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•  A third rate theory forbids 
•  A second rate theory explains after the 

fact 
•  A first rate theory predicts 

A. Lomonosov 

Happy the man who has been able to 
discern the cause of things 

Virgil, Georgica 

|T i = ↵1|T1i+ ↵2|T2i+ ↵3|T3i+ · · ·

Theories 
Models 



Input 
Forces, operators, 

parameters 

Many-body 
dynamics 

Open  
channels 

11Li 
208Pb  
298U 

Physics of nuclei is demanding 



Are superheavy nuclei 
different? 

Yes! 
Competition between short-range nuclear force and 
long-range electrostatic repulsion results in the Coulomb 
frustration effects  
 
Electromagnetic interaction highly nonperturbative –
gives rise to huge self-consistent polarization effects/
rearrangements 



Is the concept of magicity 
useful in superheavy 
nuclei? 

Probably not 
Because of very high level density and the Coulomb 
frustration effects  



Shell structure and Coulomb frustration 

M. Bender et al. Phys. Lett. B 515, 42–48 (2001) 

Shell energy 



Where is the end 
of the nuclear landscape 
at extreme A and Z? 
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• Protons and neutrons formed 10-6s-1s after Big Bang 
• H, D, He,  Li, Be, B formed 3-20 min after Big Bang 
• Other nuclei born later in heavy stars and supernovae 

neutron stars 

superheavy!
nuclei!

Z=118, A=294  



Exotic topologies of superheavy nuclei: Coulomb frustration 
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S. Ćwiok et al 
see also Jachimowicz, Kowal, Skalski, Phys. Rev. C 83, 054302 (2011)  



Exotic topologies of superheavy nuclei: Coulomb frustration 

Self-consistent calculations 
confirm the fact that the “pasta 
phase” might have a rather 
complex structure, various 
shapes can coexist,  at the 
same time significant lattice 
distortions are likely and the 
neutron star crust could be on 
the verge of a disordered 
phase. 
 

A challenge is to assess stability of such forms 
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Systematic errors (due to incorrect 
assumptions/poor modeling) 
 
Statistical errors (optimization and 
numerical errors) 

Since we are dealing with 
extrapolations, error 
estimation crucial 



cAB =
�A �B�
�A2 �B2

Product-moment correlation coefficient between  
two observables/variables A and B: 

=1: full alignment/correlation 
=0: not aligned/statistically  
      independent      

�A2 =
⇥

ij

�piA(M̂�1)ij�pj A, �piA = �piA
��
p0

Sta;s;cal	
  uncertainty	
  in	
  variable	
  A:	
  

Correla;on	
  between	
  variables	
  A	
  and	
  B:	
  

�A �B =
�

ij

�piA(M̂�1)ij�pj B



To	
  es;mate	
  the	
  impact	
  of	
  precise	
  experimental	
  determina;on	
  of	
  neutron	
  skin,	
  we	
  generated	
  
a	
  new	
  func;onal	
  SV-­‐min-­‐Rn	
  by	
  adding	
  the	
  value	
  of	
  neutron	
  radius	
  in	
  208Pb,	
  rn=5.61	
  fm,	
  with	
  
an	
  adopted	
  error	
  0.02	
  fm,	
  to	
  the	
  	
  set	
  of	
  fit	
  observables.	
  With	
  this	
  new	
  func;onal,	
  calculated	
  	
  
uncertain;es	
  on	
  	
  isovector	
  indicators	
  shrink	
  by	
  about	
  a	
  factor	
  of	
  two.	
  

P.G. Reinhard and WN, 
 Phys. Rev. C 81, 051303 (R)  (2010) 



How to estimate systematic (model) error? 
 
 
Take a set of reasonable models Mi 
Make a prediction O(Mi) 
Compute average and variation within this set 

Cmodels

AB =
|�A�B|Mq

(�A2))M (�B2)M



Example: Large Scale Mass Table Calculations 

Ü  5,000 even-even nuclei, 250,000 HFB runs, 9,060 processors – about 2 CPU 
hours 

Ü  Full mass table: 20,000 nuclei, 12M configurations — full JAGUAR Cray XT5 

Skyrme-­‐DFT	
  mass	
  table	
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Description of observables and model-based extrapolation 
•  Systematic errors (due to incorrect assumptions/poor modeling) 
•  Statistical errors (optimization and numerical errors) 

J. Erler, Nature 2012 



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

Skyrme-­‐DFT:	
  6,900±500syst	
  

The limits: Skyrme-DFT Benchmark 2012 
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J. Erler, Nature 2012 

Asymptotic freedom ? 
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PHYSICAL REVIEW A 83, 040001 (2011):  Editorial: Uncertainty Estimates 
 
The purpose of this Editorial is to discuss the importance of including uncertainty estimates in papers involving theoretical 
calculations of physical quantities. 
 
It is not unusual for manuscripts on theoretical work to be submitted without uncertainty estimates for numerical results. 
In contrast, papers presenting the results of laboratory measurements would usually not be considered acceptable for 
publication in Physical Review A without a detailed discussion of the uncertainties involved in the measurements. For 
example, a graphical presentation of data is always accompanied by error bars for the data points. The determination of 
these error bars is often the most difficult part of the measurement. Without them, it is impossible to tell whether or not 
bumps and irregularities in the data are real physical effects, or artifacts of the measurement. Even papers reporting the 
observation of entirely new phenomena need to contain enough information to convince the reader that the effect being 
reported is real. The standards become much more rigorous for papers claiming high accuracy. 
 
The question is to what extent can the same high standards be applied to papers reporting the results of theoretical 
calculations. It is all too often the case that the numerical results are presented without uncertainty estimates. Authors 
sometimes say that it is difficult to arrive at error estimates. Should this be considered an adequate reason for omitting 
them? In order to answer this question, we need to consider the goals and objectives of the theoretical (or computational) 
work being done. 
 
(…) there is a broad class of papers where estimates of theoretical uncertainties can and should be made. Papers 
presenting the results of theoretical calculations are expected to include uncertainty estimates for the calculations 
whenever practicable, and especially under the following circumstances: 
 
1. If the authors claim high accuracy, or improvements on the accuracy of previous work. 
 
2. If the primary motivation for the paper is to make comparisons with present or future high precision experimental 
measurements. 
 
3. If the primary motivation is to provide interpolations or extrapolations of known experimental measurements.  
 
These guidelines have been used on a case-by-case basis for the past two years.  Authors have adapted well to this, 
resulting in papers of greater interest and significance for our readers. 



The major challenge: 
towards N=184 

The Holy Grail 
 
How to get there experimentally? 
How to inform experiment about optimal conditions? 
How can spectroscopic data on the heaviest nuclei help? 



Zagrebaev 

•  Spectacular agreement in some cases, but…  no predictive 
power yet 

•  More investments in this area badly needed! 



Qα values and deformations fairly robust; easier to predict 
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S. Cwiok et al , Nature 285 (2005) 705 



Spectroscopic quality: challenge for the self-
consistent theory 
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M . Kortelainen et al., Phys. Rev. C 77, 064307 (2008) “We show that the obtained rms 
deviations from experimental data 
are still quite large, of the order of 
1.1 MeV. This suggests that the 
current standard form of the 
Skyrme functional cannot ensure 
spectroscopic-quality description of 
single-particle energies, and that 
extensions of this form are very 
much required.” 

•  Unique spectroscopic data on 100≤Z≤104 exist 
•  Systematic deviations from the data need to be identified 
•  Uncertainties need to be assigned; what is the meaning of “agreement” 
•  Crucial test ground: actinides around 235U 
•  The s.p. bandheads in the heaviest elements should be used in the 

optimization process 
•  Results for Z>100 strongly impacted by Coulombic effects 
•  The ball is in the theory court 



Fission: the major uncertainty 

•  need to concentrate on 
observables 

•  fission barriers are theoretical 
constructs, not observables 
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Op;mized	
  Func;onals	
  

Numerical	
  Techniques	
  

Large-­‐scale	
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Confronta;on	
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LACM, Fission: the ultimate challenge 
Stability of the heaviest nuclei, r-process, advanced fuel cycle, stockpile stewardship… 

PRC 78, 014318 (2008) 

PRC 85, 024304 (2012) PRC 84, 054321(2011) 

PRC 80, 014309 (2009) 

PRC 80, 014309 (2009) 
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N. Nikolov et al., PRC 83, 034305 (2011) 
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strong correlation between 
asurf and assym 



Z N E (MeV)
92 144 2.750
92 146 2.557
94 146 2.800
96 146 1.900

•  Center-of-mass correction 
neglected 

•  Data on fission isomers bandheads 
included 

•  Coulomb exchange tested 

UNEDF1 functional: focus on heavy nuclei and fission 

Fission isomer data: 



UNEDF1 functional: focus on heavy nuclei and fission 

Nucleus UNEDF0 UNEDF1 Exp.

236
U 5.276 2.423 2.75

238
U 5.727 2.709 2.557

240
Pu 5.738 2.510 2.8

242
Cm 5.273 1.851 1.9

big	
  improvement	
  for	
  
fission	
  

Comparison with RIPL-3 (IAEA) data: 
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See also talks/papers by Kowal, Warda, Afanasjev, Erler et al., Prassa 
et al … 



Trends of extrapolation uncertainties: fission barriers
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Fission properties for r-process nuclei 
J. Erler et al, Phys. Rev. C 85, 025802 (2012) 



The meaning of the fission barrier 

Kerman, Levit, and Troudet, Ann. Phys. 148, 443 (1983) 

•  The barrier is a theoretical construct. It is not observable. 
•  Nucleus is not a molecule (the barrier is internal not external) 
•  Fission is slow, adiabatic 
•  The collective pathway must depends on configuration 
•  Penalty when level crossing occurs 
 
 
Adiabatic => Isentropic 



110
112
114
116

118
120
122
124

Neutron number

γ D
 (M

eV
)

−1

Pei et al., PRL 102, 192501 (2009) 
Sheikh et al., PRC 80, 011302(R) (2009) 

B(E⇥) � B0e
��DE�



Program announcement: 
Quantitative Large Amplitude Shape Dynamics:  

fission and heavy ion fusion 
Institute for Nuclear Theory, Seattle 
September 23 – November 15, 2013 

Organizers: W. Nazarewicz (witek@utk.edu), A. Andreyev, G. Bertsch, W. Loveland 

Main topics: 
 
•  Reevaluation of basic concepts 
•  Microscopic theory and phenomenological approaches 
•  Nuclear interactions and energy density functionals 
•  Time-dependent many-body dynamics 
•  Key experimental tests 
•  Experimental data needs  
•  Spectroscopic implications 
•  Computational methodologies for dynamics 
•  Quality data for nuclear applications. 
 

Keywords: fission, fusion, shape coexistence, self-consistent mean field theory, 
nuclear density functional theory and its extensions, time dependent methods, 
adiabatic and diabatic dynamics, synthesis of superheavy elements, fission 
recycling in the r-process, stockpile stewardship, advanced fuel cycle 



BACKUP 
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J. Erler, Nature 2012 
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P. Pyykkö: A suggested Periodic Table up to Z ≤ 172, based on Dirac-Fock 
calculations on atoms and ions, Phys. Chem. Chem. Phys. 13, 161-168 (2011) 

“Half of chemistry is still 
undiscovered. We don't 
know what it looks like and 
that's the challenge” 

The limit of mass and 
charge is still undiscovered. 
We don't know what it looks 
like and that's the challenge. 



Based	
  on:	
  
P.G. Reinhard and WN, Phys. Rev. C 81, 051303 (R)  (2010) 

Consider	
  a	
  model	
  described	
  by	
  coupling	
  constants	
  
Any	
  predicted	
  expecta;on	
  value	
  of	
  an	
  observable	
  is	
  a	
  func;on	
  of	
  these	
  
parameters.	
  Since	
  the	
  number	
  of	
  parameters	
  is	
  much	
  smaller	
  than	
  the	
  number	
  of	
  
observables,	
  	
  there	
  must	
  exist	
  correla.ons	
  between	
  computed	
  quan;;es.	
  
Moreover,	
  since	
  the	
  model	
  space	
  has	
  been	
  op;mized	
  to	
  a	
  limited	
  set	
  of	
  
observables,	
  there	
  may	
  also	
  exist	
  correla;ons	
  between	
  model	
  parameters.	
  	
  

	
  How	
  to	
  confine	
  the	
  model	
  space	
  to	
  a	
  physically	
  reasonable	
  domain?	
  

p = (p1, ..., pF )

To	
  what	
  extent	
  is	
  a	
  new	
  observable	
  independent	
  of	
  exis;ng	
  ones	
  and	
  what	
  new	
  
informa;on	
  does	
  it	
  bring	
  in?	
  Without	
  any	
  preconceived	
  knowledge,	
  all	
  different	
  
observables	
  are	
  independent	
  of	
  each	
  other	
  and	
  can	
  usefully	
  inform	
  theory.	
  On	
  the	
  
other	
  extreme,	
  new	
  data	
  would	
  be	
  redundant	
  if	
  our	
  theore;cal	
  model	
  were	
  
perfect.	
  	
  Reality	
  lies	
  in	
  between.	
  

fit-­‐observables	
  
(may	
  include	
  pseudo-­‐data)	
  

�2(p) =
X

O

✓
O(th)(p)�O(exp)

�O

◆
2

Objec;ve	
  
func;on	
  

Expected	
  uncertain;es	
  

 Statistical methods of linear-regression and error analysis 	
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