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We developed a self-consistent finite temperature relativistic quasipar-
ticle random phase approximation (FT-RQRPA) to investigate the behav-
ior of electromagnetic transitions at finite temperature in even–even nuclei.
Our investigation focuses on the isotopic chain of 40−60Ca, exploring the be-
havior of electric dipole (E1) and magnetic dipole (M1) transitions within a
temperature range from T = 0 to 2 MeV. The analysis reveals that E1 giant
resonance is moderately modified with temperature increase, and new low-
energy transitions appear at higher temperatures, making a pronounced
impact, particularly in neutron-rich nuclei. This emergence is attributed
to the unblocking of transitions above the Fermi level due to thermal effects
on single-particle states. Similarly, for M1 transitions, an interesting result
is obtained for 40,60Ca nuclei at higher temperatures, i.e., the appearance
of M1 transitions, which are forbidden at zero temperature due to fully
occupied (or fully vacant) spin–orbit partner states. Furthermore, for Ca
isotopes, we observe a shift in M1 strength peaks towards lower energies,
primarily attributed to the reduction of spin–orbit splitting energies and
residual interactions. The significant temperature dependence observed in
the E1 and M1 responses emphasizes their potential importance in the
modeling of photon strength functions and their applications in nuclear
reaction studies relevant to astrophysics.
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1. Introduction

Temperature plays a crucial role in diverse nuclear phenomena, includ-
ing fusion reactions in stars, nucleosynthesis, and radioactive decay [1]. The
impact of finite temperature effects on electromagnetic transitions is evident
in a wide range of applications in nuclear physics and astrophysics. There-
fore, a precise understanding of electric dipole (E1) and magnetic dipole
(M1) transitions under varying temperatures is essential, as these transi-
tions play an important role in various nuclear processes and reactions. In
several experimental and theoretical studies, it is highlighted that the low-
and high-energy regions of the E1 response get modified at higher tem-
peratures [2–4]. Measuring E1 and M1 transitions in highly excited nuclei
presents a significant challenge. Additionally, low-energy dipole transitions
near the neutron threshold are crucial for calculating photon-strength func-
tions and astrophysical reaction rates in stellar environments [3, 5].

Various experimental studies on photon-strength functions have revealed
intriguing trends, such as a pronounced enhancement in γ-ray strength at
lower transition energies, also known as the upbend [4, 6, 7]. While the
origin of this upbend behavior remains uncertain, temperature effects can
be a plausible factor. These temperature-driven changes in electromagnetic
transitions have critical implications for astrophysical phenomena, influenc-
ing neutron capture cross sections and the synthesis of elements in stellar
environments. Hence, understanding its impact in the low- and high-energy
regions of E1 and M1 transitions is of utmost importance.

To study these transitions, various extensions of the random-phase ap-
proximation (RPA) based on relativistic and non-relativistic energy density
functionals have been employed [3, 8, 9]. These studies consistently reveal
the emergence of new excited states, particularly in the low-energy region
of the E1 strength, attributed to the thermal unblocking effect on single-
particle states near the Fermi level. Recently, the finite temperature exten-
sion of fully self-consistent relativistic QRPA (FT-RQRPA) has been estab-
lished for the studies of E1 and M1 excitations [10, 11]. In the model calcu-
lations, we employ a specific class of the relativistic nuclear energy density
functional (RNEDF) that includes the point-coupling effective interaction.
This class of RNEDFs is particularly convenient due to its simplicity and
yields comparable results to those of the meson-exchange effective interac-
tions when describing nuclear ground-state and excited-state properties [12–
14]. The objective of this work is to explore the temperature-dependence
of isovector E1 and M1 transitions in both the high-energy and low-energy
regions for the 40−60Ca isotopic chain, and to examine their structure in
detail.
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2. Theoretical framework

A self-consistent finite-temperature relativistic QRPA (FT-RQRPA),
based on the RNEDF, has been developed to investigate the effects of tem-
perature on E1 and M1 transitions [10, 11]. The nuclear properties of closed-
and open-shell even–even nuclei are described within the finite temperature
Hartree–Bardeen–Cooper–Schrieffer (FT-HBCS) framework [15]. The cal-
culations are self-consistent; namely, the same point-coupling interaction,
DD-PCX, is used in both the FT-HBCS and FT-RQRPA [14]. The rela-
tivistic point-coupling model is formulated in the Lagrangian density,

L = LPC + LIV−PV , (1)

where LPC includes fermion contact interaction terms as isoscalar–scalar,
isoscalar–vector, isovector–vector channels

LPC = ψ̄(iγ ∂ −m)ψ − 1

2
αS(ρ)(ψ̄ψ)(ψ̄ψ)−

1

2
αV(ρ)

(
ψ̄γµψ

) (
ψ̄γµψ

)
−1

2
αTV(ρ)(ψ̄τ⃗γ

µψ)(ψ̄τ⃗γµψ)−
1

2
δS

(
∂νψ̄ψ

) (
∂νψ̄ψ

)
− eψ̄γ A

1− τ3
2

ψ .

(2)

For the detailed information, see Refs. [14, 16]. The Lagrangian density (1)
also includes the relativistic isovector–pseudovector (IV-PV) contact inter-
action, which is necessary for the FT-RQRPA residual interaction for the
unnatural parity excitations of M1 type [17], and is given by

LIV−PV = −1

2
αIV−PV[ψ̄γ

5γµτ⃗ψ] [ψ̄γ5γµτ⃗ψ] . (3)

The coupling strength parameter αIV−PV = 0.63 MeV fm3 for DD-PCX pa-
rameterization is obtained by minimizing the relative error ∆ ≲ 1 MeV
between experimentally determined M1 peak position and theoretically cal-
culated centroid energies for magic nuclei 48Ca and 208Pb [17].

At the finite temperature, the occupation probabilities of single-particle
states are given by ni = v2i (1 − fi) + u2i 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, calculated as Ei =
√

(εi − λq)2 +∆2
i relation, where εi represents the

single-particle energies and λq denotes chemical potentials for either proton
or neutron states. ∆i indicates the pairing gap of the given state. Note that
a separable form of pairing interaction is introduced. The finite temperature
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non-charge exchange RQRPA matrix is given by
C̃ ã b̃ D̃

ã+ Ã B̃ b̃T

−b̃+ −B̃∗ −Ã∗ −ãT

−D̃∗ −b̃∗ −ã∗ −C̃∗




P̃

X̃

Ỹ

Q̃

 = Ew


P̃

X̃

Ỹ

Q̃

 , (4)

where Ew denotes the excitation energies and P̃ , X̃, Ỹ , Q̃ are the eigenvec-
tors. The superscript T in Eq. (4) represents the transpose of the matrix
elements. Further, the reduced transition probability at finite temperature
for E1 and M1 is calculated as described in Refs. [10, 11].

3. Results and discussions

First, we study the isotopic and temperature dependence of low- and
high-energy E1 transitions for calcium nuclei. In Fig. 1, the isovector E1
transition strength distributions of 40−60Ca isotopic chain are shown at tem-
peratures T = 0, 0.5, 1, and 2 MeV. On the right side of Fig. 1 [panels (i)–
(vi)], the low-energy strength is presented on a logarithmic scale to enhance
clarity of the variations occurring in the low-energy region. At T = 0 MeV,
it is observed that low-energy excited states start to appear, with their
strength increasing as the neutron number in Ca isotopes increases. More-
over, low-energy excited states are obtained in the neutron-rich 52,56,60Ca
nuclei at energies E < 12 MeV, commonly referred to as the pygmy dipole
strength.

At low temperatures, e.g., T = 0.5 MeV, the dipole strength exhibits
minimal change. As the temperature increases to 2 MeV, the high-energy E1
strength redistributes across the main peaks, and the excited states slightly
shift towards lower energies, as illustrated in Fig. 1. The temperature effects
become increasingly significant in the low-energy region. At T = 1 MeV,
new low-energy states begin to appear for E < 12 MeV. At T = 2 MeV,
temperature effects become more pronounced in the low-energy region of
neutron-rich nuclei, resulting in the emergence of additional low-energy ex-
cited states with significant strength. At finite temperatures, the promotion
of nucleons to higher energy states alters their occupation probabilities, in-
creasing them above and decreasing them below the Fermi level, thereby
broadening the Fermi surface. As a result, thermal unblocking effects be-
come crucial, which enable the new excitation channels, particularly in the
low-energy region of the electric dipole response.

Figure 2 shows the M1 transition strength distributions for 40−60Ca nu-
clei as a function of increasing temperature. At T = 0 MeV, the results for
40Ca (Z,N = 20), reveal the absence of any M1 response. This is because the
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Fig. 1. (Color online) The isovector E1 strength distributions for 40−60Ca isotopic
chain at temperatures from T = 0 to 2 MeV [panels (a)–(f)]. The low-energy part
of the E1 strength for E < 12 MeV is also displayed in logarithmic scale in panels
(i)–(vi). Reprinted (figure) with permission from [10]. Copyright (2024) by the
American Physical Society.

(1p3/2, 1p1/2) and (1d5/2, 1d3/2) states are fully occupied for both protons
and neutrons, leaving no spin–orbit (SO) partners available for M1 transi-
tions. Similarly, in 60Ca with N = 40 neutrons, the states up to 1f5/2 and
2p1/2 are fully occupied, prohibiting any M1 transitions. Consequently, no
M1 response is observed for these nuclei at zero temperature. For 44−56Ca,
a prominent peak is observed in each isotope, corresponding to the M1 ex-
citation of valence neutron transitions ν(1f7/2 → 1f5/2). In contrast, M1
transitions for protons are absent due to the shell closure at Z = 20. Addi-
tionally, a low-energy M1 peak is observed in the 52,56Ca nuclei, attributed
to the ν(2p3/2 → 2p1/2) transition. Further details on the evolution of M1
strength along the 40−60Ca isotopic chain at zero temperature can be found
in Ref. [18].
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Fig. 2. The isovector M1 strength distributions of 40−60Ca isotopes calculated using
the FT-RQRPA at temperatures from T = 0 to 2 MeV. Reprinted (figure) with
permission from [11]. Copyright (2024) by the American Physical Society.

As shown in Fig. 2, the M1 transition strength distributions exhibit sig-
nificant sensitivity to temperature variations. At T = 0.5 MeV, the results
for Ca isotopes remain largely unchanged. However, with further tempera-
ture increases to T = 1 and 2 MeV, a notable phenomenon is observed in
40Ca and 60Ca. In these isotopes, M1 transition strength suddenly appears,
driven by the emergence of new transitions in the ν, π (1d5/2, 1d3/2) and ν, π
(1f7/2, 1f5/2) configurations. This is attributed to temperature-induced par-
ticle excitations into higher-energy levels, leading to the thermal unblocking
of the previously forbidden M1 transitions. Furthermore, Fig. 2 illustrates
a downward shift of up to ≈ 2 MeV in the M1 response for 44,48,52,56Ca
isotopes as the temperature increases. This behavior is linked to several
factors, including reduced pairing correlations in open-shell nuclei, softening
of the repulsive residual interaction, and a decrease in spin–orbit (SO) split-
ting energies with increasing temperature. Thermal unblocking also enables
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new proton and neutron transitions, contributing to both the high-energy
(E > 5 MeV) and low-energy (E < 5 MeV) regions of the M1 response in
open-shell nuclei 44,48,52,56Ca. In the high-energy region, transitions such as
(1f7/2→1f5/2) dominate the M1 strength at T = 1 and 2 MeV. Addition-
ally, a finite contribution from the π(1d5/2→1d3/2) transition is observed in
40−60Ca nuclei at T = 2 MeV. In the low-energy region (E < 5 MeV), smaller
peaks emerge in neutron-rich 48−60Ca isotopes due to neutron transitions
such as ν(2p3/2→2p1/2) and ν(1f7/2→1f5/2). These transitions highlight
the role of temperature in reshaping the M1 response across the isotopic
chain.

4. Conclusions

A fully self-consistent finite temperature relativistic quasiparticle ran-
dom phase approximation (FT-RQRPA) framework has been developed to
investigate thermal effects on isovector E1 and M1 transitions in the 40−60Ca
isotopic chain. The relativistic density-dependent point-coupling interaction
(DD-PCX) is employed in the calculations over a temperature range from
T = 0 to 2 MeV. The E1 and M1 strength distributions exhibit modifica-
tions with increasing temperature, including a shift towards lower energies
driven by thermal unblocking effects. Furthermore, new low-energy excita-
tions emerge, especially in neutron-rich isotopes. At higher temperatures,
an intriguing phenomenon is observed in 40Ca and 60Ca nuclei: the emer-
gence of M1 excitations that are forbidden at zero temperature due to the
complete occupancy or vacancy of spin–orbit partner states. Therefore, the
M1 response is shown to be particularly sensitive to temperature variations.
These changes are influenced by multiple factors, including the weakening
and eventual disappearance of pairing correlations, the softening of the re-
pulsive residual interaction, and the reduction of spin–orbit (SO) splitting
energies. The FT-RQRPA framework developed in this work will be further
extended in future studies to investigate the evolution of photon strength
functions at finite temperatures.
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