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The mission of the project is three-fold: 

First,     to find an optimal functional using all our knowledge of the nucleonic Hamiltonian and basic nuclear 
properties.

•

 

Second, to apply the EDF theory and its extensions to validate the functional using all the available relevant 
nuclear structure data.

•

 

Third,    to apply the validated theory to properties of interest that cannot be measured, in particular the 
transition properties needed for reaction theory.

The activities to be supported fall into different areas of nuclear theory and computer science, but the goal 
can only be achieved by working at the interfaces among these areas. They are: ab initio theory of nuclear 
wave functions, Effective Field Theory (EFT) and its extensions, self-consistent mean-field description of 
ground and excited states, large amplitude collective motion, low-energy reaction theory and computer 
science. 

Science Application: Nuclear Physics 
Project Title: Building a Universal Nuclear Energy Density Functional 
Principal Investigator: George F. Bertsch 
Affiliation: University of Washington 
Funding Partners: Office of Science, Advanced Scientific Computing Research, and National Nuclear Security Agency
Budget and Duration: Approximately $3 Million per year for five years 

Building a Universal Nuclear Energy Density Functional
A Low-Energy Nuclear Physics National HPC Initiative

George F. Bertsch , University of Washington

SciDACSciDAC UNEDF ProjectUNEDF Project

http://http://unedf.orgunedf.org
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http://www.sc.doe.gov/Program_Offices/ASCR.htm
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11 min CPU time 11 min CPU time 
per nucleusper nucleus

2D HFB in HO/THO basis (cylindrical coordinates)
Time-reversal, axial and parity symmetries
Skyrme type functional and contact delta pairing
Even-even, odd-even and odd-odd nuclei
Easily extendable to arbitrary functional
Fast alternative for ground-state calculations 
Continuum as coming from the diagonalization

HFBTHOHFBTHO
M.V. Stoitsov, J. Dobaczewski, W. Nazarewicz, P. Ring 

Axially Deformed Solution of the Skyrme-Hartree-Fock-Bogolyubov Equations 
Using The Transformed Harmonic Oscillator Basis. The program HFBTHO

HFBTHOHFBTHO HFODDHFODD
1:11:1

Computer Physics Communications Volume 167, Issue 1, 1 April 200Computer Physics Communications Volume 167, Issue 1, 1 April 2005, Pages 435, Pages 43--6363

http://http://massexplorer.org/svn/HFBTHO/trunkmassexplorer.org/svn/HFBTHO/trunk

Axial SymmetryAxial Symmetry
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HFBTHO/HFODD HFBTHO/HFODD 
((even-even nuclei)
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120120Sn:Sn: HFBODD: 6 h 39 min CPU / HFBTHO: 3 min CPUHFBODD: 6 h 39 min CPU / HFBTHO: 3 min CPU

HFBTHO/HFODD HFBTHO/HFODD 
((odd nuclei)
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Unconstraint solutions + Blocking candidatesUnconstraint solutions + Blocking candidates

Constrained calculations for about 9059 evenConstrained calculations for about 9059 even--even nucleieven nuclei
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LargeLarge--Scale CalculationsScale Calculations

Parent evenParent even--even nucleus (N,Z)even nucleus (N,Z)

Unconstraint solution,  Blocking candidatesUnconstraint solution,  Blocking candidates

oddodd--even nucleus (N+1,Z)even nucleus (N+1,Z)
6 configurations6 configurations

oddodd--even nucleus (N,Z+1)even nucleus (N,Z+1)
5 configurations5 configurations

oddodd--odd nucleus (N+1,Z+1)odd nucleus (N+1,Z+1)
66xx55=30 configurations=30 configurations
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Constrained calculations forConstrained calculations for
9059 even9059 even--even nucleieven nuclei
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LargeLarge--Scale Mass Table CalculationsScale Mass Table Calculations 
Calculating the whole Mass Table including evenCalculating the whole Mass Table including even--even, oddeven, odd--even, oddeven, odd--odd nucleiodd nuclei

2971 even2971 even--even bound stateseven bound states

837 220 blocking candidates837 220 blocking candidates for
oddodd--even and oddeven and odd--odd nucleiodd nuclei

2 CPU hours 2 CPU hours 
using 9060 processorsusing 9060 processors

12 CPU hours 12 CPU hours 
using 9060 processorsusing 9060 processors

After implementing After implementing BroydenBroyden method method 
•• all evenall even--even nuclear states converge even nuclear states converge 
•• for odd nuclei: about 0.5%, usually high for odd nuclei: about 0.5%, usually high 

lying configurations, still divergelying configurations, still diverge

A single 14 CPU hours runA single 14 CPU hours run
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Infinite Nuclear Matter PropertiesInfinite Nuclear Matter Properties
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11 0.01170.0117 0.0168 0.0168 0.02030.0203 0.02820.0282 0.01640.0164 0.00200.0020

11 --0.0360.036 --0.0350.035 --0.0320.032 0.0260.026 --0.00040.0004

11 --0.0200.020 --0.0180.018 0.01680.0168 --0.00090.0009

11 --0.0190.019 0.01660.0166 --0.00080.0008

11 0.01250.0125 --0.00120.0012

11 0.00100.0010

11

Correlation MatrixCorrelation Matrix Preliminary estimatesPreliminary estimates
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TOWARDS A UNIVERSAL NUCLEAR ENERGY DENSITY FUNCTIONALTOWARDS A UNIVERSAL NUCLEAR ENERGY DENSITY FUNCTIONAL
Most general form of the functional one can consider by now

ρ0 = ρn+ ρp,

ρ1 = ρn − ρp

six densities

ρt, τt, Jt,

grouped in fifteen terms proportional to

τ0, ρ
2
t , ρtτt, J

2
t , ρt∆ρt, (∇ρt)

2, ρt∇ · Jt,∇ρt · Jt

and multiplied by fifteen amplitudes

h̄2

2m
,Uρρ

t , U
ρτ
t , U

J2

t , U
ρ∆ρ
t , U∇ρ∇ρ

t , Uρ∇J
t , UJ∇ρ

t ,

t=(0,1) , e.g., 

U C : Standard Skyrme functional

U D : Functional with density 
dependent coupling constants

U G : DME functional

U F : Fayans functional
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Standard Standard SkyrmeSkyrme functionalfunctional
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Dm
t = Cmt

³
1 + α̃mt

³
1− y

γmt
0

´
+ β̃mt y

ηmt
1

´
= Cmt + αmt

³
1− y

γmt
0

´
+ βmt y

ηmt
1 ,

y0 =

µ
ρ0
ρc

¶
, y1 =

µ
ρ1
ρc

¶2
.

m = {ρρ, ρτ, J2, ρ∆ρ,∇ρ∇ρ, ρ∇J, J∇ρ}

TOWARDS A UNIVERSAL NUCLEAR ENERGY DENSITY FUNCTIONALTOWARDS A UNIVERSAL NUCLEAR ENERGY DENSITY FUNCTIONAL 
Density Dependent Coupling ConstantsDensity Dependent Coupling Constants

A set of 66 independent parameters
38 coupling constants {C,α,β}, and 28 powers {γ, η}

{Cρρ
t , C

ρ∆ρ
t , Cρτ

t , C
J2

t , C
ρ∇J
t }

{αmt ,β
m
t , γ

m
t , η

m
t }.

U
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DME FUNCTIONALDME FUNCTIONAL

Gρρ
t = Cρρ

t + G gρρt (ρ0),

Gρτ
t = Cρτ

t + G gρτt (ρ0),

GJ
2

t = CJ
2

t + G gJ
2

t (ρ0),

Gρ∆ρ
t = Cρ∆ρ

t + G gρ∆ρt (ρ0),

G∇ρ∇ρ
t = C∇ρ∇ρ

t + G g∇ρ∇ρ
t (ρ0),

Gρ∇J
t = Cρ∇J

t + G gρ∇Jt (ρ0),

GJ∇ρ
t = CJ∇ρ

t + G gJ∇ρ
t (ρ0).

gmt (ρ0) =
1

2

¡
Am(ρ0) + (−1)

tBm(ρ0)
¢
,

m = {ρρ, ρτ, J2, ρ∆ρ,∇ρ∇ρ, ρ∇J, J∇ρ}

U

{Cρρ
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ρρ
tD, C

ρ∆ρ
t , Cρτ

t , C
J2

t , C
ρ∇J
t , γ, G},
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256 u6
©
12u

¡
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¢
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−
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4u2
¡
7 + 16u2
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log
¡
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¢
+

¡
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π u
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π

Ã
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+
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¢
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!
,

Aρτ = −4Aρ∆ρ, Bρτ = 2Aρ∆ρ, BJ
2

= 2AJ
2

,

Aρ∇J = Bρ∇J = 0, AJ∇ρ = BJ∇ρ = 0,

u = kF /mπ G = g2A/f
2
π
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W (ρ, I) = W (ρ) + S2(ρ)I
2 + S4(ρ)I

4,

W (ρ) = = ENM

A + PNM

ρ2c
(ρ− ρc) +

KNM

18ρ2c
(ρ− ρc)

2

S2(ρ) = aNMsym +
LNM

3ρc
(ρ− ρc) +

∆KNM

18ρ2c
(ρ− ρc)

ENM

A
= −15.972 MeV, aNMsym = 32.0 MeV,

ρc = 0.15954 fm−3, LNM = 45.962 MeV,

KNM = 229.9 MeV, ∆KNM = −119.696 MeV,

M∗NM
s = 1.4396, M∗NM

v = 1.24984 .
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Odd-even mass differences from self-consistent mean field theory

G.F. Bertsch,1 C.A. Bertulani,2 W. Nazarewicz,3, 4, 5 N. Schunck,3, 4 and M.V. Stoitsov3, 4, 6

1Institute for Nuclear Theory and Dept. of Physics, University of Washington, Seattle, Washington
2Department of Physics, Texas A&M University-Commerce, Commerce, Texas 75429, USA

3Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996, USA
4Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831, USA

5Institute of Theoretical Physics, Warsaw University, ul.Hoża 69, PL-00681 Warsaw, Poland

There is a weak preference for a surface-peaked n-n
pairing, which might be attributable to many-body 
effects 
A larger strength is required in the proton pairing 
channel than in the neutron pairing channel 
Pairing strengths adjusted to the isotope chains are 
too weak to give a good overall fit to the mass 
differences
The results supports the recent attempts to directly 
parametrize the pairing functional in terms of 
isovector densities

As expected, best agreement for well deformed rare earths 
and actinides whose properties vary smoothly with particle 
number

Largest deviations around shell closures and in the regions of 
shape coexistence (A=90 for neutrons and A=110 and 190 for 
protons) where dynamic shape fluctuations are known to 
strongly impact masses
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Isovector Density Dependent Contact Pairing Force 
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Isovector Density Dependent Contact Pairing Force 
(preliminary results)
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Visualization and Development ToolsVisualization and Development Tools

Off-Line Version
• Written in Java 
• Can work on any computer
• Large sets of visualization tools
• One can compare with his own data
• Saves data and images in many         

formats

OnOn--Line VersionLine Version
• Uses Python, Gnuplot, PHP, Ajax
• Visualization right from the browser

• mass filters
• 2D and 3D charts
• plot nuclear characteristics
• rms errors with exp. data

Mass Table ExplorerMass Table Explorer

Subversion Control System (SVN)Subversion Control System (SVN)

http://massexplorer.org

•• http://http://massexplorer.org/svn/FitDMEmassexplorer.org/svn/FitDME
•• http://http://massexplorer.org/svn/HFBTHOmassexplorer.org/svn/HFBTHO
•• http://http://massexplorer.org/svn/HFODDmassexplorer.org/svn/HFODD
•• http://http://massexplorer.org/svn/MPI_HFODDmassexplorer.org/svn/MPI_HFODD

http://massexplorer.org/websvn/



Effective Field Theories and the ManyEffective Field Theories and the Many--Body Problem, INT Seattle, March 23 Body Problem, INT Seattle, March 23 -- June 5, 2009June 5, 2009

MassExplorer.orgMassExplorer.org

UNEDF UNEDF SciDACSciDAC SVN REPOSITORYSVN REPOSITORY
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