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ab initio: 3 scalesab initio: 3 scales

• QCD: non-linear gauge theory, quarks, gluons
• confinement
• running coupling constant
• at low energies non-perturbative
• effective degrees of freedom: nucleon, pion

• effective Lagrangian in nucleons and pions
• parameters (LEC) so far phenomenological
• non renormalizable
• at low momenta: chiral perturbation theory:  χPT
• → bare nucleon-nucleon interaction:   NNNL   N3LO

• effective forces within the nucleon
• density dependent
• configuration mixing, density functional theory

> 1 GeV

~ 100 MeV

~ 100 keV
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bare nucleon-nucleon interaction:bare nucleon-nucleon interaction:

distance >  1 fm:

distance < 0.8 fm:

attractive

repulsive

?

π-meson
1 fm

three-body forces ?three-body forces ?

repulsive core Yukawa tail
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Density functional theory

  
ˆ

δ
δEh =
ρ̂ iiih ϕεϕ =ˆ

Mean field: Eigenfunctions:

     
ˆ

2

δδ
δ EV =
ρ̂ ρ̂

Interaction:

D.Brink
D.Vauterin

Skyrme

Extensions:   Pairing correlations, Covariance    
Relativistic Hartree Bogoliubov (RHB) 

Density functional theory in nucleiDensity functional theory in nuclei
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3 types of functionals are presently used:

• the are based on density dependent two-body interactions H(ρ)
- on the mean field level they contain also three-body forces

• they are completely phenomenological
- few parameters are adjusted to binding energies and radii

• they can be represened by zero range forces (and gradient corrections)
- on the mean field level one needs only momenta k < kF

• for zero range forces Fock terms can be absorbed in the parameters
• there are large spin-orbit terms
• strong pp-correlations lead in open shell nuclei to superfluidity

- is treated on the mean field level by Hartree-Fock-Bogoliubov methods

Density functionals in nuclei:Density functionals in nuclei:

• non relativistic zero range forces (Skyrme)
• finite range forces of Gaussian shape (Gogny)
• relativistic density functionals (RMF)
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Density functionals in superfluid systems:Density functionals in superfluid systems:

Valatin density
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Relativistic Kohn-Sham equations:Relativistic Kohn-Sham equations:

density dependent couplings:  G = G(ρ) rearrangement terms!

scalar potential:

vector potential:

No-sea approximation
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Fermi sea

Dirac sea

2m* ≈ 1200 MeV

V+S ≈ 700 MeV

V-S ≈ 50 MeV

2m ≈ 1800 MeV

continuum

Relativistic potentialsRelativistic potentials
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(Jπ,T)=(0+,0) (Jπ,T)=(1-,0) (Jπ,T)=(1-,1)

Sigma-meson:
attractive scalar field

Omega-meson: 
short-range repulsive

Rho-meson:
isovector field

)()( rr σσgS = )()()()( rrrr eAggV ++= ρτω ρω

Walecka modelWalecka model

- the basis is an effective Lagrangian with all relativistic symmetries
- it is used in a mean field concept (Hartree-level)
- with the no-sea approximation
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Effective density dependence:Effective density dependence:

Typel, Wolter, NPA 656, 331 (1999)              
Niksic, Vretenar, Finelli, P.R., PRC 66, 024306 (2002):                   DD-ME1
Lalazissis, Niksic, Vretenar, P.R., PRC 78, 034318 (2008):             DD-ME2

gσ(ρ)               gω(ρ)              gρ(ρ)

The basic idea comes from ab initio calculations
density dependent coupling constants include Brueckner correlations

and  threebody forces

non-linear meson coupling: NL3 

Manakos and Mannel, Z.Phys. 330, 223 (1988)
Bürvenich, Madland, Maruhn, Reinhard, PRC 65, 044308 (2002):      PC-F1
Niksic, Vretenar, P.R., PRC 78, 034318 (2008):                                  DD-PC1

Point-coupling models
with derivative terms:

ρσ ω

gσ(ρ)              gω(ρ)            gρ(ρ)

adjusted to ground state properties of finite nuclei
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Masses: 900 
keV

rms-deviations:   masses:  Δm = 900 keV
radii:       Δr   = 0.015 fm

rms-deviations:   masses:  Δm = 900 keV
radii:       Δr   = 0.015 fm

Lalazissis, Niksic, Vretenar, Ring, PRC 71, 024312 (2005)
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Comparison with ab initio calculations:Comparison with ab initio calculations:

nuclear matter

ab initio (Brückner calc.)

neutron matter

penomenological; DD-ME2

we find excellent agreement with ab initio calculations of Baldo et al.
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Fit to ab-initio resultsFit to ab-initio results

point coupling model is fitted to microscopic nuclear matter:

A. Akmal, V.R. Pandharipande, and D.G. Ravenhall, PRC. 58,  1804 (1998).

av = 16,04
av = 16.06
av = 16,08
av = 16,10
av = 16,12
av = 16,14
av = 16.16

ρsat = 0.152 fm-3

m*  = 0.58m
Knm = 230 MeV

DD-PC1
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TDRMF: Eq.

and similar equations for the isovector and electromagnetic-fields

Time dependent mean field theory:Time dependent mean field theory:

We neglect retardation
and find for the fields
at each time-step:
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K∞=271

K∞=355

Monopole motion

K∞=211

)()( trt ΦΦ 2 Breathing mode: 208PbBreathing mode: 208Pb
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RRPA
Small amplitude limit gives RPA:Small amplitude limit gives RPA:

RPA matrices:

the same effective interaction determines 
the Dirac-Hartree single-particle spectrum 
and the residual interaction

δρph, δραh

δρhp, δρhα

Small amplitude limit:

ground-state density

       δδ
δ EV

2

=ˆ

ρ̂ ρ̂

Interaction:

In superfluid systems: quasiparticle RPA
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ah
<ph|Vω|ah>  ≈ 0   for vector mesons
<ph|Vσ|ah>   ≠ 0 for scalar mesons

1. size of matrix.element

2. the same quantum numbers possible

3. large degeneracy

Dirac sea

P. R. et al., NPA 694 (2001) 249

Selfconsistent
Symmetries

ah-configurations
ph

Eph ≈ 10 MeV

Fermi sea

Eah ≈ -1200 MeV



RPA workshop, UPMC Paris 6, Jan. 25-29, 200910:01 21

Relativistic (Q)RPA calculations of giant resonances

Isovector dipole response

protons neutrons

Isoscalar
monopole 
response
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Linear response theory:Linear response theory:

Strength function:

Response function:

without interaction:

separable interaction:

lin. Bethe Salpeter Eq:



RPA workshop, UPMC Paris 6, Jan. 25-29, 200910:01 23

in the ph-basis:

Treatment of the continuum:

single particle Greens function:

Bertsch 1974 

solution by inversion:
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Applications:  E0Applications:  E0

escape width:

peak energy:
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pygmy-region 1.9 %                2.8 %  of EWSR

208Pb

IV-dipole strengthIV-dipole strength

pygmy-mode

neutron threshold:
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132Sn

2.4 %                3.4 %  of EWSR

neutron threshold:

IV-dipole strengthIV-dipole strength
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Vibrations in deformed nucleiVibrations in deformed nuclei

K

J

Goldstone modes
Translations:

Rotations:

Gauge rotations:

Giant dipole modes:

Scissor modes:

T=0 T=1

K=1-

K=1+

K=0-

K=1+

K=0+

K=0- K=1-
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isovector-dipole response in 100Moisovector-dipole response in 100Mo

Exp: Rossendorf
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IV-GDR in 100MoIV-GDR in 100Mo

IV-GDR

K=0- K=1-

ρ0 + δρ(t)
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pygmy modes in 100Mopygmy modes in 100Mo
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scattering at a single nucleon excitation of the entire nucleus
we need the nuclear spectrum

response of the nucleus 
to an incoming particle
response of the nucleus 
to an incoming particle
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beta-decaybeta-decay e-

(N,Z)→(N-1,Z+1)

pe-

n

+

e-

n
spin-isospin-wave

p

W±

ν-

ν-
ν-
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neutrino scatteringneutrino scattering e-

ν

(N,Z)→(N-1,Z+1)

pe-

n

+

e-

n
spin-isospin-wave

p

ν
ν

W±



RPA workshop, UPMC Paris 6, Jan. 25-29, 200910:01 34

IAR-GTRSpin-Isospin Resonances:   IAR - GTRSpin-Isospin Resonances:   IAR - GTR

Z,N Z+1,N-1

isospin flip τ

Z,N  Z,NT  IAR +=

spin flip σ

 Z,NTS  GTR - +=

 r-rskin  neutron
dr
dVslEE pnIARGTR =)⋅(Δ  ~  ~  ~  - 

p n
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IAR
Isobaric Analog Resonance: IARIsobaric Analog Resonance: IAR

PR C69, 054303 (2004)

experiment

Tβ±
F = ∑i=1

A τ±

S=0  T=1  
Jπ = 0+

Isospin-flip 
excitations
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GTR
GT-ResonancesGT-Resonances

PR C69, 054303 (2004)

Tβ±
GT = ∑i=1

A Στ±

S=1  T=1  Jπ = 1+

Spin-flip 

isospin-flip 
excitations
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RHB+RQRPA

Distribution of cross section over multipolaritiesDistribution of cross section over multipolarities
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CROSS SECTIONS AVERAGED OVER NEUTRINO FLUX
Cross section (νe,e-) averaged over supernova neutrino fluxCross section (νe,e-) averaged over supernova neutrino flux

muon
decay
at rest

νe flux
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Problems with mean field: Problems with mean field: 

• no fluctuation in transitional nuclei
• no energy dependence of the self energy
• symmetry violations have to be restored
• no spectroscopy
• ……
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Particle-vibrational coupling:
energy dependent self-energy
Particle-vibrational coupling:
energy dependent self-energy

+

+

RPA-modes

μ

μ

mean field pole part

=

Density functional theory    - Landau-Migdal theory

single particle strength:
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Single particle spectrumSingle particle spectrum in the Pb regionSingle particle spectrum in the Pb region

meff 0.76      0.92       1.0 0.71      0.85       1.0

E. Litvinova, P.R., PRC 73, 44328 (2006)
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Total Mean
Field

Pole 
part

Mass
operator

Induced
p-h interaction

amplitude

g – phonon amplitudes (QRPA)

Two-body problem: from self-energy 
to effective interaction

E. Litvinova:E. Litvinova:
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centroid energies for
GDR and PDR

exp

Litvinova, P.R. Tselyaev, PRC 78, 14312 (2008)
Litvinova, P.R. Tselyaev, Langanke, PRC 79, 054312 (2009)
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Parameters of Lorentz distribution* (GDR)

208Pb

132Sn

48Ni

46Fe

*Averaging interval: 0-30 MeV
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0ˆˆ =Φ−Φ QqHδ

Constraint Hartree Fock produces 
wave functions depending on a generator coordinate q

( )qq Φ=  

qqfdq  )(  ∫=Ψ

GCM wave function is a
superposition of Slater determinants [ ] 0)'( '' ' =−∫ qfqqEqHqdq

Hill-Wheeler equation:

with projection:
qPPqfdq IN  ˆˆ)(  ∫=Ψ

Generator Coordinate Method (GCM)Generator Coordinate Method (GCM)
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E(5): F. Iachello, PRL 85, 3580  (2000)
X(5): F. Iachello, PRL 87, 52502 (2001)

R.F. Casten, V. Zamfir, PRL 85 3584, (2000)

X(5) 152Sm

Casten Triangle

Interacting Boson Model

Quantum  phase transitions and critical symmetriesQuantum  phase transitions and critical symmetries
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Niksic et al PRL 99, 92502 (2007)

GCM: only one scale parameter: E(21)
X(5): two scale parameters: E(21),    BE2(22→01)

Problem of GCM at this level: restricted to γ=0

F. Iachello, PRL 87, 52502 (2001)

R. Krücken et al, PRL 88, 232501  (2002)
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AGP and number projected HFB:AGP and number projected HFB:
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projected
density
functionals:

projected
density
functionals:

Sheikh, P.R., PRC 78, 14312 (2008)
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Halo-formation in Ne-isotopesHalo-formation in Ne-isotopes

pairing energies

binding energies

rms-radii
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L. Lopes,  PhD Thesis, TUM, 2002
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Conclusions 
1 -------

Conclusions:Conclusions:

Phenomenological DFT in nuclei produces exellent results
- static:             binding energies, radii, deformations, ….
- quasistatic:   treatment of rotational excitations in the rotating frame
- dynamic:       QRPA reproduces positions collective excitations

and the response of the nuclear systems to external fields

Beyond mean field:
- energy dependence of the self energy reduces the shell gap
- and allows to calculate the width of giant resonances
- configuration mixing of def. states describes fluctuations and phase   transitions
- restoration of symmetries allows to calculate spectroscopic properties
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