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Nuclear DFT

• The nuclear DFT is the only microscopic

theory which can be applied throughout

the entire nuclear chart

• Within the superfluid nuclear DFT, one

needs to solve the Hartree-FockBogoliubov (HFB) equation:



−Δ







Δ



Ab-initio, H. Herget, et.al.,

Phys. Rep. 621, 165 (2016)
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• By solving this equation, we obtain the

quasiparticle energies En and the

matrices U and V which determine the

generalized Bogoliubov quasiparticle

transformation:



b^ α† = ∑ (U βα c^ †β +V βα c^ β )

β



• Introduction correlations effectively via

spontaneous symmetry breaking



Spontaneous symmetry breaking
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DFT, J. Erler, et.al 2012
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Skyrme EDF

• The key ingredient of the nuclear DFT is the nuclear energy density

functional (EDF)

• The EDF incorporates complex many-body correlations within the energy

density constructed from the nucleon densities and currents

• Currently there are three major EDF variants in the market: Skyrme,

Gogny and relativistic mean-field models. All of these contain a set of

parameters which needs to be adjusted to empirical input

• Time-even and time-odd parts of the Skyrme EDF reads as

even
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Et (r) = C t ρt + C t ρt τ t + C t ρt Δ ρt + C t ρt ∇⋅J t + Ct J t

odd
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Et (r) = C t st + C t j t + C t s t⋅Δ st + C st⋅∇ × j t + C s t⋅T t

ρ

ρ

ρ γ

s

s

s γ

Ct = Ct 0 + C tD ρ0 , Ct = C t 0 + CtD ρ0 , t=0,1

• Skyrme EDF is constructed from local densities (r,t,J,s,j,T) (and their

derivatives), and coupling constants multiplying each term

• For the HFB ground state of even-even nucleus, only time-even part

contributes. For excited states, both parts are active
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Energy density optimization: UNEDF0 and UNEDF1

UNEDF0 dataset



UNEDF0: M. K., T. Lesinski, J. Moré, W. Nazarewicz, J. Sarich, N.

Schunck, M. V. Stoitsov, S. Wild, PRC 82, 024313 (2010)

UNEDF1: M. K., J. McDonnell, W. Nazarewicz, P.-G. Reinhard, J.

Sarich, N. Schunck, M. V. Stoitsov, S. Wild, PRC 85, 024304

(2012)



UNEDF1 was the first parameterization which

was systematically optimized at the deformed

HFB level for fission studies

●

UNEDF1 included data on 4 fission isomers

states (226U, 238U, 240Pu, 242Cm), in addition to

UNEDF0 data set

●



Experimental data:

●

44 deformed b.e.

●

28 spherical b.e.

●

28 rms radii

●

8 oes energies

●



Optimization of Skyrme-like ED with respect of

12 parameters at the deformed HFB level
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ρc , E / A , K , asym , Lsym , M s

J

Cρ0 Δ ρ , Cρ1 Δ ρ , V n0 , V 0p ,C ρ0 ∇ J ,C ρ∇

1



UNEDF0 input data consisted of masses of

deformed and spherical nuclei, charge radii, and

pairing gaps

●

Only time-even part of the EDF was adjusted for

all UNEDF’s

●
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Energy density optimization: UNEDF0 and UNEDF1

UNEDF0 reproduces masses at level of

rmsd 1.4 MeV (UNEDF1: 1.9 MeV)

●

UNEDF1 reproduces actinide fission

barriers better than SkM*

●
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Energy density optimization: UNEDF2

●



Optimization of Skyrme-like ED with respect of

14 parameters at deformed HFB level: Tensor

terms now included
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●



Focus on shell structure: Single particle energies

included in the optimization. These are handled

with blocked HFB calculations

UNEDF2 binding energies



UNEDF2: M.K., J. McDonnell, W. Nazarewicz, E.

Olsen, P.-G. Reinhard, J. Sarich, N. Schunck, S.M.

Wild, D. Davesne, J. Erler, A. Pastore, Phys. Rev. C

89 054314 (2014)
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Performance of UNEDF EDFs

RMS deviations of various observables (in units of MeV or fm)

RMS deviations of single particle energies (in MeV)



(best attainable RMS deviation for Skyrme s.p.

energies is around 1.1-1.2 MeV)



●



Generally, UNEDF2 gives no or only

marginal improvement over to UNEDF1

Þ Novel EDF developments required to

improve precision
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Neutron droplets

Neutron droplets offer

an ideal test environment

to test EDF properties in

inhomogeneous neutron

matter

●

UNEDF0,1,2 results

follow quite closely earlier AFDMC results (S.

Gandolfi et.al., PRL106, 012501 (2011))

●

With UNEDF2 neutron matter instability around

density of 0.16 fm-3 shows up with higher

particle number. This prevents HFB calculation

●

Instability diagnostics important in novel EDF

development

●



Critical density in neutron matter



Statistical uncertainty of UNEDF0
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Sensitivity analysis

Impact of data point on EDF parameters



UNEDF2 correlation matrix (abs. values)



With UNEDF0,1 and 2, a complete sensitivity analysis was done for the obtained c2 minimum,

providing standard deviations and correlations of the model parameters

●

Sensitivity analysis can also tell what is the impact of given data point to the position of minimum

●

During UNEDF EDF optimization, parameters had certain boundary values

●

If model parameter must stay within some bounds, and these bounds do not include c2 minimum,

sensitivity analysis can not be done for this parameter

●

May have impact when computing error propagation for various observables

●
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