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Density functional theory for quantum manybody systemsDensity functional theory for quantum manybody systems

Density functional theory starts from the

Hohenberg-Kohn theorem:

„The exact ground state energy E[ρ] is a
universal functional for the local density“

This functional is usually decomposed into three parts:
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Static Kohn-Sham theory:Static Kohn-Sham theory:
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The nuclear fields are obtained by coupling
the nucleons through the exchange of effective mesons 

through an effective Lagrangian.

(Jππππ,T)=(0+,0) (Jππππ,T)=(1-,0) (Jππππ,T)=(1-,1)

sigma-meson:

attractive scalar field

omega-meson: 

short-range repulsive

rho-meson:

isovector field

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

rr

Dürr and Teller, Phys.Rev 101 (1956)

Walecka, Phys.Rev. C83 (1974)

Boguta and Bodmer, Nucl.Phys. A292 (1977)

Covariant DFT

is based on the 

Walecka model 

Covariant DFT

is based on the 

Walecka model 
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is based on the 
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Dürr and Teller, Phys.Rev 101 (1956)

Walecka, Phys.Rev. C83 (1974)

Boguta and Bodmer, Nucl.Phys. A292 (1977)

gσ

This model has only four parameters:

mσ

gρgω
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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 

adjusted to ground state properties of finite nuclei

Effective density dependence:Effective density dependence:Effective density dependence:Effective density dependence:
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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

The basic idea comes from ab initio calculations

density dependent coupling constants include Brueckner correlations

and  threebody forces

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
Zhao, Li, Yao, Meng, PRC 82,  054319 (2010):                    PK-PC1

Point-coupling models

with derivative terms:

ρσ ω

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

adjusted to ground state properties of finite nuclei

Effective density dependence:Effective density dependence:
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Density dependence is determined from microscopic calculations
Remaining 4 parameters are fitted to masses of deformed nuclei:

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

a4 = 33 MeV

DD-PC1

semi-microscopic relativistic functionalssemi-microscopic relativistic functionals

Niksic et al, (2008)
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Masses: 900 

keV

rms-deviations:   masses:  ∆∆∆∆m = 900 keV

radii:       ∆∆∆∆r   = 0.015 fm

rms-deviations:   masses:  ∆∆∆∆m = 900 keV

radii:       ∆∆∆∆r   = 0.015 fm
Lalazissis, Niksic, Vretenar, Ring, PRC 71, 024312 (2005)

256No: 1899.21 (1889.65) MeV

∆E = 560 keV → 0.3 ‰
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Problem: single particle spectra Problem: single particle spectra 

np
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• No energy dependence of the self energy:  ∑(ω)

• No fluctuations:

• Violation of symmetries

projection methods

0ˆˆ =Φ−Φ QqHδ

Problems of the mean field approach:Problems of the mean field approach:

( )qq Φ=  0ˆˆ =Φ−Φ QqHδ

qqfdq  )(  ∫=Ψ

qPPqfdq IN
 ˆˆ)(  ∫=Ψ
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Fission barrier and
super-deformed bands
in 240Pu

Fission barrier and
super-deformed bands
in 240Pu
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Timedependent density functional theory:Timedependent density functional theory:

Runge-Gross theorem (1984):
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Rotational excitations:Rotational excitations:

Cranking model:  Inglis (1956):
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Moments of inertia in rotating nuclei: Moments of inertia in rotating nuclei: 

Skyrme RMF      NL1

Dobaczewski, Dudek, PRC (1995) Afanasjev, P.R. PRC (1996)

Nuclear magnetism
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. 

Superdeformed bands in the Hg-Pb region:Superdeformed bands in the Hg-Pb region:

Cranked
RHB calculations:
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Timedependent density functional theory:Timedependent density functional theory:

Runge-Gross theorem (1984):
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Linear response theory:Linear response theory:

weak
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The adiabatic approximation:The adiabatic approximation:
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Low lying collective states in 208Pb:Low lying collective states in 208Pb:

Ma, Wandelt et al, Nucl. Phys.  (2002) 
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A. Ansari, Phys. Lett. B (2005) 

Ansari-SnQRPA: 2+-excitation in Sn-isotopes:QRPA: 2+-excitation in Sn-isotopes:
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Isovector dipole response

Sn isotopes: DD-ME2 effective
interaction + Gogny pairing

protons neutrons

Isoscalar
monopole 
response

Relativistic (Q)RPA calculations of giant resonances:Relativistic (Q)RPA calculations of giant resonances:
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132Sn

2.4 %                3.4 %  of EWSR

neutron threshold:

E1-continuum RPAE1-continuum RPA

I. Daoutidis, P.R., PRC 80, 024309 (2009)



XVIII Nuclear Workshop, Kazimierz Dolny,  Sept. 28 – Oct. 2, 201117:26 26/45

Content:Content:

Energy dependent self energy

Density functional theory for excited states

Outlook 

Motivation

Modern relativisitic density functionals

The width of giant resonances

Single particle excitations



XVIII Nuclear Workshop, Kazimierz Dolny,  Sept. 28 – Oct. 2, 201117:26 27/45

Runge-Gross theorem (1984):

Timedependent density functional theory:Timedependent density functional theory:
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single particle strength:

+

+

RPA-modes

µ

µ

mean field pole part

=

non-relativistic investigations:

Ring, Werner (1973)

Hamamoto, Siemens (1976)

Perazzo, Reich, Sofia (1980)

Bortignon et al (1980)
Bernard, Giai (1980)

Platonov (1981)

Kamerdzhiev, Tselyaev (1986)

Dyson equation

Particle-vibrational coupling (PVC)

energy dependent self-energy

Particle-vibrational coupling (PVC)

energy dependent self-energy eff. Potential veff

→ self-energy Σ

S
ν

Dyson-equation
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Contributions to Σ(ω) in the relativistic case:Contributions to Σ(ω) in the relativistic case:
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kε

22
, kk Sε

ννε kk S,

11
, kk Sε

44
, kk Sε

33
, kk Sε

*

*

* This energy is associated with a 

“bare” single-particle energy.

Spectroscopic factors depend on

reaction and method of extraction:

example of spectroscopic factors 

in 209Bi

sum rule:  

is frequently violated.

π
j

Mean-field

single-particle
state

Fragmented levels

(due to coupling to phonons)

The single particle energies are fragmented:The single particle energies are fragmented:

(α,t)   reactions(3He,d)
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Single particle spectrum

meff 0.76      0.92       1.0 0.71      0.85       1.0

E. Litvinova and P. R., PRC 73, 44328 (2006)

Single particle spectrum in the Pb-region:Single particle spectrum in the Pb-region:
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Spectroscopic factors in 133Sn:Spectroscopic factors in 133Sn:

E. Litvinova and A. Afanasjev, PRC 84 (2011) 
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Litvinova, Afanasjev, PRC 84,  014305 (2011).

Particle vibration coupling in superheavy elements:Particle vibration coupling in superheavy elements:
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The full response contains energy dependent parts 
coming from vibrational couplings.

ph-phonon vertices (QRPA)

Self energy

ph interaction

amplitude

δρ

ωδ
ω

)(
)(

Σ
=V

Width of giant resonances:Width of giant resonances:
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The full response contains energy dependent parts 
coming from vibrational couplings.

ph-phonon amplitudes(QRPA)

Self energy

ph interaction

amplitude

δρ

ωδ
ω

)(
)(

Σ
=V

Width of giant resonancesWidth of giant resonances

Problem of divergengies:

Renormalization of the interaction:

V(ω)   → VRPA +  V(ω) - V(0)

Width of giant resonances:Width of giant resonances:
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208Pb

132Sn

48Ni

46Fe

*Averaging interval: 0-30 MeV

Parameters of Lorentz distribution* (GDR)Parameters of Lorentz distribution* (GDR)

Litvinova, P.R., Tselyaev, PRC 78, 014312 (2008)
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208Pb

132Sn

48Ni

46Fe

*Averaging interval: 0-30 MeV

Parameters of Lorentz distribution* (GDR)Parameters of Lorentz distribution* (GDR)
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Litvinova, P.R., Vretenar, PLB 647, 111 (2007) 
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Dipole strength in Sn isotopes
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Hadron vs Coulomb

excitation Transition densities

Enders et al, PRL 105, 212503 (2010)

EXP. (Endres et al) QPM (Ponomarev) QRTBA
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Litvinova, Ring, Tselyaev, PRL 105, 022502 (2010)

Exp: Pysmenetska et al, PRC 73, 017302 (2006)

Phonon-phonon coupling:Phonon-phonon coupling:
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• Present status
density functional theory has been extended for excited states

by a consistent treatment of manybody correlations using

Greensfunction techniques to include particle-vibrational coupling

2qp-phonon and 2phonon coupling schemes have been studied

giant resonances position and width, low energy dipole modes, two-phonon states

in heavy spherical nuclei are reproduced within a fully consistent scheme

• Open problems and perspectives
static part: we are far from a microscopic derivation

we have to improve the functionals in the ph and the pp-channel

dynamic part: inclusion of pairing vibrations

explicite single particle continuum

inclusion of deformation

how does the energy dependent kernel behave at large amplitudes?

……..                  

Summary and outlook:Summary and outlook:
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