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1. RELATIVISTIC MEAN FIELD THEORY
OBJECTIVES:
-quantitative description of nuclear ground state properties
-implementation of an universal effective interaction for all nuclei
-description of exotic nuclear structure away from stability
-nuclear structure for astrophysical applications
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system of Dirac nucleons
 

coupled to
 

the
 

exchange mesons
and the photon

 
field through an effective Lagrangian.

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

Sigma-meson: attractive
scalar field

Omega-meson: short-
range repulsive field

Rho-meson:
isovector field

RELATIVISTIC MEAN FIELD THEORY



the Lagrangian of the free nucleon:

the Lagrangian of the free meson fields and the electromagnetic field:

minimal set of interaction terms:

with the vertices:

LAGRANGIAN DENSITY



the meson-nucleon couplings
 

gσ

 

, gω

 

, gρ

 

->  functions
 

of vector density:

MODELS WITH DENSITY DEPENDENT COUPLINGS  

Density-dependent  meson-nucleon couplings –
 

connection to Dirac-
 Brueckner

 
calculations based on realistic NN interactions
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PAIRING CORRELATIONS AND RHB THEORY  



Model parameters: meson masses + parameters of vertex functions

-
 

a mean-field model does not contain explicit correlation effects
The parameters are determined from properties of nuclear matter 
(symmetric and asymmetric) and bulk properties of finite nuclei       
(binding energies, charge radii, neutron skin, surface thickness…)

A least-squares adjustment to empirical nuclear matter properties 
and experimental data on ground-state properties of spherical 
nuclei, contains only eight (8) parameters in the general expansion 
of an effective Lagrangian

The  RMF model parameterisations

DD-ME1
DD-ME2





RMS CHARGE RADIIRMS CHARGE RADII DIFFERENCES rn
 

-rp
 

DIFFERENCES rn
 

-rp

SnSn SnSn

RELATIVISTIC HARTREE-BOGOLIUBOV MODEL (RHB)

DEVELOPMENT OF THE NEUTRON SKINDEVELOPMENT OF THE NEUTRON SKIN
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NUCLEAR MATTER PROPERTIES  



2. RELATIVISTIC QUASIPARTICLE 
RANDOM PHASE APPROXIMATION

OBJECTIVES:
-fully self-consistent description of low-amplitude collective motion in nuclei
-giant resonances, charge-exchange modes
-toward new modes of excitation in exotic nuclei
-applications in astrophysicaly relevant weak interaction rates

REFERENCES:
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RELATIVISTIC RANDOM PHASE APPROXIMATION



RELATIVISTIC RANDOM PHASE APPROXIMATION



Quasiparticle
 canonical states

Factors including the 
occupation probabilities 
for the canonical states

PARTICLE-PARTICLE 
INTERACTION 

(Gogny)

PARTICLE-HOLE
INTERACTION

(DD-ME1,…)

AJ BJ

B∗J A ∗J

Xν,JM

Yν,JM
= EQRPA

ν 1 0

0 −1

Xν,JM

Yν,JM

SELF-CONSISTENCY:
The same effective 
interaction determines 
the ground state and 
the QRPA residual 
interaction

both ph and αh
pairs included

RELATIVISTIC QUASI-PARTICLE RANDOM-PHASE APPROXIMATION



ISOVECTOR GIANT DIPOLE RESONANCE (GDR)

GDR CENTROID
ENERGY

Collective mode: protons coherently oscillate against neutrons



ISOSCALAR GIANT MONOPOLE RESONANCE

T. Li, U. Garg, Y. Liu, R. Marks, et al., Phys. Rev. Lett. 99, 162503 (2007)

The breathing mode in finite nuclei provides constrain on the asymmetry 
term in nuclear incompressibility

 
(from (α, α’) inelastic scattering)

RQRPA

QuickTime™ and a
 decompressor
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QuickTime™ and a
 decompressor
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3. EXOTIC MODES OF EXCITATION
- pygmy dipole resonances (PDR)
- isovector-isoscalar structure of PDR and (α,α’γ) and (γ,γ’) experiments
- excitations in proton drip-line nuclei
- exotic modes of excitation at finite temperature
-nuclear symmetry energy and neutron skins derived from PDR 
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PYGMY DIPOLE RESONANCES (PDR)

P.Adrich et al., Phys. Rev. Lett. 95, 132501(2005)

Distribution of 
the neutron 
particle-hole 
configurations
for the peak at
7.6 MeV

Distribution of 
the neutron 
particle-hole 
configurations
for the peak at
7.6 MeV



ISOTOPIC DEPENDENCE OF THE PYGMY DIPOLE RESONANCE (PDR)

Paar, Vretenar, Khan, Colò, Rep. Prog. Phys. 70, 691 (2007). 



Sn

ISOTOPIC DEPENDENCE OF THE PYGMY DIPOLE RESONANCE (PDR) 

Already at moderate 
proton-neutron 
asymmetry, PDR peak 
is obtained above the 
neutron emission 
threshold

Implications for 
the observation of 
the PDR in (γ,γ’) 
experiments

PYGMY MODE
NEUTRON 

SEPARATION
ENERGY

CROSSING BETWEEN 
THE PYGMY ENERGY 
AND NEUTRON SEP. EN. 

CROSSING BETWEEN 
THE PYGMY ENERGY 
AND NEUTRON SEP. EN.



Dipole Excitations towards the Proton Drip-Line

CENTROID ENERGY 
OF THE LOW-

 LYING STRENGTH
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LOW-LYING 
TRANSITION 
STRENGTH B(E1)
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PROTON PYGMY 
DIPOLE RESONANCE

Paar, Vretenar, Ring,  Phys. Rev. Lett. 94, 182501 (2005)

The analysis of exp. data for 
30,32Ar is in progress at GSI
(2009).



MONOPOLE AND DIPOLE RESPONSE AT FINITE TEMPERATURE

With increased temperature new 
low-lying transitions appear both 
in monopole and dipole response

Finite temperature RMF+RPA
Y. F. Niu, N. Paar, D. Vretenar, and J. Meng, 
Phys. Lett. B, in press (2009)



Symmetry energy S2
 

(ρ) and neutron skin in 208Pb

• strong linear correlation between 
neutron skin thickness and 
parameters a4

 

, p0

R.J.Furnstahl
NPA 706(2002)85-110

Alex Brown, 
PRL 85 (2000) 5296
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Theory: Precise knowledge of neutron-skin thickness could

constrain the density dependence of S(ρ)

Work Hypothesis: Pygmy-Strength  (since related to skin)

should do the same job,

but, experimentally, is accessed much easier !

Quantitative attempt to determine the neutron skin thickness by 
means of RHB + RQRPA, using various density-dependent effective 
interactions and recent experimental data on PDR

A. Klimkiewicz, N. Paar, et al., (LAND collaboration), Phys. Rev. C 76, 051603(R) (2007) 

4. NUCLEAR SYMMETRY ENERGY AND NEUTRON 
SKINS DERIVED FROM PYGMY DIPOLE RESONANCE



Result  (averaged 130,132Sn) :

a4

 

=  32.0   ±
 

1.8  MeV

po

 

=  2.3   ±
 

0.8 MeV/fm3

PDR strength  versus a4
 

, po

S(ρ) : moderate stiffness
RHB+RQRPA calculations and
exp. data (GSI) for PDR strength



Neutron skin thickness

Rn

 

– Rp :

130Sn:     0.23 ± 0.04 fm
132Sn:     0.24 ± 0.04 fm

LAND

Sn isotopes

A.Krasznahorkay

 

et al.
PRL 82(1999)3216



208Pb analysis

Rn – Rp =  0.18 ± 0.035  fm

∑Bpdr

 

(E1)=1.98 e2

 

fm2 

from N.Ryezayeva

 

et al., PRL 89(2002)272501
∑Bgdr

 

(E1)=60.8 e2

 

fm2

from A.Veyssiere

 

et al.,NPA

 

159(1970)561

RQRPA

RQRPA

RQRPA

LAND

C.Satlos

 

et al.
NPA 719(2003)304

A.Krasznahorkay

 

et al.
NPA 567(1994)521

C.J.Batty

 

et al.
Adv.Nucl.Phys. (1989)1

B.C. Clark et al.
PRC 67(2003)044306



Splitting of the E1 strength in 140Ce : (γ,γ’) vs. (α,α’γ)

SPLITTING OF THE 
LOW-LYING DIPOLE
TRANSTION STRENGTH

SPLITTING OF THE 
LOW-LYING DIPOLE
TRANSTION STRENGTH

D. Savran

 

et al., 
Phys. Rev. Lett. 97, 172502 (2006)

Photons interact with nucleus as a whole, induce primarily isovector
 transitions

α-particles interact with the nuclear surface, inducing isoscalar
 transitions with surface-peaked transition densities 



ISOVECTOR-ISOSCALAR SPLITTING OF DIPOLE RESPONSE

Transition densities 
for the PDR and 
GDR states

Transitions of dominant
isoscalar nature

N. Paar, Y. F. Niu, D. Vretenar, and J. Meng, Phys. Rev. Lett. 103, 032502 (2009)



ISOVECTOR-ISOSCALAR SPLITTING OF DIPOLE RESPONSE

Splitting of the pygmy
dipole resonance

D. Savran

 

et al.,
Phys. Rev. Lett. 97, 172502 (2006).

EXP. STRENGTH DISTRIBUTION 
FOLDED WITH LORENTZIAN Γ=300 keV



COLLECTIVE PROPERTIES OF THE PDR

Coherent contributions 
to the transition strength
B(E1) from several
neutron configurations
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