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Lectures for Week 3

M. Many-body problem and basis considerations (as);
Many-body perturbation theory (rjf)

T. Neutron matter and astrophysics (as); MBPT + Operators (rjf)

W. Operators + Nuclear matter (rjf); Student presentations

Th. Impact on (exotic) nuclei (as); Student presentations

F. Impact on fundamental symmetries (as); From forces to density
functionals (rjf)
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Skyrme Hartree-Fock as density functional theory
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Some references (and others cited therein)
“Toward ab initio density functional theory for nuclei,” J.E. Drut, rjf,
L. Platter, arXiv:0906.1463

“EFT for DFT” by rjf, arXiv:nucl-th/0702040v2

“Effective Field Theory and Finite Density Systems” by rjf, G.
Rupak, and T. Schäfer, arXiv:0801.0729

Online scanned notes from a 2003 course by rjf and Achim
http://www.physics.ohio-state.edu/˜ntg/880/

From path integrals to EFT for many-body systems, with lots of
detail (e.g., spin sums, symmetry factors, . . . )
Also some homework problems and solutions
username: physics password: 880.05

Online scanned notes from a 2009 course by rjf and Joaquin Drut
called “EFT, RG, and Computation”
http://www.physics.ohio-state.edu/˜ntg/880_2009/

username: physics password: 880.05
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rate. Third, papers can be highly cited for many reasons—
some substantive and some dubious. Thus the number of
citations is merely an approximate proxy for scientific
quality.

Citation distribution and attachment rate
The PR citation data cover 353 268 papers and 3 110 839
citations from July 1893 through June 2003. The 329 847
papers with at least 1 citation may be broken down as 
follows:

11 publications with more than 1000 citations
79 publications with more than 500 citations

237 publications with more than 300 citations
2 340 publications with more than 100 citations
8 073 publications with more than 50 citations

245 459 publications with fewer than 10 citations
178 019 publications with fewer than 5 citations
84 144 publications with 1 citation.

A somewhat depressing observation is that nearly 70% of
all PR articles have been cited fewer than 10 times. (The
average number of citations is 8.8.) Also evident is the
small number of highly cited publications; table 1 lists the
11 publications with more than 1000 citations. 

Citations have grown rapidly with time, a feature that
mirrors the growth of the PR family of journals. From 1893
until World War II, the number of annual citations from
PR publications doubled approximately every 5.5 years.
The number of PR articles published in a given year also
doubled every 5.5 years. Following the publication crash
of the war years, the number of articles published annu-
ally doubled approximately every 15 years.

The citation data naturally raise the question, What
is the distribution of citations? That is, what is the proba-
bility P(k) that a paper gets cited k times? This question
was investigated by Price, who posited the power law
P(k) } k⊗n, with n positive. A power-law form is exciting for
statistical physicists because it implies the absence of a
characteristic scale for citations—the influence of a publi-
cation may range from useless to earth-shattering. The ab-
sence of a characteristic scale in turn implies that citation
statistics should exhibit many of the intriguing features
associated with phase transitions, which display critical
phenomena on all length scales.

Somewhat surprisingly, the probability distribution
derived from the more than 3 million PR citations still has
significant statistical fluctuations. It proves more useful to
study the cumulative distribution C(k) ⊂ ∫k

F P(k!) dk!, the
probability that a paper is cited at least k times, to reduce
these fluctuations.

On a double logarithmic scale, C(k) has a modest neg-
ative curvature everywhere. That behavior, illustrated in
figure 2, suggests that the distribution decays faster than
a power law and is at variance with results of previous,
smaller-scale studies that suggested either a power law2,11

or a stretched exponential form,12 C(k) } exp(⊗kb), with b
less than 1. It is intriguing that a good fit over much of the
range of the distribution is the log-normal form
C(k) ⊂ A exp{⊗bln k ⊗ c(ln k)2}. Log-normal forms typi-
cally underlie random multiplicative processes. They de-
scribe, for example, the distribution of fragment sizes that
remain after a rock has been hammered many times.

The development of citations may be characterized by
the attachment rate Ak, which gives the likelihood that a
paper with k citations will be cited by a new article. To
measure the attachment rate, first count the number of
times each paper is cited during a specified time range;
this gives k. Then, to get Ak, count the number of times
each paper with a given k in this time window was cited

50 June 2005    Physics Today http://www.physicstoday.org
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Figure 2. The cumulative citation distribution C(k) versus
the number of citations k for all papers published from July
1893 through June 2003 in the Physical Review journals.
Circles indicate the data. The curve is the log-normal fit
C(k) ⊂ A exp[⊗bln k ⊗ c(ln k)2], with A ⊂ 0.15, b ⊂ 0.40,
and c ⊂ 0.16.

Table 1. Physical Review Articles with more than 1000 Citations Through June 2003
Publication # cites Av. age Title Author(s)
PR 140, A1133 (1965) 3227 26.7 Self-Consistent Equations Including Exchange and Correlation Effects W. Kohn, L. J. Sham

PR 136, B864 (1964) 2460 28.7 Inhomogeneous Electron Gas P. Hohenberg, W. Kohn

PRB 23, 5048 (1981) 2079 14.4 Self-Interaction Correction to Density-Functional Approximations for 
Many-Electron Systems J. P. Perdew, A. Zunger

PRL 45, 566 (1980) 1781 15.4 Ground State of the Electron Gas by a Stochastic Method D. M. Ceperley, B. J. Alder

PR 108, 1175 (1957) 1364 20.2 Theory of Superconductivity J. Bardeen, L. N. Cooper, J. R. Schrieffer

PRL 19, 1264 (1967) 1306 15.5 A Model of Leptons S. Weinberg

PRB 12, 3060 (1975) 1259 18.4 Linear Methods in Band Theory O. K. Anderson

PR 124, 1866 (1961) 1178 28.0 Effects of Configuration Interaction of Intensities and Phase Shifts U. Fano

RMP 57, 287 (1985) 1055 9.2 Disordered Electronic Systems P. A. Lee, T. V. Ramakrishnan

RMP 54, 437 (1982) 1045 10.8 Electronic Properties of Two-Dimensional Systems T. Ando, A. B. Fowler, F. Stern
PRB 13, 5188 (1976) 1023 20.8 Special Points for Brillouin-Zone Integrations H. J. Monkhorst, J. D. Pack

PR, Physical Review; PRB, Physical Review B; PRL, Physical Review Letters; RMP, Reviews of Modern Physics.
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Large-scale mass table calculations [M. Stoitsov et al.]

One Skyrme functional (∼10–20
parameters) describes all nuclei
from few-body to superheavies

9,210 nuclei in less than one day
on ORNL Jaguar (Cray XT4)

New developments as part of
UNEDF and NUCLEI SciDAC
projects

Recently developed: optimization
and correlation analysis tools

Dick Furnstahl TALENT: Nuclear forces
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“The limits of the nuclear landscape”
J. Erler et al., Nature 486, 509 (2012)

application of modern optimization and statistical methods, together
with high-performance computing, has revolutionized nuclear DFT
during recent years.
In our study, we use quasi-local Skyrme functionals15 in the

particle–hole channel augmented by the density-dependent, zero-
range pairing term. The commonly used Skyrme EDFs reproduce total
binding energies with a root mean square error of the order of
1–4MeV (refs 15, 16), and the agreement with the data can be signifi-
cantly improved by adding phenomenological correction terms17. The
Skyrme DFT approach has been successfully tested over the entire
chart of nuclides on a broad range of phenomena, and it usually per-
forms quite well when applied to energy differences (such as S2n), radii
and nuclear deformations. Other well-calibrated mass models include

the microscopic–macroscopic finite-range droplet model (FRDM)18,
the Brussels–Montreal Skyrme–HFB models based on the Hartree–
Fock–Bogoliubov (HFB) method17 and Gogny force models19,20.
Figure 2 illustrates the difficulties with theoretical extrapolations

towards drip lines. Shown are the S2n values for the isotopic chain of
even–even erbium isotopes predicted with different EDF, SLy421, SV-
min13, UNEDF015, UNEDF122, and with the FRDM18 and HFB-2117

models. In the region for which experimental data are available, all
models agree and well reproduce the data. However, the discrepancy
between various predictions steadily grows when moving away from
the region of known nuclei, because the dependence of the effective
force on the neutron-to-proton asymmetry (neutron excess) is poorly
determined. In the example considered, the neutron drip line is
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Figure 2 | Calculated and experimental two-neutron separation energies of
even–even erbium isotopes. Calculations performed in this work using SLy4,
SV-min, UNEDF0 andUNEDF1 functionals are compared to experiment2 and
FRDM18 andHFB-2117 models. The differences betweenmodel predictions are
small in the region where data exist (bracketed by vertical arrows) and grow

steadily when extrapolating towards the two-neutron drip line (S2n5 0). The
bars on the SV-min results indicate statistical errors due to uncertainty in the
coupling constants of the functional. Detailed predictions around S2n5 0 are
illustrated in the right inset. The left inset depicts the calculated and
experimental two-proton separation energies at N5 76.
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Figure 1 | Nuclear even–even landscape as of 2012. Mapof bound even–even
nuclei as a function of Z and N. There are 767 even–even isotopes known
experimentally,2,3 both stable (black squares) and radioactive (green squares).
Mean drip lines and their uncertainties (red) were obtained by averaging the
results of different models. The two-neutron drip line of SV-min (blue) is

shown together with the statistical uncertainties at Z5 12, 68 and 120 (blue
error bars). The S2n5 2MeV line is also shown (brown) together with its
systematic uncertainty (orange). The inset shows the irregular behaviour of the
two-neutron drip line around Z5 100.

RESEARCH LETTER

5 1 0 | N A T U R E | V O L 4 8 6 | 2 8 J U N E 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

Proton and neutron driplines predicted by Skyrme EDFs

Total: 6900± 500 nuclei with Z ≤ 120 (≈ 3000 known)
Estimate systematic errors by comparing models

Dick Furnstahl TALENT: Nuclear forces



Refs DFT DME SciDAC

Skyrme energy functionals
Minimize E =

∫
dx E [ρ(x), τ(x),J(x), . . .] (for N = Z ):

E [ρ, τ ,J] =
1

2M
τ +

3
8

t0ρ2 +
1

16
t3ρ2+α +

1
16

(3t1 + 5t2)ρτ

+
1
64

(9t1 − 5t2)(∇ρ)2 − 3
4

W0ρ∇ · J +
1

32
(t1 − t2)J2

where ρ(x) =
∑

i |ψi (x)|2 and τ(x) =
∑

i |∇ψi (x)|2 (and J)

Skyrme Kohn-Sham equation from functional derivatives:(
−∇ 1

2M∗(x)
∇+ U(x) +

3
4

W0∇ρ ·
1
i
∇× σ

)
ψi (x) = εi ψi (x) ,

U = 3
4 t0ρ+ ( 3

16 t1 + 5
16 t2)τ + · · · and 1

2M∗(x) = 1
2M + ( 3

16 t1 + 5
16 t2)ρ

Iterate until ψi ’s and εi ’s are self-consistent

In practice: other densities, pairing is very important (HFB),
projection needed, . . .
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Skyrme energy functionals
Minimize E =
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16 t2)τ + · · · and 1
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Iterate until ψi ’s and εi ’s are self-consistent

In practice: other densities, pairing is very important (HFB),
projection needed, . . .
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Issues with empirical EDF’s

Density dependencies might be too simplistic

Isovector components not well constrained

No (fully) systematic organization of terms in the EDF

Difficult to estimate theoretical uncertainties

What’s the connection to many-body forces?

Pairing part of the EDF not treated on same footing

and so on . . .

=⇒ Turn to microscopic many-body theory for guidance

Dick Furnstahl TALENT: Nuclear forces
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“The limits of the nuclear landscape”

application of modern optimization and statistical methods, together
with high-performance computing, has revolutionized nuclear DFT
during recent years.
In our study, we use quasi-local Skyrme functionals15 in the

particle–hole channel augmented by the density-dependent, zero-
range pairing term. The commonly used Skyrme EDFs reproduce total
binding energies with a root mean square error of the order of
1–4MeV (refs 15, 16), and the agreement with the data can be signifi-
cantly improved by adding phenomenological correction terms17. The
Skyrme DFT approach has been successfully tested over the entire
chart of nuclides on a broad range of phenomena, and it usually per-
forms quite well when applied to energy differences (such as S2n), radii
and nuclear deformations. Other well-calibrated mass models include

the microscopic–macroscopic finite-range droplet model (FRDM)18,
the Brussels–Montreal Skyrme–HFB models based on the Hartree–
Fock–Bogoliubov (HFB) method17 and Gogny force models19,20.
Figure 2 illustrates the difficulties with theoretical extrapolations

towards drip lines. Shown are the S2n values for the isotopic chain of
even–even erbium isotopes predicted with different EDF, SLy421, SV-
min13, UNEDF015, UNEDF122, and with the FRDM18 and HFB-2117

models. In the region for which experimental data are available, all
models agree and well reproduce the data. However, the discrepancy
between various predictions steadily grows when moving away from
the region of known nuclei, because the dependence of the effective
force on the neutron-to-proton asymmetry (neutron excess) is poorly
determined. In the example considered, the neutron drip line is
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Figure 2 | Calculated and experimental two-neutron separation energies of
even–even erbium isotopes. Calculations performed in this work using SLy4,
SV-min, UNEDF0 andUNEDF1 functionals are compared to experiment2 and
FRDM18 andHFB-2117 models. The differences betweenmodel predictions are
small in the region where data exist (bracketed by vertical arrows) and grow

steadily when extrapolating towards the two-neutron drip line (S2n5 0). The
bars on the SV-min results indicate statistical errors due to uncertainty in the
coupling constants of the functional. Detailed predictions around S2n5 0 are
illustrated in the right inset. The left inset depicts the calculated and
experimental two-proton separation energies at N5 76.
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Figure 1 | Nuclear even–even landscape as of 2012. Mapof bound even–even
nuclei as a function of Z and N. There are 767 even–even isotopes known
experimentally,2,3 both stable (black squares) and radioactive (green squares).
Mean drip lines and their uncertainties (red) were obtained by averaging the
results of different models. The two-neutron drip line of SV-min (blue) is

shown together with the statistical uncertainties at Z5 12, 68 and 120 (blue
error bars). The S2n5 2MeV line is also shown (brown) together with its
systematic uncertainty (orange). The inset shows the irregular behaviour of the
two-neutron drip line around Z5 100.

RESEARCH LETTER

5 1 0 | N A T U R E | V O L 4 8 6 | 2 8 J U N E 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

Two-neutron separation energies of even-even erbium isotopes

Compare different functionals, with uncertainties of fits
Dependence on neutron excess poorly determined (cf. driplines)

Dick Furnstahl TALENT: Nuclear forces
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Impact of forces: Use ab initio pseudo-data
Neutron Matter: Neutrons in a Trap 

What are the properties of neutron-rich matter? 

Protons and neutrons 
 form self-bound system 

Can bind neutrons by 
applying an external trap 

! 

Uext

Neutron Drops (mini neutron stars) calculated with Coupled-Cluster theory 
Use external harmonic oscillator potential, varying   

! 

!" ext

Put neutrons in a harmonic oscillator trap with ~ω (cf. cold atoms!)

Calculate exact result with AFDMC [S. Gandolfi, J. Carlson, and S.C.
Pieper, Phys. Rev. Lett. 106, 012501 (2011)] (or with other methods)

UNEDF0 and UNEDF1 functionals improve over Skyrme SLy4!

Dick Furnstahl TALENT: Nuclear forces
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Teaser: Comparing Skyrme and natural, pionless Functionals

Textbook Skyrme EDF (for N = Z ) [ρ = 〈ψ†ψ〉, τ = 〈∇ψ† ·∇ψ〉]

E [ρ, τ, J] =

∫
d3x

{
τ

2M
+

3
8

t0ρ2 +
1

16
(3t1 + 5t2)ρτ+

1
64

(9t1 − 5t2)(∇ρ)2

− 3
4

W0ρ∇ · J +
1
16

t3ρ2+α + · · ·
}

Natural, pionless ρτJ energy density functional for ν = 4

E [ρ, τ, J] =

∫
d3x

{
τ

2M
+

3
8

C0ρ
2 +

1
16

(3C2 + 5C′2)ρτ+
1

64
(9C2 − 5C′2)(∇ρ)2

− 3
4

C′′2 ρ∇ · J +
c1

2M
C2

0ρ
7/3 +

c2

2M
C3

0ρ
8/3 +

1
16

D0ρ
3 + · · ·

}
Same functional as dilute Fermi gas with ti ↔ Ci?

Is Skyrme missing non-analytic, NNN, long-range (pion),
(and so on) terms? (But NDA works: Ci ’s are natural!)

Isn’t this a “perturbative” expansion?

Dick Furnstahl TALENT: Nuclear forces
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Pionless EFT in a trap as ab initio DFT (see refs.)

0 1 2 3 4 5
r/b

0

1

2

3

4
ρ(

r/
b)

C0 = 0 (exact)

Dilute Fermi Gas in Harmonic Trap
NF=7, A=240, g=2, as=-0.160

   E/A  <kFas>  <r2>1/2

  6.750  -0.524   2.598
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Pionless EFT in a trap as ab initio DFT (see refs.)
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ρ(

r/
b)

C0 = 0 (exact)
Kohn-Sham LO

Dilute Fermi Gas in Harmonic Trap
NF=7, A=240, g=2, as=-0.160

   E/A  <kFas>  <r2>1/2

  6.750  -0.524   2.598
  5.982  -0.578   2.351
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Pionless EFT in a trap as ab initio DFT (see refs.)
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C0 = 0 (exact)
Kohn-Sham LO
Kohn-Sham NLO (LDA)

Dilute Fermi Gas in Harmonic Trap
NF=7, A=240, g=2, as=-0.160

   E/A  <kFas>  <r2>1/2

  6.750  -0.524   2.598
  5.982  -0.578   2.351
  6.254  -0.550   2.472
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Pionless EFT in a trap as ab initio DFT (see refs.)

0 1 2 3 4 5
r/b

0

1

2

3

4
ρ(

r/
b)

C0 = 0 (exact)
Kohn-Sham LO
Kohn-Sham NLO (LDA)
Kohn-Sham NNLO (LDA)

Dilute Fermi Gas in Harmonic Trap
NF=7, A=240, g=2, as=-0.160

   E/A  <kFas>  <r2>1/2

  6.750  -0.524   2.598
  5.982  -0.578   2.351
  6.254  -0.550   2.472
  6.227  -0.553   2.459
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Other Examples [nucl-th/0212071]

0 1 2 3 4 5 6

r/b

0

1

2

3

ρ(
r/

b)

C
0
 = 0 (exact)

Kohn-Sham LO
Kohn-Sham NLO (LDA)
Kohn-Sham NNLO (LDA)

Dilute Fermi Gas in Harmonic Trap
g=2, a

s
= 0.1600, N

F
=7, A=240

Iteration 15

(E/A)
HO

     =   6.750

(E/A)
LO

     =   7.355

(E/A)
NLO

   =   7.554

(E/A)
NNLO

 =   7.567

<k
F
a

s
>

NNLO
 =   0.48
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Other Examples [nucl-th/0212071]

0 1 2 3 4 5 6

r/b

0

1

2

3

ρ(
r/

b)

C
0
 = 0 (exact)

Kohn-Sham LO
Kohn-Sham NLO (LDA)
Kohn-Sham NNLO (LDA)

Dilute Fermi Gas in Harmonic Trap
g=2, a

s
= 0.1600, N

F
=8, A=330

Iteration 17

(E/A)
HO

     =   7.500

(E/A)
LO

     =   8.206

(E/A)
NLO

   =   8.448

(E/A)
NNLO

 =   8.464

<k
F
a

s
>

NNLO
 =   0.51
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Other Examples [nucl-th/0212071]

0 1 2 3 4

r/b
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4

5
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7

8

ρ(
r/

b)

C
0
 = 0 (exact)

Kohn-Sham LO
Kohn-Sham NLO (LDA)
Kohn-Sham NNLO (LDA)

Dilute Fermi Gas in Harmonic Trap
g=4, a

s
=-0.1000, N

F
=4, A=140

Iteration 18

(E/A)
HO

     =   4.500

(E/A)
LO

     =   3.619

(E/A)
NLO

   =   3.883

(E/A)
NNLO

 =   3.814

<k
F
a

s
>

NNLO
 =   0.31
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Other Examples [nucl-th/0212071]

0 1 2 3 4 5 6
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C
0
 = 0 (exact)

Kohn-Sham LO
Kohn-Sham NLO (LDA)
Kohn-Sham NNLO (LDA)

Dilute Fermi Gas in Harmonic Trap
g=4, a

s
= 0.1000, N

F
=4, A=140

Iteration 22

(E/A)
HO

     =   4.500

(E/A)
LO

     =   5.088

(E/A)
NLO

   =   5.182

(E/A)
NNLO

 =   5.204

<k
F
a

s
>

NNLO
 =   0.24
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Outline

Some references for today (and many-body EFT)

Skyrme Hartree-Fock as density functional theory

Density Matrix Expansion

NUCLEI and UNEDF SciDAC projects
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Density matrix expansion revisited [Negele/Vautherin]

Dominant MBPT contributions can be put into form

〈V 〉 ∼
∫

dR dr12 dr34 ρ(r1, r3)K (r12, r34)ρ(r2, r4)

r1
r2

ρ(r1,r3)
ρ(r2,r4)

r3 r4

K(r1-r2, r3-r4)

finite range and non-local resummed vertices K (+ NNN)

DME: Expand KS ρ in local operators w/factorized non-locality

ρ(r1, r2) =
∑
εα≤εF

ψ†α(r1)ψα(r2) =
∑

n

Πn(r)〈On(R)〉
r1

r2

R-r/2 +r/2

with 〈On(R)〉 = {ρ(R),∇2ρ(R), τ(R), · · · }maps 〈V 〉 to Skyrme-like EDF!
Adds density dependences, isovector, . . . missing in Skyrme
Original DME expands about nuclear matter (k -space + NNN)

ρ(R+r/2,R−r/2) ≈ 3j1(skF)

skF
ρ(R)+

35j3(skF)

2sk3
F

(1
4
∇2ρ(R)−τ(R)+

3
5

k2
Fρ(R)+· · ·

)
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Adaptation to Skyrme HFB Implementations

ESkyrme =
τ

2M
+

3
8

t0ρ2 +
1

16
t3ρ2+α +

1
16

(3t1 + 5t2)ρτ+
1

64
(9t1 − 5t2)|∇ρ|2 + · · ·

=⇒ EDME =
τ

2M
+ A[ρ] + B[ρ]τ + C[ρ]|∇ρ|2 + · · ·

Orbitals and Occupation #’s

Kohn−Sham Potentials

t , t0 1 , ..., t2

Skyrme
energy

functional
HFB

solver

VKS(r) =
δEint[ρ]

δρ(r)
⇐⇒ [−∇2

2m
+VKS(x)]ψα = εαψα =⇒ ρ(x) =

∑
α

nα|ψα(x)|2

Dick Furnstahl TALENT: Nuclear forces



Refs DFT DME SciDAC
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+
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(9t1 − 5t2)|∇ρ|2 + · · ·

=⇒ EDME =
τ

2M
+ A[ρ] + B[ρ]τ + C[ρ]|∇ρ|2 + · · ·

Orbitals and Occupation #’s

Kohn−Sham Potentials

energy
functional

HFB
solver

DME

ρρA[  ], B[  ], ...

VKS(r) =
δEint[ρ]

δρ(r)
⇐⇒ [−∇2

2m
+VKS(x)]ψα = εαψα =⇒ ρ(x) =

∑
α

nα|ψα(x)|2
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Does it work yet? (Is DME good enough?)
Try tuned nuclear matter with low-momentum NN/NNN

−1600

−1400

−1200

−1000

−800

−600

−400

−200

0

200

400

600
Vsrg λ = 2.0 fm−1 (N3LO)

A

B

C

DME Sly4
total

40Ca

<V> <V>

DME
total

E

Sly4
E

NN + NNN scaled to "fit" NM

HFBRAD

0 1 2 3 4 5 6
r [fm]

0

0.02

0.04

0.06

0.08

0.1

de
ns

ity
 [f

m
−3

]

Skyrme SLy4
Vsrg DME

16O
40Ca

HFBRAD

λ = 2 fm−1 ("fit")

Do densities look like nuclei from Skyrme EDF’s? (Yes!)
Are the error bars competitive yet? (No! 1 MeV/A off in 40Ca)
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Improved DME for pion exchange [Gebremariam et al.]

Phase-space averaging for finite nuclei (symmetries, sum rules)

Focus on long-range interactions =⇒ pion exchange in NN
and NNN from chiral effective field theory (χEFT)

Tests are very promising [arXiv:0910.4979 ]:
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Long-range chiral EFT
=⇒ enhanced Skyrme
Add long-range (π-exchange)
contributions in the density
matrix expansion (DME)

NN/NNN through N2LO
[Gebremariam et al.]

Refit Skyrme parameters

Test for sensitities and
improved observables (e.g.,
isotope chains) [ORNL]

Spin-orbit couplings from 2π
3NF particularly interesting

Can we “see” the pion in
medium to heavy nuclei?
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Hybrid DFT: Merge chiral EFT and Skyrme

Include long-range pion
physics via density matrix
expansion (DME/PSA)

Refit short-range physics in
Skyrme EDF form

Validate against ab initio
NCFC calculations [Maris]

Controlled tests for neutrons
in trap =⇒ constraints on
neutron-rich nuclei

NUCLEI/UNEDF
collaboration
Tests with simplified
interaction promising!

Vtrap

2.0 2.5 3.0
radius [fm]

15

20

25

30

35

40

45

50

E
to

t/N
 [

M
eV

]

NCFC
HF or OEP
DME/PSA HF
DME/PSA BHF20 MeV

NN-only

hΩ of 
harmonic trap

10 MeV

Minnesota potential

N = 8

N = 20
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Hybrid DFT: on-going work with neutron drops
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Outline

Some references for today (and many-body EFT)

Skyrme Hartree-Fock as density functional theory

Density Matrix Expansion

NUCLEI and UNEDF SciDAC projects
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DFT for nuclei [UNEDF and NUCLEI projects]
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Nuclear Density Functional Theory and Extensions 

•  two fermi liquids 
•  self-bound 
•  superfluid (ph and pp channels) 
•  self-consistent mean-fields 
•  broken-symmetry generalized product states 

Technology to calculate observables 
Global properties 

Spectroscopy 
DFT Solvers 

Functional form 
Functional optimization 

Estimation of theoretical errors 
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SciDAC-2 UNEDF project

Universal Nuclear Energy
Density Functional

Collaboration of physicists,
applied mathematicians, and
computer scientists

US funding but international
collaborators also

See unedf.org for highlights!

New SciDAC-3 NUCLEI project:
NUclear Computational
Low-Energy Initiative

(see computingnuclei.org)

Nuclear	  Energy	  
Density	  

Func2onal	  

Observables	  

Nuclear	  DFT	  
HFB	  (self-‐consistency)	  
Symmetry	  breaking	  

Nuclear Density 
Functional Theory 

and Extensions 

Many	  
body	  

method	  

Observables	  

Diagonaliza2on	  
Trunca2on+diagonaliza2on	  	  

Monte	  Carlo	  

truncated	  space	  

Observables	  

full	  space	  

Symmetry	  restora2on	  
Mul2-‐reference	  DFT	  (GCM)	  

Time	  dependent	  DFT	  (TDHFB)	  
QRPA	  

Observables	  

Ab Initio Configuration Interaction 

Expt	  

Expt	  

Expt	  

Expt	  

Compound Nucleus 
and Direct Reaction 

Theory Coupled	  Channels	  
DWBA	  

global	  
proper2es	  

Observables	  

Expt	   cross	  sec2ons	  

excited	  states	  
decays	  
fission	  

spectroscopic	  
informa2on	  

global	  proper2es	  
spectroscopy	  
scaPering	  

Op2cal	  poten2als	  
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Interaction with computer science experts
“Derivative-free Optimization for Density Functional Calibration” - Moré & Wild, ANL 

Impact'Objec,ves''

  Develop optimization algorithms for calibrating 
UNEDF energy density functionals (EDFs) to 
selected experimental observables 

  Exploit the mathematical structure of this 
calibration problem 

  Enable sensitivity analysis  

  Provide UNEDF with properly  
optimized functionals for wide 
classes of nuclei and diverse  
physical observables 

  New computational tools for calibrating large 
scale computer simulations for applications 
outside of UNEDF project 

  New statistical tools for providing uncertainty 
quantification and error analysis, and new 
experimental data assessment 

POUNDERS)obtains)be2er)solu6ons)faster)

  New code, POUNDERS, yields substantial computational 
savings over alternative algorithms  

  Enables fitting of complex EDFs -- previous optimizations 
required too many evaluations to obtain desirable features 

  Using the resulting EDF parameterization, UNEDF0, the 
entire nuclear mass table was computed  

  “Nuclear Energy Density Optimization.” M. Kortelainen, T. 
Lesinski, J. Moré, W. Nazarewicz, J. Sarich, N. Schunck, M. 
Stoitsov, and S. Wild. Physical Review C 82, 024313 (2010).  

Progress'/'Accomplishments'2010'

ASCR- Applied Mathematics Highlight 
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SciDAC-3 NUCLEI Project (http://1 computingnuclei.org)
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