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General Motivation

◮ One of the main goals in Nuclear Physics is to build a
universal density functional based on microscopical
calculations

◮ Able to explain as many as possible measured data
◮ Provide reliable predictions for properties of nuclei far

from stability

◮ Problem: Attempts to derive such a functional in a
fully-microscopic way provide only qualitative results (for
two reasons)

◮ The three-body term of the bare interaction is not known
well enough

◮ The methods to derive such a functional are not precise
enough to achieve the required accuracy, e.g., for
astrophysical applications



General Motivation

◮ Most successful functionals are either:
◮ fully phenomenological, i.e., fitted to large set of

experimental data
◮ fitted to a combination of fully-microscopic results and

experimental data

◮ We propose a different strategy to build a new
relativistic functional (similar to the one used for the
non-relativistic BCP functional)

◮ Bulk part based on and consistent with BHF and DBHF
calculations (we include the scalar isovector channel,
compatible meson-nucleon verteces,...)

◮ Surface part based on experimental data



General Motivation

Why we use a relativistic functional?

◮ Pros: QCD is Lorentz invariant → this symmetry allows
to describe: the spin-orbit coupling, preserve causality,
consistent description of currents and time-odd fields
(important for the calculation of odd nuclei)

◮ Cons: In relativistic MF models, bulk and surface
contributions are mixed (only the exchanged meson masses
influences the surface part without affecting the bulk part, in
practice, only mσ!)



General Motivation

Why we include the scalar isovector channel in our
description?

◮ Ab-initio calculations lead to large scalar isovector fields
in nuclear matter → exchange of the δ meson

◮ Microscopic investigations and phenomenological studies
stressed that MF models which neglect the δ-meson
miss important ingredients in describing very asymmetric
nuclear matter at high densities.

◮ Problems: Considering ρ- and δ-mesons leads to
redundancies in a fit to experimental data. An
alternative way of constraining one of the two channels
is needed



Contents:

◮ The model: a brief introduction

◮ Density dependence of the meson-nucleon verteces:
consistent with DBHF calculations

◮ Fit: DD-MEδ protocol

◮ Results: comparison with the accurate
◮ BCP (similar strategy / very different model )
◮ DD-ME2 (purely empirical strategy / same model without δ).



The Model: Density Dependent
Hadron Field theory

Lagrangian L = LN + LM + Lint

LN is the Lagrangian of free nucleons LN = ψ̄ (iγµ∂
µ −m)ψ

LM is the Lagrangian of free mesons
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Lint is the Lagrangian describing the interactions
Lint = gσψ̄σψ + gδψ̄~τ~δψ − gωψ̄γµω

µψ − gρψ̄γµ~τ~ρ
µψ − eψ̄γµA

µ

where the field strength tensors for the vector fields Ωµν , ~Rµν and
Fµν take the usual form Ωµν = ∂µων − ∂νωµ



The Model: Density Dependent
Hadron Field theory

Equations of motion: classical variational principle

Dirac equation [γµ(i∂
µ − Σµ)−m∗]ψ = 0 where m∗ ≡ m − Σs

Self-energies Σs ≡ gσ(ρ)σ + gδ(ρ)~τ~δ Σµ ≡ Σ(0)µ + δµ0Σ
(r)
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µ + gρ(ρ)τ3ρ

µ
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(densities and currents at the ground-state expectation values)



The Model: Density Dependent
Hadron Field theory

Asymmetric infinite nuclear matter
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Effective mass splitting m∗

n −m∗

p = −2gδ(ρ)δ(ρ)

(therefore, the δ meson could be independently determined)



The Model: Density Dependent
Hadron Field theory

The Symmetry energy
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Density dependence of the
meson-nucleon verteces:

Consistency with DBHF calculations

◮ The meson-nucleon vertices have been mapped to the
scalar and vector self-energies obtained from
Dirac-Brueckner calculations. The deduced density
dependence is

gi (ρ) = gi (ρsat)fi (x) for i = σ, ω, δ, ρ
where x ≡ ρ/ρsat and,

fi (x) = ai
1+bi (x+di )

2

1+ci (x+ei )2

◮ The same density dependence for all vertices!
◮ By definition: f (1) = 1 and we impose: eσ = dσ, eω = dω,

f
′′

σ (x = 1) = f
′′

ω (x = 1) and f
′′

i (x = 0) = 0.
◮ Meson masses are fixed mω = 783 MeV, mδ = 983 MeV

and mρ = 763 MeV. The nucleon mass is m = 939 MeV.
◮ 14 adjustable parameters: 4 gi (ρsat), 9 in fi (x), and mσ



Fit: strategy

◮ Fit to binding energies and charge radii do not allow to
determine more than 7 or 8 parameters

◮ To calibrate the 14 free parameters of the DD-MEδ
functional we use finite nuclei data (fixes 4 p.) and
modern microscopic non-relativistic and relativistic
Brueckner calculations (fixes 10 p.):

◮ 161 binding energies and 86 charge radii(spherical)
gσ(ρsat), gω(ρsat), gρ(ρsat), and mσ

◮ BHF-EoSs from the Catania group (M. Baldo)
bσ, cσ, cω, cρ, dρ and eρ

◮ DBHF-(m∗

p −m∗

n) from the Tübingen Group (A. Faessler)
gδ(ρsat), cδ, dδ and eδ



Fit: DD-MEδ versus DD-ME2 parameters

i mi (MeV) gi (ρsat) ai bi ci di ei

σ 566.1577 10.3325 1.3927 0.1901 0.3679 0.9519 0.9519
σ 550.1238 10.5396 1.0943 0.1901 1.7057 0.4421 0.4421
ω 783.0000 12.2904 1.4089 0.1698 0.3429 0.9860 0.9860
ω 783.0000 13.0189 1.3892 0.1698 0.9240 1.4620 1.4620

δ 983.0000 7.1520 1.5178 0.3262 0.6041 0.4257 0.5885

ρ 763.0000 6.3128 1.8877 0.0651 0.3469 0.9417 0.9737
ρ 763.0000 3.6836 0.5647

◮ In DD-ME2 the density dependence of the ρ-meson is given by
gρ(ρ) = gρ(ρsat) exp(−aρ(x − 1))

◮ ρ-meson in DD-ME2 “absorbe” the effects due to the δ-meson.



Results: EoS and m
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Results: symmetry energy
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Results: symmetry energy and experimental
∆rnp
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Results: symmetry energy, experimental
indications versus model predictions
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Results: fitted binding energies
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Results: binding energies of all measured
even-even nuclei
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Results: fitted charge radii
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Results: charge radii of all measured
even-even nuclei
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Results: the influence of the δ-meson on
measured finite nuclei properties

◮ We have seen that:
◮ the influence of the δ-meson on the symmetry energy

can be compensated by renormalizing the ρ-meson
◮ the same seems to be true for masses, radii and neutron

skin thicknesses

◮ Spin-orbit splittings:
◮ isoscalar and isovector parts of the spin-orbit potential

are enhanced with respect the normal potential since
there is no destructive interference between the terms
comming from σ and ω not from the δ and ρ.

◮ therefore, the effects of the δ-meson cannot be
compensated by renormilizing the ρ-meson (one would
destroy the other properties)

◮ Essential difference of a theory containing the δ-meson.
It may impact on finite nuclei properties.



Results: Spin orbit splitings
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Conclusions and general remarks

◮ Relativistic models
◮ provide a consistent treatment of the spin degrees of

freedom and velocity dependent terms
◮ account for the large Lorentz scalar and vector

self-energies interplay (induced on the QCD level)

◮ On the way to build a “more microscopic” energy
density functional:

◮ we started with BHF calculations for the EoS
◮ and with DBHF calculations for m∗

n −m∗

p
◮ we adopted a density dependence of the meson-nucleon

vertices derived from DBHF calculations (“proper density
powers”)

◮ we added experimental data in finite nuclei (it is well
known that all attempts to derive the functionals directly from
bare forces do not reach the required accuracy)

◮ by including the δ-meson we took into account that in
DBHF calculations the scalar self-energies show a strong
isovector part (usually neglected in relativistic models)



Conclusions and general remarks

◮ DD-MEδ and DD-ME2 predict similar properties for
finite nuclei

◮ DD-MEδ is based to a large extent on mic. calculations

◮ Only 4 parameters adjusted to finite nuclei

◮ The δ-meson does not improve the accuracy of finite
nuclei properties

◮ The δ-meson renders the model much more physical

◮ The mass splitting of neutrons and protons in DD-MEδ
is correctly incorporated

◮ The DD-MEδ-EoS at high densities agree with exp. data
derived from HIC

◮ DD-MEδ may be a reliable interaction for applications to
neutron stars

◮ DD-MEδ may provide a better description of spin-isospin
resonances than conventional RMF (Hartree) models



Thank you for your
attention!



Extra material:



Fit: 3-steps

1 Search of a good starting point: DD-ME2 protocol +
δ-nucleon vertex fitted to DBHF (4-δ parameters fixed
from this step to the end)

χ2
(1) = χ2

B + χ2
rc
+ χ2

sym + χ2
neut + χ2

∆m∗

2 Density dependent parameters (6): fitted to BHF-EoS
(up to 0.3 fm−3)

χ2
(2) = χ2

sym + χ2
neut + χ2

∆m∗

3 Strength parameters (3) + mσ: fitted to 161 binding
energies and 86 charge radii

χ2
(3) = χ2

B + χ2
rc
+ χ2

sym + χ2
neut + χ2

∆m∗

process converged—we do not have to repeat steps 2 and 3



Fit: χ2
definition

χ2 = 1
ndata

∑ndata
i=1 w2

i

(

Omodel
i −Oref

i

)2

where ndata is the number of data points and wi the weight
associated to each data point.

Oi wi ndata ρ (fm−3) χ2

B 1/0.50 MeV−1 161 23.40

rc 1/0.01 fm−1 86 2.90

e(ρ, α = 1) 1/(0.03 × Oi ) 30 0.01 − 0.30 3.42
e(ρ, α = 0) 1/(0.03 × Oi ) 30 0.01 − 0.30 7.03
m∗

p − m∗

n 1/(0.03 × Oi ) 25 0.04 − 0.20 0.39

Table: Partial contributions to the total χ2, fifth column.


