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A self-consistent finite temperature relativistic quasiparticle random phase approximation (FT-
RQRPA) based on relativistic energy density functional is developed to describe temperature
effects in electromagnetic transitions. The isotopic chain of 100−140Sn nuclei is considered to
study the evolution of electric dipole (E1) and magnetic dipole (M1) transitions at temperatures
ranging from 𝑇 = 0 to 2 MeV. The analysis reveals that E1 giant resonance is moderately modified
with temperature increase, and new low-energy excitations appear at higher temperatures, making a
pronounced impact, particularly in neutron-rich nuclei. This happens because of the unblocking of
new transitions above the Fermi level due to thermal effects on single-particle states. However, the
M1 strength peaks undergo a notable shift towards lower energies in Sn nuclei, primarily attributed
to the decrease of spin-orbit splitting energies and the weakening of the residual interaction. This
effect is particularly pronounced, especially above critical temperatures (𝑇𝑐), where the pairing
correlations vanish. In conclusion, the E1 and M1 responses demonstrate considerable dependence
on temperature, and their effects could be important in modeling gamma strength functions and
their applications in astrophysically relevant nuclear reaction studies.
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1. Introduction

Electromagnetic dipole transitions provide significant insights into the structural and dynamic
properties of atomic nuclei due to their central role in various nuclear processes and reactions.
The behavior of these transitions is highly dependent on temperature effects. As nuclear systems
are exposed to higher temperatures, for instance in hot stellar environments, the increased thermal
energy influences the collective motion of nucleons, thereby altering the distribution of states within
the nucleus. The significance of finite temperature effects in electric dipole (E1) is evident across
various applications in nuclear physics and astrophysics [1–3]. From an experimental perspective,
measuring electric (E1) and magnetic dipole (M1) transitions in highly-excited nuclei is a significant
challenge. For giant dipole resonance (GDR), which involves the collective oscillation of protons
against neutrons, elevated temperatures can enhance the width and strength of the resonance [4]. The
pygmy dipole resonance (PDR), characterized by the low-energy excitations of a more localized
nature, also exhibits sensitivity to temperature changes, often resulting in modifications to its
strength function [2, 5]. Numerous experimental and theoretical studies have uncovered fascinating
patterns in gamma-ray strength functions (𝛾SFs), with a significant increase in strength (an upbend
structure) observed at lower transition energies [1]. Although the source of this upbend structure at
low energies is not yet clear, temperature-induced changes could be a possible explanation. These
temperature-induced changes in the E1 and M1 excitations can have significant implications for
astrophysically relevant quantities such as neutron capture cross-section, nuclear reaction rates, and
element abundances in stellar environments. Thus, it is essential to study the effects of temperature
on electromagnetic transitions.

Various extensions of the random-phase approximation (RPA) based on relativistic and non-
relativistic energy density functionals have been explored in previous research to study the impact
of temperature on electric multipole excitations [2, 6]. All these studies have shown the appearance
of new excited states, especially in the low-energy region, linked to the thermal unblocking impact
of temperature on single-particle states close to the Fermi level. We developed a completely self-
consistent finite temperature relativistic quasiparticle RPA (FT-RQRPA) in order to investigate both
natural parity E1 and unnatural parity M1 transitions in closed- and open-shell nuclei at finite
temperatures [7, 8]. In this work, the evolution of the E1 and M1 transitions from temperature 𝑇 =

0 to 2 MeV is represented for 100−140Sn isotopic chain.

2. Theoretical framework

To analyze the temperature effects on E1 and M1 transitions, we established a self-consistent
FT-RQRPA based on relativistic energy density functional (REDF) [7, 8]. The properties of
closed- and open-shell even-even nuclei are described within the finite temperature Hartree-
Bardeen–Cooper–Schrieffer (FT-HBCS) framework [9]. The REDF with point coupling DD-PCX
interaction [10] and separable pairing interaction are implemented in both the FT-HBCS and FT-
RQRPA. The point-coupling REDF determined from the Lagrangian density L𝑃𝐶 [10, 11], which
includes fermion contact interaction terms as isoscalar-scalar, isoscalar-vector, isovector-vector
channels. For the detailed description of the relativistic point coupling model see Refs. [10, 11].
For the case of M1 excitations, the Lagrangian density (L) also includes the relativistic isovector-
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pseudovector (IV-PV) contact interaction, i.e., L = LPC + LIV-PV, which is necessary for the
FT-RQRPA residual interaction for the unnatural parity excitations of M1 type [12].

At finite temperature, the occupation probabilities of single particle states are given by 𝑛𝑖 =

𝑣2
𝑖
(1− 𝑓𝑖) +𝑢2

𝑖
𝑓𝑖 , where 𝑢𝑖 and 𝑣𝑖 are the BCS amplitudes. The temperature dependent Fermi-Dirac

distribution function is defined as 𝑓𝑖 = [1 + 𝑒𝑥𝑝(𝐸𝑖/𝑘𝐵𝑇)]−1, where 𝑇 and 𝑘𝐵 are temperature and
Boltzmann constant, respectively. 𝐸𝑖 is the quasiparticle (q.p.) energy of a state and is calculated
using 𝐸𝑖 =

√︃
(𝜀𝑖 − 𝜆𝑞)2 + Δ2

𝑖
relation, where 𝜀𝑖 represents the single-particle energies and 𝜆𝑞

denotes chemical potentials for either proton or neutron states. Δ𝑖 indicates the pairing gap of the
given state. The finite temperature non-charge exchange RQRPA matrix is given by

©­­­­«
𝐶 𝑎̃ 𝑏̃ 𝐷

𝑎̃+ 𝐴 𝐵 𝑏̃𝑇

−𝑏̃+ −𝐵∗ −𝐴∗ −𝑎̃𝑇
−𝐷∗ −𝑏̃∗ −𝑎̃∗ −𝐶∗

ª®®®®¬
©­­­­«
𝑃

𝑋

𝑌

𝑄

ª®®®®¬
= 𝐸𝑤

©­­­­«
𝑃

𝑋

𝑌

𝑄

ª®®®®¬
, (1)

where 𝐸𝑤 denotes the excitation energies and 𝑃, 𝑋,𝑌, 𝑄 are the eigenvectors, and 𝑇-dependent
matrix elements on the left-hand side of the matrix in Eq. (1) are extensively discussed in Ref.
[7]. Further, the reduced transition probability at finite temperature for E1 and M1 is calculated as
described in Refs. [7, 8].

3. Results

First, the FT-RQRPA approach is employed to investigate the temperature and isospin depen-
dence of the low- and high-energy E1 response. The isovector E1 strength distributions across the
100−140Sn isotopic chain at temperatures of 𝑇 = 0, 0.5, 1, and 2 MeV, is shown in Fig. 1 [panels
(a)-(f)] . At lower temperatures 𝑇 = 0 and 0.5 MeV, the isotopic dependence of the low-energy
modes for 𝐸 < 10 MeV is clearly evident in the Sn isotopes. The low-energy strength, also known
as the pygmy dipole strength, becomes more pronounced as the Sn isotopes shift from lighter to
heavier mass numbers. Notably, in the 140Sn nucleus, a substantial increase in low-energy E1
excitations is observed within the 4-9 MeV range, which can be attributed to the higher neutron
content.

At finite temperatures, the highly collective GDR region undergoes only slight modifications
in both strength and excitation energies. As the temperature increases to 𝑇 = 1 and 2 MeV, newly
emerging low-energy peaks appear below 5 MeV in the neutron-rich 124−140Sn isotopes as a result
of thermal unblocking. This is illustrated separately on the right side in [panels (i)-(vi)] of Fig.
1. The effect of temperature is most significant in the low-energy region of the 140Sn nucleus,
attributed to its high neutron content, and mainly formed with the transition around the Fermi
level. At finite temperatures, the promotion of nucleons to higher energy states leads to changes
in occupation probabilities, with states above the Fermi level becoming more populated and those
below less occupied, thereby broadening the Fermi surface. Consequently, thermal unblocking
effects significantly contribute to the emergence of new excitation channels, especially in the low-
energy region of the E1 response.

Next, the evolution of isovector M1 response as a function of temperature is analyzed for
100−140Sn isotopes as shown in Fig. 2. At 𝑇 = 0 MeV, the M1 excitations are anticipated to arise
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Figure 1: The isovector E1 strength distributions for 100−140Sn isotopes [Panels [(a)-(f)] at 𝑇 = 0 to 2 MeV.
Low-energy part of the E1 strength below 10 MeV is also shown in logarithmic scale in panels (i)-(vi).
Reprinted (figure) with permission from [7]. Copyright (2024) by the American Physical Society.

from proton 𝜋(1𝑔9/2 → 1𝑔7/2) and the neutron 𝜈(1𝑔9/2 → 1𝑔7/2), 𝜈(2𝑑5/2 → 2𝑑3/2), and/or
𝜈(1ℎ11/2 → 1ℎ9/2) transitions until the higher state in the spin-orbit (SO) configuration becomes
fully occupied to block the M1 transitions. In closed shell nuclei such as 100Sn and 132Sn, the pairing
correlations do not contribute, therefore, the M1-excitation energy is primarily influenced by the SO
splitting energy and residual interaction. At 𝑇 = 0 MeV, the M1 strength is obtained as a single peak
for 100Sn, which is mainly formed with the proton and neutron (1𝑔9/2 and 1𝑔7/2) transitions. The
M1 response exhibits two peaks in the high-energy region as the number of neutrons increases along
the Sn isotope chain. Proton transitions are mostly responsible for the first peak at lower energy,
whereas neutron transitions dominate the second peak at higher energy. A detailed description at 𝑇
= 0 MeV is given in Ref. [13]. As observed in Fig. 2, similar results are obtained for the 𝑇 = 0.5
MeV case, where the M1 strength distribution slightly shifts to the lower energies.

In addition to the downward shift in the M1 strength at higher temperatures, we also observe
a change in the 108,124,140Sn nuclei from a two-peak to a single-peak structure of M1 strength.
Due to the vanishing of pairing correlations at critical temperatures, the configuration energies
between the proton and neutron components start to approach one another, which results in the
merging of two peaks into a single peak at higher temperatures. For each considered Sn nucleus at
𝑇 = 1 and 2 MeV, the structure of M1 strength distributions at finite temperatures is investigated by
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Figure 2: The isovector M1 transition strength distributions of 100−140Sn isotopes, calculated using the FT-
RQRPA at temperatures 𝑇 = 0, 0.5, 1, and 2 MeV. Reprinted (figure) with permission from [8]. Copyright
(2024) by the American Physical Society.

analyzing all transitions that contribute to these states. In addition to the major 𝜈, 𝜋(1𝑔9/2 → 1𝑔7/2)
transitions, this study has shown that 𝜈, 𝜋(1ℎ11/2→1ℎ9/2) transitions also begin to contribute at
higher temperatures in the high-energy region of 100−140Sn nuclei. Due to thermal unblocking, a
finite contribution from 𝜈(1𝑖13/2→2𝑖11/2) and 𝜈(1ℎ9/2→2ℎ11/2) transitions is also obtained in the
neutron-rich Sn isotopes. Moreover, all Sn isotopes at finite temperatures exhibit a new low-energy
M1 peak below 𝐸 = 5 MeV. In the lower-mass Sn isotopes, the 𝜈(2𝑑5/2→2𝑑3/2) transition is the
major contributor to the low-energy peak, and 𝜈(2 𝑓7/2→2 𝑓5/2) transition also begins contributing
in the neutron-rich nuclei.

4. Summary
Temperature evolution of isovector E1 and M1 transitions in 100−140Sn isotopes has been

investigated within the self-consistent FT-RQRPA framework based on relativistic energy density
functional. Both E1 and M1 strength distributions modify with increase in temperature, and shift
left towards lower energies due to the thermal unblocking effects. Moreover, new low-energy
excitations start to appear especially in neutron-rich Sn nuclei, and this effect is significant above
the critical temperature 𝑇𝑐. It is also demonstrated that the M1 response is more sensitive to
the temperature. The changes in the M1 response are influenced not only by the weakening and
disappearance of the pairing correlations and the softening of the repulsive residual interaction but
also by the decreasing of SO splitting energies. The investigation of gamma strength functions by
implementing the FT-RQRPA is currently in progress.
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