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Abstract. Describing the properties of highly excited or hot nuclei remains as a major challenge both for
nuclear theory and experiment. We developed self-consistent finite-temperature relativistic quasiparticle ran-
dom phase approximation (FT-RQRPA) using the relativistic energy density functional with point-coupling
interaction to study temperature effects on electromagnetic transitions. We investigate electric dipole (E1) and
magnetic dipole (M1) transitions in calcium and tin nuclei at temperatures from T = 0 to 2 MeV. Our results
show that both E1 and M1 responses change with temperature, with E1 strength undergoing slight modifications
and new low-energy peaks emerging due to thermal blocking. The M1 strength shifts significantly to lower en-
ergies, and new M1 states emerge that are forbidden at zero temperature. These findings can be important for
modeling gamma strength functions in astrophysical nuclear reactions.

1 Introduction

Understanding the response of nuclei to an external field,
particularly electromagnetic dipole transitions, is not only
crucial for nuclear physics but also essential for modelling
astrophysical phenomena such as in the study of the radia-
tive neutron capture cross section and rates and r-process
nucleosynthesis within stellar environments [1]. Up to
now, the electric dipole (E1) and magnetic dipole (M1)
strength in nuclei have been studied extensively in vari-
ous experiments [2–4] and theoretical studies [5–7]. It is
known that both E1 and M1 transitions exhibit intriguing
behavior in the low-energy region, such as the develop-
ment of low-energy strength in E1 transitions, commonly
referred to as the pygmy dipole resonance. Moreover, the
behavior of the γ-ray strength function (γSF) shows a no-
table enhancement at lower transition energies, and the na-
ture of this enhancement, whether it is E1 or M1, remains
an open question [8, 9].

Studying the properties of highly excited or hot atomic
nuclei is equally important for understanding their behav-
ior under extreme conditions and gaining better insights
into astrophysical phenomena occurring in stellar envi-
ronments. Experiments on hot nuclei are primarily based
on gamma decay measurements following fusion reactions
induced by heavy-ion collisions, inelastic scattering of al-
pha particles and alpha-induced fusion reactions [10–12].
However, measuring E1 and M1 transitions in highly ex-
cited nuclei poses a significant challenge, necessitating
highly efficient gamma detector arrays with high energy
resolution. So far, experimental studies have mainly fo-
cused on the giant dipole resonance (GDR), particularly
its centroid energy and width. However, there is no exper-
imental data regarding the low-energy region of E1 tran-
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sitions as well as M1 transitions at finite temperatures.
On the theoretical side, although a considerable amount
of work has been conducted to understand the behavior of
E1 transitions at finite temperatures [13–15], further stud-
ies are needed to explore the temperature dependence of
M1 transitions.

In this work, we performed calculations using the
finite-temperature relativistic quasiparticle random phase
approximation (FT-RQRPA) with the point-coupling inter-
action DD-PCX to study the effect of temperature on the
E1 and M1 transitions.

2 Method

Recently we used the fully self-consistent FT-RQRPA
based on a relativistic energy density functional (REDF)
to study E1 and M1 transitions in selected calcium and
tin nuclei. The nuclear properties are described within
the finite-temperature Hartree-Bardeen-Cooper-Schrieffer
(FT-HBCS) framework [16], assuming spherical symme-
try. In both the FT-HBCS and FT-RQRPA, the REDF
with point-coupling DD-PCX interaction [17] was imple-
mented. The DD-PCX interaction was optimized using
both the ground state and excitation properties of nuclei,
hence making this interaction suitable for this study. The
point-coupling REDF is determined from the Lagrangian
density,

L = LPC +LIV-PV, (1)

where LPC includes fermion contact interaction terms
as isoscalar-scalar, isoscalar-vector and isovector-vector
channels [See Refs. [17, 18] for the detailed information].
For the M1 excitations, the Lagrangian density also in-
cludes the relativistic isovector-pseudovector (IV-PV) con-
tact interaction,
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LIV-PV = −
1
2
αIV-PV[Ψ̄γ5γµτ⃗Ψ] · [Ψ̄γ5γµτ⃗Ψ]. (2)

Here, αIV-PV is a free parameter which needs to be ad-
justed. For the DD-PCX interaction, the coupling strength
parameter αIV-PV = 0.63 MeVfm3 is obtained by minimiz-
ing the relative error between experimentally determined
M1 peak position and theoretically calculated centroid en-
ergies of 48Ca and 208Pb [7, 19].

The finite temperature RQRPA matrix is given by



C a b D
a+ A B bT

−b+ −B∗ −A∗ −aT

−D∗ −b∗ −a∗ −C∗





P
X
Y
Q


= Eν



P
X
Y
Q


, (3)

where Eν denotes the excitation energies while the eigen-
vectors are represented by P, X,Y , Q. The A and B matrix
elements contribute at both zero and finite temperatures.
The other elements of the FT-RQRPA matrix begin to play
a role as the temperature rises, since they are affected by
the varying occupation factors. For the explicit forms of
the matrices, we refer the reader to Refs. [15, 20–22]

3 Results

In Figure 1, we display the isovector electric dipole (E1)
strength distributions for 48,52,60Ca and 100,124,132Sn nuclei
at temperatures T = 0, 0.5, 1, and 2 MeV. At zero temper-
ature, low-energy strength increases by increasing neutron
number, as expected [5]. At low temperatures, the higher-
energy region of the E1 strength, or giant dipole reso-
nance region (GDR), remains largely unchanged. How-
ever, when the temperature is raised to 2 MeV, E1 strength
slightly shifts toward lower energies due to the weakening
of the repulsive residual interaction. Additionally, we ob-
serve the emergence of new low-energy peaks in all nuclei,
with this effect being more pronounced in neutron-rich nu-
clei, such as 60Ca. This phenomenon is linked to thermal
unblocking effects at finite temperatures, which create new
excitation channels, particularly in the low-energy region
of the electric dipole response due to the transitions from
thermally unblocked discrete states to continuum. Due to
the scattering of particles around the Fermi levels and into
high-energy states, the low-energy states are more signifi-
cantly affected. Of course, the treatment of the continuum
also plays an essential role in properly describing excited
states, especially in the low-energy region of neutron-rich
nuclei at high temperatures. For instance, increasing tem-
perature to higher values and beyond T > 2 MeV, can lead
to the formation of unphysical strength in the low-energy
region. Therefore, one should be careful when performing
calculations at high temperatures for nuclei far from the
stability line.

In Figure 2, we also display the M1 transition strength
distributions for the same nuclei with increasing tem-
perature. At zero temperature, we do not observe any
M1 strength in 40Ca and 60Ca, since there are no spin-
orbit (SO) partners available for M1 transitions, and all
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Figure 1. The isovector electric dipole (E1) strength distribu-
tions for 48,52,60Ca (a)-(c) and 100,124,132Sn (d)-(f) nuclei. The cal-
culations are performed using the FT-RQRPA with DD-PCX in-
teraction at temperatures T = 0, 0.5, 1, and 2 MeV [15, 22].

the states are fully occupied for both protons and neu-
trons. For 52Ca, a strong peak in M1 excitation is ob-
served around 9 MeV due to the valence neutron transi-
tions between (1 f7/2, 1 f5/2) states. Additionally, a low-
energy M1 peak is also obtained around 3 MeV due to
the neutron (2p3/2, 2p1/2) transition. For 100Sn and 132Sn,
which are closed-shell nuclei, the pairing correlations do
not contribute. At zero temperature, the M1 strength for
100Sn is obtained as a single peak at 9.47 MeV, primarily
arising from the proton and neutron (1g9/2, 1g7/2) transi-
tions. For 132Sn, the M1 response exhibits a single peak
around 9.0 MeV, which is mainly formed with a neutron
(1h11/2, 1h9/2) and proton (1g9/2, 1g7/2) transitions.

With increasing temperature, especially beyond T =
1 MeV, changes in the M1 strength of nuclei become
more noticeable. The most striking effects are observed
in 40Ca and 60Ca, where the development of M1 strength
is evident. This occurs because particles are promoted to
higher-energy levels at finite temperatures, leading to the
thermal unblocking of forbidden M1 transitions. The new
strength develops mainly due to transitions between pro-
ton and neutron (1d5/2, 1d3/2) and (1 f7/2, 1 f5/2) levels.

The M1 strength in Ca and Sn nuclei displays a be-
havior similar to that of the E1 strength with increasing
temperature. Specifically, the excited states start to shift
downward, and the formation of new excitations can be
observed in the low-energy region. For instance, in 132Sn
at T = 2 MeV, new excited states appear at 2.14 MeV
and 2.09 MeV, formed by proton (1d5/2, 1d3/2) and neu-
tron (2 f7/2, 2 f5/2) transitions, respectively. Apart from
the softening of the repulsive residual interaction with in-
creasing temperature and the changes in the single (quasi)
particle levels, the behavior of the M1 states is also sen-
sitive to changes in spin-orbit (SO) splittings of the lev-
els, as these excitations occur between SO partners. It has
been observed that SO splittings are sensitive to tempera-
ture changes, decreasing as the temperature increases (see
Ref. [22] for more information). It is also observed that

the M1 strength is more sensitive to changes in tempera-
ture compared to the E1 strength. This can be related to the
collectivity of the excitations: in the case of E1, many tran-
sitions contribute to the GDR region, whereas in the case
of M1, it is mainly formed by a few transitions. Therefore,
the M1 strength is more sensitive to temperature effects.
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Figure 2. The isovector magnetic dipole (M1) strength distribu-
tions 40,52,60Ca (a)-(c) and 100,124,132Sn (d)-(f) [15, 22].

4 Conclusion

The self-consistent FT-RQRPA based on the relativistic
energy density functional has been applied to study the
temperature dependence of the E1 and M1 excitations.
The impact of temperature on the E1 and M1 strength has
been demonstrated. It has been shown that temperature
leads to a shift of the E1 and M1 strength toward lower
energies and to the formation of new excited states due to
thermal unblocking. One of the most striking impacts of
temperature is the formation of the M1 strength in 40Ca
and 60Ca, which are forbidden at zero temperature since
all the SO components are fully occupied. Such changes
in the excitation spectrum of electromagnetic dipole tran-
sitions with temperature can impact astrophysical reac-
tion rates and cross sections of photonuclear and radiative-
capture reactions. Further studies on the possible contribu-
tions of electric and magnetic transitions at finite temper-
ature in the γ-strength functions for (n, γ) reactions are in
progress.

5 Acknowledgements

This work is supported by the Croatian Science Foun-
dation under the project Relativistic Nuclear Many-Body
Theory in the Multimessenger Observation Era (IP-2022-
10-7773). E.Y. acknowledges support from the Science
and Technology Facilities Council (UK) through grant
ST/Y000013/1.

References

[1] S. Goriely, Radiative neutron captures by neutron-
rich nuclei and the r-process nucleosynthesis. Phys.

Lett. B 436, 10–18 (1998). https://doi.org/10.1016/
S0370-2693(98)00907-1

[2] A. Bracco, E. G. Lanza, and A. Tamii, Isoscalar and
isovector dipole excitations: Nuclear properties from
low-lying states and from the isovector giant dipole res-
onance. Prog. Part. Nucl. Phys. 106, 360-433 (2019).
https://doi.org/10.1016/j.ppnp.2019.02.001

[3] T. Kawano, Y. S. Cho, P. Dimitriou, D. Filipescu, N.
Iwamoto, V. Plujko, X. Tao, H. Utsunomiya, V. Var-
lamov, R. Xu, R. Capote, I. Gheorghe, O. Gorbachenko,
Y. L. Jin, T. Renstrøm, M. Sin, K. Stopani, Y. Tian,
G. M. Tveten, J. M. Wang, T. Belgya, R. Firestone,
S. Goriely, J. Kopecky, M. Krtička, R. Schwengner, S.
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LIV-PV = −
1
2
αIV-PV[Ψ̄γ5γµτ⃗Ψ] · [Ψ̄γ5γµτ⃗Ψ]. (2)

Here, αIV-PV is a free parameter which needs to be ad-
justed. For the DD-PCX interaction, the coupling strength
parameter αIV-PV = 0.63 MeVfm3 is obtained by minimiz-
ing the relative error between experimentally determined
M1 peak position and theoretically calculated centroid en-
ergies of 48Ca and 208Pb [7, 19].

The finite temperature RQRPA matrix is given by



C a b D
a+ A B bT

−b+ −B∗ −A∗ −aT

−D∗ −b∗ −a∗ −C∗





P
X
Y
Q


= Eν



P
X
Y
Q


, (3)

where Eν denotes the excitation energies while the eigen-
vectors are represented by P, X,Y , Q. The A and B matrix
elements contribute at both zero and finite temperatures.
The other elements of the FT-RQRPA matrix begin to play
a role as the temperature rises, since they are affected by
the varying occupation factors. For the explicit forms of
the matrices, we refer the reader to Refs. [15, 20–22]

3 Results

In Figure 1, we display the isovector electric dipole (E1)
strength distributions for 48,52,60Ca and 100,124,132Sn nuclei
at temperatures T = 0, 0.5, 1, and 2 MeV. At zero temper-
ature, low-energy strength increases by increasing neutron
number, as expected [5]. At low temperatures, the higher-
energy region of the E1 strength, or giant dipole reso-
nance region (GDR), remains largely unchanged. How-
ever, when the temperature is raised to 2 MeV, E1 strength
slightly shifts toward lower energies due to the weakening
of the repulsive residual interaction. Additionally, we ob-
serve the emergence of new low-energy peaks in all nuclei,
with this effect being more pronounced in neutron-rich nu-
clei, such as 60Ca. This phenomenon is linked to thermal
unblocking effects at finite temperatures, which create new
excitation channels, particularly in the low-energy region
of the electric dipole response due to the transitions from
thermally unblocked discrete states to continuum. Due to
the scattering of particles around the Fermi levels and into
high-energy states, the low-energy states are more signifi-
cantly affected. Of course, the treatment of the continuum
also plays an essential role in properly describing excited
states, especially in the low-energy region of neutron-rich
nuclei at high temperatures. For instance, increasing tem-
perature to higher values and beyond T > 2 MeV, can lead
to the formation of unphysical strength in the low-energy
region. Therefore, one should be careful when performing
calculations at high temperatures for nuclei far from the
stability line.

In Figure 2, we also display the M1 transition strength
distributions for the same nuclei with increasing tem-
perature. At zero temperature, we do not observe any
M1 strength in 40Ca and 60Ca, since there are no spin-
orbit (SO) partners available for M1 transitions, and all
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Figure 1. The isovector electric dipole (E1) strength distribu-
tions for 48,52,60Ca (a)-(c) and 100,124,132Sn (d)-(f) nuclei. The cal-
culations are performed using the FT-RQRPA with DD-PCX in-
teraction at temperatures T = 0, 0.5, 1, and 2 MeV [15, 22].

the states are fully occupied for both protons and neu-
trons. For 52Ca, a strong peak in M1 excitation is ob-
served around 9 MeV due to the valence neutron transi-
tions between (1 f7/2, 1 f5/2) states. Additionally, a low-
energy M1 peak is also obtained around 3 MeV due to
the neutron (2p3/2, 2p1/2) transition. For 100Sn and 132Sn,
which are closed-shell nuclei, the pairing correlations do
not contribute. At zero temperature, the M1 strength for
100Sn is obtained as a single peak at 9.47 MeV, primarily
arising from the proton and neutron (1g9/2, 1g7/2) transi-
tions. For 132Sn, the M1 response exhibits a single peak
around 9.0 MeV, which is mainly formed with a neutron
(1h11/2, 1h9/2) and proton (1g9/2, 1g7/2) transitions.

With increasing temperature, especially beyond T =
1 MeV, changes in the M1 strength of nuclei become
more noticeable. The most striking effects are observed
in 40Ca and 60Ca, where the development of M1 strength
is evident. This occurs because particles are promoted to
higher-energy levels at finite temperatures, leading to the
thermal unblocking of forbidden M1 transitions. The new
strength develops mainly due to transitions between pro-
ton and neutron (1d5/2, 1d3/2) and (1 f7/2, 1 f5/2) levels.

The M1 strength in Ca and Sn nuclei displays a be-
havior similar to that of the E1 strength with increasing
temperature. Specifically, the excited states start to shift
downward, and the formation of new excitations can be
observed in the low-energy region. For instance, in 132Sn
at T = 2 MeV, new excited states appear at 2.14 MeV
and 2.09 MeV, formed by proton (1d5/2, 1d3/2) and neu-
tron (2 f7/2, 2 f5/2) transitions, respectively. Apart from
the softening of the repulsive residual interaction with in-
creasing temperature and the changes in the single (quasi)
particle levels, the behavior of the M1 states is also sen-
sitive to changes in spin-orbit (SO) splittings of the lev-
els, as these excitations occur between SO partners. It has
been observed that SO splittings are sensitive to tempera-
ture changes, decreasing as the temperature increases (see
Ref. [22] for more information). It is also observed that

the M1 strength is more sensitive to changes in tempera-
ture compared to the E1 strength. This can be related to the
collectivity of the excitations: in the case of E1, many tran-
sitions contribute to the GDR region, whereas in the case
of M1, it is mainly formed by a few transitions. Therefore,
the M1 strength is more sensitive to temperature effects.
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Figure 2. The isovector magnetic dipole (M1) strength distribu-
tions 40,52,60Ca (a)-(c) and 100,124,132Sn (d)-(f) [15, 22].

4 Conclusion

The self-consistent FT-RQRPA based on the relativistic
energy density functional has been applied to study the
temperature dependence of the E1 and M1 excitations.
The impact of temperature on the E1 and M1 strength has
been demonstrated. It has been shown that temperature
leads to a shift of the E1 and M1 strength toward lower
energies and to the formation of new excited states due to
thermal unblocking. One of the most striking impacts of
temperature is the formation of the M1 strength in 40Ca
and 60Ca, which are forbidden at zero temperature since
all the SO components are fully occupied. Such changes
in the excitation spectrum of electromagnetic dipole tran-
sitions with temperature can impact astrophysical reac-
tion rates and cross sections of photonuclear and radiative-
capture reactions. Further studies on the possible contribu-
tions of electric and magnetic transitions at finite temper-
ature in the γ-strength functions for (n, γ) reactions are in
progress.
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