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The symmetry energy E.,m Characterizes the energy
change of strongly interacting matter when the isospin
asymmetry § is varied and all other independent quantities
such as the baryon density n g or temperature T are kept
constant. The density dependence of E,., is widely stud-
ied in experiment and theory since its precise form has a
strong impact on the evolution of core-collapse supernovae
and the structure and cooling of (proto) neutron stars.

For nuclear matter, the symmetry energy is usually cal-
culated by assuming a uniform distribution of the con-
stituent particles. However, dilute nuclear matter is not sta-
ble against density fluctuations and inhomogeneous mat-
ter on different length scales develops. E.g., at densities
below saturation, clusters or macroscopic phases appear,
which affect the actual density dependence of Eyr,. At fi-
nite temperatures, the symmetry free energy F,n,, and the
symmetry internal energy Us,m have to be distinguished.
In addition, the results depend on the precise definition of
the symmetry energy. These effects are studied in Ref. [1]
using a relativistic density functional (RDF) approach with
density dependent meson-nucleon couplings. The param-
eters of this phenomenological description are well con-
strained by fitting to properties of finite nuclei [2].

In nuclear matter at densities below saturation, the
liquid-gas phase transition with coexisting low and high
density phases was explicitly considered in the determina-
tion of the symmetry energy. As an example, the density
dependence of Usyr, for various temperatures is depicted in
Figure 1 employing the finite difference formula, i.e. tak-
ing the difference of the energy per nucleon in pure neutron
matter and in symmetric nuclear matter. This is equivalent
to the standard definition using second derivatives with re-
spect to the asymmetry ¢ only if the energy per nucleon is
a quadratic function of 6. However, the former, finite dif-
ference definition gives more appropriate results for study-
ing the variation of the energy with isospin. The liquid-
gas phase transition leads to a substantial increase of the
binding energy in symmetric nuclear matter due to the oc-
currence of a strongly bound high density phase. Hence
a large finite symmetry energy is observed in particular at
low temperatures even at very low densities.

In stellar matter, not only the strong interaction between
the particles but also the electromagnetic interaction, which
is artificially switched off in nuclear matter calculations,
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Figure 1: Density dependence of the symmetry internal en-
ergy of nuclear matter with liquid-gas phase transition for
various temperatures.

has to be considered. The charge neutrality condition is en-
sured by adding electrons and muons in proper amounts.
The interplay between the surface tension and Coulomb re-
pulsion leads to cluster formation on typical length scales
with the size of nuclei. The RDF approach for nuclear
matter has been extended to a generalized RDF with ex-
plicit cluster degrees of freedom [1, 2] including internal
excitations of nuclei. Besides light (?H, 3H, 3He, *He)
and heavy nuclei (A > 4), nucleon-nucleon correlations in
the continuum are included in an effective way [3]. They
are necessary in order to reproduce the model-independent
low-density benchmark, the virial equation of state. The
formation and dissolution of cluster correlations are mod-
eled by medium-dependent mass shifts, which are mainly
driven by the action of the Pauli principle. With proper
corrections for the effects of the Coulomb interaction, the
symmetry energy in stellar matter exhibits similar features
as in nuclear matter with liquid-gas phase transition.
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