3.03(10) 2 [11] 2.39 2.89 2.66 3.02 3.26

3.53 10 [15]

1.0(1) 0.75(8) [5]

TABLE III: Experimental and theoretical resonance centroids
and widths in MeV for the 3/2− g.s. , 5/2− and 1/2− excited
states of 7He. See the text for more details.

shifts is maximal [41]. The resonance widths are then
computed from the phase shifts according to (see, e.g.,
Ref. [42])

Γ =
2

dδ(Ekin)/dEkin

∣

∣

∣

∣

Ekin=ER

. (4)

An alternative, less general, choice for the resonance en-
ergy ER could be the kinetic energy corresponding to a
phase shift of π/2 (thin dashed lines in Fig. 3). While
Eq. (4) is safely applicable to sharp resonances, broad
resonances would require an analysis of the scattering
matrix in the complex plane. As we are more interested
in a qualitative discussion of the results, we use here the
above extraction procedure for broad resonances as well.
The two alternative ways of choosing ER lead to basi-
cally identical results for the calculated 3/2−1 resonances,
however the same is not true for the broader 5/2− and
the very broad 1/2− resonances. The π/2 condition, par-
ticularly questionable for broad resonances, would result
in ER ∼ 3.7 MeV and Γ ∼ 2.4 MeV for the 5/2− and
ER ∼ 4 MeV (see Fig. 3) and Γ ∼ 13 MeV for the 1/2−

resonance, respectively.
The resonance position and width of our NCSMC 3/2−

g.s. slightly overestimate the measurements, whereas the
prediction for the 5/2− is lower compared to experi-
ment [3, 40], although our determination of the width
should be taken with some caution in this case. As for
the 1/2− resonance, the experimental situation is not
clear as discussed in the introduction and documented
in Table III. While the centroid energies of Refs. [11, 12]
and [15] are comparable, the widths are very different.
With our determination of ER and Γ, the NCSMC re-
sults are in fair agreement with the neutron pick-up and
proton-removal reactions experiments [11, 12] and defi-
nitely do not support the hypothesis of a low lying (ER∼1
MeV) narrow (Γ ≤ 1 MeV) 1/2− resonance [4–8]. In ad-
dition, our NCSMC calculations predict two broad 6P3/2

resonances (from the coupling to the two respective 6He
2+ states) at about 3.7 MeV and 6.5 MeV with widths of
2.8 and 4.3 MeV, respectively. The corresponding eigen-
phase shifts do not reach π/2, see Fig. 3. In experiment,

there is a resonance of undetermined spin and parity at
6.2(3) MeV with a width of 4(1) MeV [40]. Finally, it
should be noted that our calculated NCSMC ground state
resonance energy, 0.71 MeV, is lower but still compatible
with the extrapolated NCSM value of 0.98(29) MeV (see
Tables I and III).

In conclusion, we introduced a new unified approach to
nuclear bound and continuum states based on the cou-
pling of the no-core shell model with the no-core shell
model/resonating group method. We demonstrated the
potential of the NCSMC in calculations of 7He reso-
nances. Our calculations do not support the hypothesis
of a low lying 1/2− resonance in 7He.
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d⇥r��(⇥r)Â�J⇡T (A�a,a)

�⇥r

The idea behind the NCSMC

�̄ = N+ 1
2�

|⇥J⇡T
A � =

X

�

c�|A�J⇤T �+
X

⇥

Z
d⇤r

 
X

⇥0

Z
d⇤r 0N� 1

2
⇥⇥0 (⇤r,⇤r 0)⇥̄⇥0(⇤r 0)

!
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NCSM with continuum: 7He     6He + n

S. Baroni, P. Navrátil, and S. Quaglioni, Phys. Rev. Lett. 110, 022505 (2013)	





Auxiliary	
  Field	
  Diffusion	
  Quantum	
  Monte	
  Carlo	
  calcula8ons	
  of	
  neutron	
  maUer	
  and	
  	
  
equa8on	
  of	
  state	
  with	
  Argonne	
  and	
  Urbana/Illinois	
  NN	
  +	
  NNN	
  forces.	
  	
  
Constraining	
  the	
  maximum	
  mass	
  and	
  radius	
  of	
  neutron	
  stars	
  and	
  the	
  nuclear	
  symmetry	
  energy	
  



Is 28O a bound nucleus?

Experimental situation	



•  “Last” stable oxygen isotope 24O	



•  25,26O unstable (Hoffman et al 2008, 	



	

Lunderberg et al 2012)	



•  28O not seen in experiments	



•  31F exists (adding on proton shifts drip line by 6 neutrons!?)	
  

Shell model (sd shell) with monopole corrections based on three-
nucleon force predicts 2nd O as last stable isotope of oxygen.  [Otsuka, 
Suzuki, Holt, Schwenk, Akaishi, PRL (2010), arXiv:0908.2607]	



28O?	
  

Con8nuum	
  shell	
  model	
  with	
  
HBUSD	
  interac8on	
  predict	
  
28O	
  unbound.	
  A.	
  Volya	
  and	
  V.	
  
Zelevinsky	
  PRL	
  (2005)	
  



Ab-initio Gorkov-Green’s function theory with 3NFs




Ab-initio computation of all even oxygen 
isotopes from multi-reference IM-SRG




Oxygen isotopes from NNLO(POUNDerS) 
	
  A.	
  Ekström	
  et	
  al,	
  Phys.	
  Rev.	
  LeU.	
  110,	
  192502	
  (2013)	
  



Excited states in neutron rich 
oxygen isotopes


Experiment 
[Hoffman et al., PRC 83, 031303 
(2011)] Unbound states in 24O 
populated by knockout from 26F. 
Observation of 22O and two-neutron 
cascade. Speculation: single 
resonance or superposition of 
states with Jπ= 1+ to 4+. Hagen, Hjorth-Jensen, Jansen, Machleidt, Papenbrock, 

Phys. Rev. Lett. 108 242501 (2012) 

Inclusion of schematic 3NFs:  
kF=1.05 fm-1, cE=0.71, cD=-0.2   



Computing open-shell Fluorine-26  	
  

Experimental	
  spectra	
  in	
  26F	
  	
  
compared	
  with	
  
phenomenological	
  USD	
  
shell-­‐model	
  calcula8ons	
  and	
  	
  
coupled-­‐cluster	
  calcula8ons	
  
	
  
A.	
  Lepailleur	
  et	
  al,	
  PRL	
  110	
  
082502	
  (2013)	
  



Ca 

Ni 

Is	
  54Ca	
  a	
  magic	
  nucleus?	
  	
  

Magic nuclei  
determine the  
structure of entire  
regions of the  
nuclear chart 

? 

40Ca	
  in	
  our	
  bones	
  
(N=Z=20)	
  



Evolution of shell structure in neutron rich Calcium	
  

•  How	
  do	
  shell	
  closures	
  and	
  magic	
  
numbers	
  evolve	
  towards	
  the	
  dripline?	
  

•  Is	
  the	
  naïve	
  shell	
  model	
  picture	
  valid	
  at	
  
the	
  neutron	
  dripline?	
  

•  What	
  are	
  the	
  mechanisms	
  responsible	
  for	
  
shell	
  closure	
  in	
  48Ca?	
  

•  Different	
  models	
  give	
  conflic8ng	
  result	
  for	
  
shell	
  closure	
  in	
  54Ca.	
  

	
  	
  	
  	
  	
  J.	
  D.	
  Holt	
  et	
  al,	
  J.	
  Phys.	
  G	
  39,	
  085111	
  (2012)	
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S2n = 2 MeV

How many protons and neutrons can be bound in a nucleus?


Skyrme-­‐DFT:	
  6,900±500syst	
  Literature:	
  5,000-­‐12,000	
  

288	
  
~3,000	
  

Erler	
  et	
  al.,	
  Nature	
  486,	
  509	
  (2012)	
  	
  

Descrip8on	
  of	
  observables	
  and	
  model-­‐based	
  extrapola8on	
  
•  Systema8c	
  errors	
  (due	
  to	
  incorrect	
  assump8ons/poor	
  modeling)	
  
•  Sta8s8cal	
  errors	
  (op8miza8on	
  and	
  numerical	
  errors)	
  



Calcium isotopes from chiral interactions 	
  
NN	
  forces	
  from	
  chiral	
  
EFT	
  and	
  in-­‐medium	
  
effec8ve	
  3NF:	
  kF=0.95	
  
fm-­‐1,	
  cE=0.735,	
  cD=-­‐0.2	
  	
  
	
  
Main	
  Features:	
  	
  
1.  Energies	
  agree	
  well	
  

with	
  experimental	
  
masses.	
  

2.  60Ca	
  is	
  not	
  magic	
  	
  
3.  61-­‐62Ca	
  are	
  located	
  

right	
  at	
  threshold.	
  	
  
	
  
	
  
See	
  also:	
  	
  
Meng	
  et	
  al	
  PRC	
  65,	
  041302	
  
(2002),	
  Lenzi	
  et	
  al	
  	
  PRC	
  82,	
  
054301	
  (2010)	
  and	
  Erler	
  et	
  al,	
  
Nature	
  486,	
  509	
  (2012)	
  	
  	
  

G.	
  Hagen,	
  M.	
  Hjorth-­‐Jensen,	
  G.	
  R.	
  
Jansen,	
  R.	
  Machleidt,	
  T.	
  Papenbrock,	
  
Phys.	
  Rev.	
  LeU.	
  109,	
  032502	
  (2012).	
  

kF=0.95fm-­‐1,	
  cD=-­‐0.2,	
  cE=0.735	
  
Nmax	
  =	
  18,	
  hw	
  =	
  26MeV	
  

A	
  peninsula	
  of	
  weak	
  
stability?	
  



Is 54Ca a magic nucleus? (Is N=34 a magic number?)	
  

48Ca	
   52Ca	
   54Ca	
  

2+	
   4+	
   4+/2+	
   2+	
   4+	
   4+/2+	
   2+	
   4+	
   4+/2+	
  

3.58	
   4.20	
   1.17	
   2.19	
   3.95	
   1.80	
   1.89	
   4.46	
   2.36	
  

3.83	
   4.50	
   1.17	
   2.56	
   ?	
   ?	
   ?	
   ?	
   ?	
  
CC	
  
Exp	
  

Main	
  Features:	
  	
  
1.  Good	
  agreement	
  between	
  

theory	
  and	
  experiment.	
  	
  
2.  Shell	
  closure	
  in	
  48Ca	
  due	
  to	
  

effects	
  of	
  3NFs	
  	
  
3.  Predict	
  weak	
  (sub-­‐)shell	
  

closure	
  in	
  54Ca.	
  	
  	
  

G.	
  Hagen,	
  M.	
  Hjorth-­‐Jensen,	
  G.	
  R.	
  
Jansen,	
  R.	
  Machleidt,	
  T.	
  
Papenbrock,	
  Phys.	
  Rev.	
  LeU.	
  109,	
  
032502	
  (2012).	
  

Measurement at RIKEN 
(Japan) agrees with 
theoretical prediction. 

★	
  

RIKEN	
  	
  
Experiment	
  



Spectra and shell evolution in Calcium isotopes 	
  
1.  Inversion	
  of	
  the	
  9/2+	
  and	
  

5/2+	
  resonant	
  states	
  in	
  
53,55,61Ca	
  

2.  	
  We	
  find	
  the	
  ground	
  state	
  
of	
  61Ca	
  to	
  be	
  ½+	
  located	
  
right	
  at	
  threshold.	
  	
  

3.  A	
  harmonic	
  oscillator	
  
basis	
  gives	
  the	
  naïve	
  shell	
  
model	
  ordering	
  of	
  states.	
  

New	
  penning	
  trap	
  measurement	
  of	
  masses	
  of	
  51,52Ca	
  
	
  A.	
  T.	
  Gallant	
  et	
  al	
  Phys.	
  Rev.	
  LeU.	
  109,	
  032506	
  (2012)	
  

Con8nuum	
  coupling	
  	
  
is	
  crucial!	
  	
  



Shell evolution in Calcium isotopes from 
NNLO(POUNDerS)	
  



From M. Savage 

SciDAC-2 UNEDF  
SciDAC-3 NUCLEI 



Validated	
  Nuclear	
  
Interac8ons	
  

Structure	
  and	
  Reac8ons:	
  
Light	
  and	
  Medium	
  Nuclei	
  

Structure	
  and	
  Reac8ons:	
  
Heavy	
  Nuclei	
  

Chiral	
  EFT	
  
Ab-­‐ini8o	
  

Op8miza8on	
  
Model	
  valida8on	
  
Uncertainty	
  Quan8fica8on	
  

Neutron	
  Stars	
   Fission	
  
Neutrinos	
  and	
  

Fundamental	
  Symmetries	
  

Ab-­‐ini8o	
  
RGM	
  
CI	
  

Load	
  balancing	
  
Eigensolvers	
  
Nonlinear	
  solvers	
  
Model	
  valida8on	
  
Uncertainty	
  Quan8fica8on	
  
	
  
	
  

DFT	
  
TDDFT	
  

Load	
  balancing	
  
Op8miza8on	
  
Model	
  valida8on	
  
Uncertainty	
  Quan8fica8on	
  
Eigensolvers	
  
Nonlinear	
  solvers	
  
Mul8resolu8on	
  analysis	
  
	
  

Stellar	
  burning	
  

fusion	
  

Neutron	
  drops	
  
	
  

EOS	
  
Correla8ons	
  

(2012-2017) 



Summary

•  Super computing is an essential part of nuclear theory 

•  Purpose: Understanding of complex processes, guidance of 
experiment, and predictions into terra incognita  

•  Suite of ab initio methods: complementary and competing  

•  Aim: anchor low-energy nuclear theory into theory of strong 
interactions, with reliable predictions  

•  Quantification of theoretical uncertainties on the horizon 

•  Collaboration between nuclear theorists, and computer scientists 
and applied mathematicians crucial and most beneficial  



Excited states in oxygen isotopes from 
NNLO(POUNDerS)	
  


