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Abstract The sudden rise of nuclear collectivity above the
pairing gap is revealed in this work as the primary source
for the relative increase of the symmetry energy with respect
to the ground state, as originally suggested by Donati and
collaborators. This finding is uncovered by available data
on giant dipole resonances built on excited states and 17w
shell-model calculations of the myriads of products of elec-
tric dipole matrix elements that compose the nuclear dipole
polarizability of the ground and first-excited states. At the
temperatures involved in stellar environments, a larger sym-
metry energy impacts stellar collapse, the nucleosynthesis
of heavy elements and the nuclear equation of state of hot
neutron stars.

According to the Pauli exclusion principle, the symmetry
energy reduces the binding energy of nuclei with a larger
number of neutrons N than protons Z. It is commonly given
by the term —a,, (A)(N — Z )2/ A in the Bethe—Weizsicker
semi-empirical ‘mass formula [1,2], where a,, (A) is the
symmetry energy parameterand A = N+Z the atomic mass
number. Analog parametrizations of the symmetry energy
can be found in the literature [3—6]. In a seminal work, Donati
and collaborators [7] calculated a relative increase of the sym-
metry energy of approximately 2.5 MeV or 8% for medium-
mass nuclei in the temperature interval 7 = 0 — 1 MeV.
A similar increase of the symmetry energy (6.2 £ 1.8%)
between T = 0.33 MeV and T = 1.23 MeV [12] has been

' Assuming a Fermi gas—where the entropy can be defined as a func-

tion of the nuclear level density, S(U) = In(p(U)) = Zn(ez‘/ﬁ)—
this temperature roughly corresponds to a nuclear excitation energy
of U = E, = aT?, where a = A/10 is the density parameter [8],
although this is preferably determined experimentally [9—11]. For the
nucleus *®Mo, e.g., the excitation energy covered by this temperature
range goes from 7 = 0 (ground state) to 7' = 1 (E; = 9.8 MeV).
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computed by large-scale shell-model (SM) Monte Carlo cal-
culations in the complete pfgq/,ds/> model space using an
effective quadrupole-quadrupole+pairing interaction. The
relevance of alarge SM model space is emphasized by similar
SM calculations using the KB3 residual interaction [13] and
the pf model space, which could not predict such a generic
increase of the symmetry energy for 7 < 1 MeV [14].

Within the mean-field framework, this enhancement of
the symmetry energy can be pinned down to the non-locality
in time arising from the coupling of fermions to the col-
lective core [7,15]. This velocity dependence of the single-
particle potential [16,17] leads to self-energy corrections to
the Hartree—Fock field [18, 19] that can be absorbed in terms
of an effective mass w that reproduces the observed level
densities [20]. In particular, Donati and collaborators used
an empirical Woods—Saxon potential and the framework of
the quasiparticle random phase approximation (QRPA) to
calculate the properties of such collective modes. Interest-
ingly, it was found that the enhancement from the symmetry
energy expected for ground states [4,21,22] is dominated by
the collective contribution of the first ZT and 3, states [7].
An effective @ mass is also used in density functional the-
ory (DFT) studies of B-decay rates [23] and extensions of
the Skyrme interaction in order to reproduce level densities
around the Fermi surface [24].

The symmetry energy is relevant to the nuclear equation of
state that describes dense matter in neutron stars [25,26] and
considerable attention has been given to constrain its value,
with somewhat consistent results from heavy-ion collisions
(HIC) and nuclear structure measurements, including nuclear
binding energies, isobaric analogue states and neutron skin
measurements (see e.g. [27] and references therein). How-
ever, both theoretical and experimental approaches gener-
ally concern the properties of nuclear ground states, although
this may not necessarily be the case for the particular stel-
lar environment, where the nucleus is excited by photon or
electron scattering at an energy of k7', with T being in this
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case the thermal temperature of the astrophysical plasma
in equilibrium and k = 8.629 x 10~!'! MeV/K the Boltz-
mann constant. For instance, the rapid-neutron capture pro-
cess or r-process—where the creation of half of the heavy
elements above iron proceeds through successive neutron
capture [28] until neutrons are consumed and neutron reac-
tions freeze out—is expected to start at a thermal temperature
of T 5.9 x 10° K [29]. This temperature corresponds to
T < 0.5 MeV or an excitation energy of E, < 2.5 MeV in
a nucleus with A = 100; i.e., of the order expected for the
first collective excitation in nuclei.

In order to explore the temperature dependence of the
symmetry energy in the corresponding stellar environment,
we have used isovector giant dipole resonances (GDR) [30]
as spectroscopic probes or “nuclear thermometers”. It has
long been recognized that the fundamental parameter of the
GDR is the symmetry energy agyn, (A) [30,32]. By assuming
validity of the Brink-Axel hypothesis [33,34]—namely thata
GDR can be built on any nuclear state—we have investigated
available data on GDRs built on excited states [35-37] in
the temperature range 0.5 MeV < (T) < 1.3 MeV [22];
that is, for moderate average temperatures of 7 5 7. =
0.7 + 37.5/A MeV and spins I below the critical angular
momentum [ é I. = 0.6A45/% [38] in order to avoid the
GDR broadening [35,36]. The symmetry energy can then
be extracted from the GDR parameters using the second-
sound hydrodynamic model [32]. It turns out that GDRs built
on excited states are shifted to slightly higher energies (3—
5%) than the ground-state counterparts, which yields a larger
symmetry energy of approximately 4 MeV for the heaviest
nuclei [22].

The temperature dependence of a,,,, is shown in Fig. 1
for selected nuclei, presenting a smooth increase of a_,, as
a function of 7', with no sharp changes within the investi-
gated T range [22]. It should be noted that the relevant >>Cr
data [37,39] were not included in our original work [22] and
provide a_, at the lowest T ~ 0.51 MeV or E, ~ 1.35
MeV, which is reassuringly very similar to the actual exci-
tation energy of the 2]” state at 1.43 MeV and supports the
transition to a larger symmetry energy with the sudden rise
of nuclear collectivity above the pairing gap [40,41].

Despite the lack of experimental data for 0 < 7 < 0.5
MeV, further theoretical support can be inferred by the fact
that the GDR can be described as the superposition of 17w
particle-hole excitations [44—46]. These can be computed
with the SM by considering the microscopic contributions

The factor k7 is usually given as the temperature of the stellar envi-
ronment in units of MeV.

GDRs are described as the collective motion [31] of protons and neu-
trons oscillating out of phase, and are responsible for most of the absorp-
tion and emission of electromagnetic radiation in nuclei, mainly of elec-
tric dipole or E'1 character.
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Fig. 1 agym (A) extracted for 291T1 [42], 97 Tc [43] and 32Cr [37,39] as

a function of nuclear temperature, T. Dashed lines are linear regressions
to the data showing similar smooth behaviours

to the nuclear dipole polarizability «,, [47] for both ground
(OT) [45] and first excited (2?) [46] states, respectively,
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in units of fm3, where E 1 is the electric dipole operator con-
necting the GDR isovector states [48] with either the Of or
ZT states and S(E1) is given by,
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in units of e*fm?/MeV, where W;,,y = W (1102, 21) is the
Racah W-coefficient [49].

Such microscopic calculations of «,, (07) and «,, (2])
are shown in Fig. 2 for 36 Ar; the heaviest nucleus where
we can run 1w SM calculations. Unlike the ground state
(left panel), the calculations for o, (Zfr) (right panel) show
negative contributions naturally arising from the random sign
of off-diagonal E'1 matrix elements that add destructively
in Eq. 3. Assuming the hydrodynamic model [31,50], the
calculated o, (2]) = 0.99 fm? and «,, (0]) = 2.46 fm?
yielda,, (2]”) = 2.5a (Of‘). The difference is obviously
larger than found in previous work as one would not expect
to get very accurate results from the hydrodynamic model in
these light nuclei. These 17w SM calculations are described
in detail in Refs. [45,46].
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Fig. 2 Microscopic polarizability contributions, «;, to the polarizability of the ground OT (left) and first-excited 2'1" (right) states (Eqgs. 1 and 2,

respectively) for 30 Ar calculated using the shell model

Finally, we provide experimental and theoretical evidence
for a larger symmetry energy arising from the sudden rise
of nuclear collectivity. Although related astrophysical impli-
cations have previously been described [7,22], it should be
emphasized again that an enhanced symmetry energy at the
temperatures involved in stellar environments impacts astro-
physical phenomena by (1) yielding a stronger shock wave
that advances supernova explosion [7], (2) reducing the bind-
ing energy of neutron-rich nuclei, which considerably limits
the neutron drip line and r-process nuclear-reaction network,
and may provide an explanation for the universality of ele-
mental abundances [22]. The additional constrain of the sym-
metry energy also affects the nuclear equation of state that
describes highly dense matter in neutron stars [27].
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