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•  15 insJtuJons 
•  ~50 researchers 

• physics 
• computer science 
• applied mathemaJcs 

•  foreign collaborators 
•  annual budget $3M 
•  2008‐2012 



BoKom‐up approach to nuclear structure 

Figure from A. Richter (2004) 

DFT 

Shell model 

Ab‐ini4o 

Interac4ons 

EFT 

QCD 



Methods across the nuclear chart 

Ab‐ini4o calcula4ons for lighter 
nuclei or semi‐magic nuclei. 

Shell model for selected regions and 
weakly‐bound nuclei 

Nuclear density‐func4onal theory for 
the enJre nuclear chart! 



UNEDF0 funcJonal 
Kortelainen, Lesinski, Moré, Nazarewicz, Sarich, Schunck, Stoitsov, Wild, Phys. Rev. C 82, 024313 (2010) 

•  Energy funcJonal based on Skyrme SLy4 parametrizaJon  

•  usual kineJc part (with 1/A mass shi_); interacJon:  
•  interacJon energy funcJonal (with isospin labels): 13 parameters  

•  Pairing part depends on local pairing density: 2 parameters 



UNEDF0 funcJonal 
Several parameters constrained from nuclear maKer properJes  

•  EquaJon of state (EOS) of symmetric nuclear maKer around saturaJon  

•  EOS of asymmetric nuclear maKer 

•  Parameters 



UNEDF0 funcJonal 
•  Pairing parameters from 
odd‐even staggering (OES); 
Lipkin‐Nagomi for parJcle 
number projecJons 

•  OpJmizaJon employs 
POUNDerS [PracJcal 
OpJmizaJon Using No 
DerivaJves (of Squares)] 

•  (pseudo) observables: 
nuclear maKer properJes, 
binding energies, radii, OES 
of 44 well‐deformed even‐
even nuclei and 28 
spherical nuclei  

Kortelainen, Lesinski, Moré, Nazarewicz, Sarich, Schunck, Stoitsov, Wild, Phys. Rev. C 82, 024313 (2010) 



OpJmizaJon of UNEDF0 via POUNDerS 

POUNDerS = PracJcal OpJmizaJon Using No DerivaJves (for Squares) 
[J. Moré and S. Wild (2009)] 

POUNDerS  

•  builds a quadraJc model 
and does not require 
derivaJves. 

•  fairly robust against noise 
•  finds acceptable minima 



OpJmized parameters  
unedfnb  (no bounds) χ2 = 1.65 MeV on masses 

* 

* Required by POUNDerS 



OpJmized parameters  
unedf0  (hard bounds from nuclear maKer properJes) χ2 = 1.45 MeV on masses 



Some results of the opJmizaJon of UNEDF0 

See also Bertsch et al. (2005) 



CorrelaJon matrix [unedf0] 



SensiJvity analysis exhibits correlaJons of the model 

 SensiJvity of parameters to changes in 
mass, proton radius, odd‐even staggering 
[Kortelainen et al (2010)] 

CorrelaJon of observables 
within the model   
[Nazarewicz & Reinhard (2010)] 



Dipole polarizability and neutron skin  

CorrelaJons between 
observables based on an 
ensemble of ~18 funcJonals 

Tamii et al., Phys. Rev. LeK. 107, 062502 (2011); 
Piekarewicz et al., Phys. Rev. C 85, 041302 (2012) 



Strong correlaJons between neutron skins in 
different nuclei 

J. Piekarewicz et al., Phys. Rev. C 85, 041302(R) (2012) 



UNEDF1 
Enlarge set of opimizaJon observables by excitaJon energies of fission isomers. 

Χ2 comparisons 

Kortelainen et al., PRC C 85, 024304 (2012) 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How many atomic nuclei exist? 

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

288 
~3,000 

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

Models: SLy4, Svmin,UNEDF0, UNEDF1, FRDM and HFB‐21 
•  SystemaJc errors (due to incorrect assumpJons/poor modeling) 
•  StaJsJcal errors (opJmizaJon and numerical errors) 



SeparaJon energies illustrate challenges 

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



How many nuclei can be produced? 

AsymptoJc freedom ? 

from B. Sherrill 

DFT 

FRIB 

current 



TheoreJcal improvements of the energy funcJonal: 
density‐matrix expansion using so_ interacJons 

Basic idea:  
Vautherin & Negele (1972) 

Gebremariam, Duguet & Bogner (2010); J. W. Holt, Kaiser & Weise (2011)  

Short‐range part is of Skyrme type but with a rich density‐dependence in the couplings 
(Long‐ranged pion contribuJons not shown) 

Discussion of nstabiliJes: Kortelainen & Lesinski, J. Phys. G 37 064039 (2010) 



Density matrix expansion (pre opJmizaJon)  

Stoitsov, Kortelainen, Bogner, Duguet, Furnstahl, Gebremariam, Schunck, PRC 82, 054307 (2010) 

REF=Akmal, Pandharipande, 
Ravenhall, PRC 58, 1804 (1998). 



Occupa4on‐number based energy func4onal for nuclear masses 

Main idea: replace densiJes from Hohenberg‐Kohn DFT by shell‐model occupaJons 

FuncJonal: 

Adjust 17 parameters  

by globally opJmizing funcJonal to 2049 masses 

InspiraJon: Mass formula by Duflo and Zuker (1995); RMS=0.35 MeV 
[J. Mendoza‐Temis, J. G. Hirsch, and A. P. Zuker, Nucl. Phys. A 843, 14 (2010).] 

FuncJonal: [M. Bertolli, TP, S.M. Wild, Phys. Rev. C 85, 014322 (2012)] RMS=1.31 MeV 



Results: RMS deviaJon from data is 1.31 MeV 

DeviaJons smooth across the nuclear chart 
Some shell oscillaJons / deformaJons visible 



Results: deviaJons from data as a funcJon of N 

DeformaJons vs. shell closures 



ExtrapolaJon properJes of the funcJonal 

Data sets: 

A: 1995 data set 
B: well‐determined nuclei (exp. uncertainty < 0.2MeV) from 2003 data set 
C: Full 2003 data set 

                           Func4onal extrapolates reasonably well 



Ca 

Ni 

EvoluJon of shell structure in calcium 

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

? 

40Ca in our bones 
(N=Z=20) 



Shell evoluJon from relaJvisJc mean‐field   

J. Meng et al., PRC 65, 041302(R) (2002) 
Fayans, Tolokonnikov, Zawischa, 
Phys. LeK. B 491, 245 (2000) 



Shell model 

S. M. Lenzi, F. Nowacki, A. Poves, K. Sieja, PRC 82 054301 (2010). 



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

Hagen, Hjorth‐Jensen, Jansen, Machleidt,TP, Phys. Rev. LeK. 109 032502 (2012) 

Results from coupled‐cluster 
computaJons with NN forces from 
chiral EFT and in‐medium effecJve 
3NF: kF=0.95 fm‐1, cE=0.735, cD=‐0.2 
[Holt, Kaiser, Weise 2009; Hebeler and 
Schwenk 2010]  

54Ca exhibits so_ subshell closure 

Measurement at RIKEN (Japan) 
agrees with theoreJcal predicJon. 

Recent mass measurement by Gallant et al., 
Phys. Rev. LeK. 109, 032506 (2012)  

Experiment at RIKEN ★ 



Binding energies and spectra of Ca isotopes 

Hagen, Hjorth‐Jensen, Jansen, Machleidt, TP, Phys. Rev. LeK. 109 032502 (2012) 

Results 
•  EffecJve chiral 3NF acts repulsive 
•  In 61Ca, level ordering s1/2, d5/2, g9/2 
•   48Ca magic due to 3NF [J. D. Holt et al, J. 
Phys. G 39, 085111 (2012)] 

•  Dripline beyond 60Ca? 



OpJmizaJon of chiral interacJon an NNLO 

Weinberg; van Kolck; Epelbaum, Glöckle & Meiβner; Entem & Machleidt; … 

Kept fixed 

Adjusted parameters 

A. Ekström, G. Baardsen, C. Forssen, G. Hagen, M. Hjorth‐Jensen, G. R. Jansen, R. 
Machleidt, W. Nazarewicz, TP, J. Sarich, S. M. Wild, arXiv:1303.4674 



OpJmizaJon to phase shi_s; χ2 from data 







OpJmizaJon with POUNDerS 



Nucleon‐nucleon properJes 



Oxygen isotopes (NN only) 



Calcium isotopes (NN only) 



Three nucleon force 



Three‐nucleon forces 
•  Matrix elements of 3NFs up to energies E3max  = 14 ħω 

•  Insufficient to reach converged results for binding energies 

•  Convergence of energy differences somewhat beKer 

•  Error esJmates based on variaJon 16 MeV ≤ ħω ≤ 22 MeV 

First 2+ state   22O  24O  48Ca 

NN +3NF  2.3(3) MeV  3.5(5) MeV  4.8(7) MeV 

NN only  2.5 MeV  5.0 MeV  4.5 MeV 

Experiment  3.2 MeV  4.7 MeV  3.8 MeV 



Neutron maKer with opJmized chiral 
interacJons at NNLO 

GCR=Gandolfi, Carlson, Reddy, 
Phys. Rev. C 85, 032801 (2012) 

EGM=I. Tews, T. Krüger, K. 
Hebeler, and A. Schwenk, Phys. 
Rev. LeK. 110, 032504 (2013) 

Pauli‐operator from [Suzuki 
et al. (2000)]; Coupled 
cluster (and Bruckner HF) 



Structure and ReacJons: 
Light and Medium Nuclei 

Structure and ReacJons: 
Heavy Nuclei 

Chiral EFT 
Ab‐ini4o 

Op4miza4on 
Model valida4on 
Uncertainty Quan4fica4on 

Ab‐ini4o 
RGM 
CI 

Load balancing 
Eigensolvers 
Nonlinear solvers 
Model valida4on 
Uncertainty Quan4fica4on 

DFT 
TDDFT 

Load balancing 
Op4miza4on 
Model valida4on 
Uncertainty Quan4fica4on 
Eigensolvers 
Nonlinear solvers 
Mul4resolu4on analysis 

Neutron drops 

EOS 
Correla4ons 

(2012‐2017) 



Summary 

•  OpJmized funcJonals from UNEDF collaboraJon with emphasis on correlaJons and 
quanJficaJon of uncertainJes 

•  Shell evoluJon in isotopes of calcium; interesJng commonaliJes between energy 
funcJonal studies and coupled‐cluster method (quenching of single‐parJcle orbitals 
beyond 60Ca) 

•  OpJmizaJon of chiral interacJon at NNLO 


