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ISOVECTOR GIANT DIPOLE RESONANCE

[8]

In the Isovector Giant Dipole Resonance (IVGDR), the nucleus remains
spherical with the protons and neutrons oscillating internally antiphase
to each other.
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MOTIVATION

Properties of Giant Resonances (GR) can be extracted from
experiment and used to investigate Nuclear Matter properties.

Previous research established 3 constraints on NM properties but
found no correlation between the centroid energy (𝐸𝑐𝑒𝑛) of the
IVGDR and the symmetry energy coefficient (𝐽 ) and its first, second,
and third derivatives (𝐿, 𝐾𝑠𝑦𝑚, and 𝑄𝑠𝑦𝑚 respectively) [1].

The goal of this project is to narrow down the 33 interactions used in
past research and determine if a correlation with J emerges.
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OBJECTIVES

1. 1. Narrow down the Skyrme interactions that satisfy established
constraints on the incompressibility coeficcient (𝐾𝑁𝑀 = 210-240
MeV), effective mass (𝑚∗/𝑚 = 0.7-0.9), and enhancement coefficient
(𝜅 = 0.25-0.70) of the energy weighted sum rule of the IVGDR.

2. 2. Calculate predictions of 𝐸𝑐𝑒𝑛 and 𝛼𝐷 of the IVGDR for each
interaction.

3. 3. Determine correlations between the calculated results and each
of the relevant NM properties (𝐽 , 𝐿, 𝐾𝑠𝑦𝑚, 𝑄𝑠𝑦𝑚).

4. 4. Constrain any NM properties associated with strong correlations
using experimental values of 𝐸𝑐𝑒𝑛 and 𝛼𝐷.

Calculations of 𝐸𝑐𝑒𝑛 and 𝛼𝐷 are carried out for 40,48Ca, 90Zr, 116Sn, and
208Pb nuclei.
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MODEL

The nucleus is treated as a many-body quantum system with
interactions due to the strong force denoted by 𝑉𝑖𝑗 . The hamiltonian is
as follows:

𝐻 = ∑
𝑖

𝑝2
𝑖

2𝑚 + ∑
𝑖<𝑗

𝑉𝑖𝑗 .

The large number of terms in 𝐻 |𝜓⟩ = 𝐸 |𝜓⟩ makes solving for the
ground state not feasible. To simplify the problem, each particle is
treated as subject to a mean field, 𝑈 .
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SKYRME INTERACTIONS

The standard form of the Skyrme interaction we adopt is:

𝑉𝑖𝑗 = 𝑡0(1 + 𝑥0𝑃 𝜎
𝑖𝑗)𝛿( ⃗𝑟𝑖 − ⃗𝑟𝑗) + 1

2 𝑡1(1 + 𝑥1𝑃 𝜎
𝑖𝑗)

× [
�
𝑘2

𝑖𝑗𝛿( ⃗𝑟𝑖 − ⃗𝑟𝑗) + 𝛿( ⃗𝑟𝑖 − ⃗𝑟𝑗)�⃗�2
𝑖𝑗]

+ 𝑡2(1 + 𝑥2𝑃 𝜎
𝑖𝑗)

�
𝑘2

𝑖𝑗𝛿( ⃗𝑟𝑖 − ⃗𝑟𝑗)�⃗�2
𝑖𝑗

+ 1
6 𝑡3(1 + 𝑥3𝑃 𝜎

𝑖𝑗)𝜌𝛼 ( ⃗𝑟𝑖+ ⃗𝑟𝑗
2 ) 𝛿( ⃗𝑟𝑖 − ⃗𝑟𝑗)

+ 𝑖𝑊0
�
𝑘2

𝑖𝑗𝛿( ⃗𝑟𝑖 − ⃗𝑟𝑗)(�⃗�1 + �⃗�2) × �⃗�2
𝑖𝑗

There are ten parameters that can be varied to give different Skyrme
interactions.
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HARTREE-FOCK METHOD

The wavefunction of the nucleus must be antisymmetric, as it is
comprised of fermions. Here, 𝜓𝑖 are the single particle wavefunctions.

Ψ(𝑥1, 𝑥2, ..., 𝑥𝑁) = 1√
𝑁!

∣
∣∣
∣

𝜓1(𝑥1) ⋯ 𝜓1(𝑥𝑁)
⋮ ⋱ ⋮

𝜓𝑁(𝑥1) ⋯ 𝜓𝑁(𝑥𝑁)

∣
∣∣
∣

.

The use of a Slater determinant enforces antisymmetry. The ground
state of the wavefunction is determined by finding the single particle
wavefunctions that minimize the ground state energy, 𝐸 = ⟨Ψ |𝐻| Ψ⟩,
through the variational process (𝜓𝑖 → 𝜓𝑖 + 𝛿𝜓𝑖), obtaining the coupled
Hartree-Fock equations.
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HARTREE-FOCK METHOD

− ℏ
2𝑚Δ𝜓𝑖(r)+𝑈𝐻(r)𝜓𝑖(r)−∫ 𝑈𝐹 (r, r′)𝜓𝑖(r′)𝑑3r′ = 𝑒𝑖𝜓𝑖(r), 𝑖 = 1, … , 𝐴

where, 𝑈𝐻(r, r′) =
𝐴

∑
𝑘=1

∫ 𝜓∗
𝑘(r′)𝑉 (r, r′)𝜓𝑘(r′)𝑑3r′

𝑈𝐹 (r, r′) =
𝐴

∑
𝑘=1

𝜓∗
𝑘(r′)𝑉 (r, r′)𝜓𝑘(r′)

Here, 𝑈𝐻(r) and 𝑈𝐹 (r) are the direct and exchange potentials given in
terms of the two-body interaction and the single particle wave
functions. The Hartree-Fock equations are solved iteratively using the
wavefunction of a particle within a Woods-Saxon potential as an initial
guess. 7



RANDOM PHASE APPROXIMATION

RPA is used to calculate the excited states, |𝑗⟩. The strength function
𝑆(𝐸) is obtained using the scattering operator 𝐹𝐿𝑀 , where 𝑓(𝑟𝑛) = 𝑟
and 𝐿 = 1 for the IVGDR.

𝑆(𝐸) = ∑
𝑗

|⟨0 |𝐹𝐿𝑀 | 𝑗⟩|2 𝛿(𝐸𝑗 − 𝐸0)

𝐹𝐿𝑀 = 𝑍
𝐴 ∑

𝑛
𝑓(𝑟𝑛)𝑌𝐿𝑀(𝑛) − 𝑁

𝐴 ∑
𝑝

𝑓(𝑟𝑝)𝑌𝐿𝑀(𝑝)

The moments of the strength function are calculated and used to
determine 𝐸𝑐𝑒𝑛 and 𝛼𝐷.

𝑚𝑘 = ∫𝐸2
𝐸1

𝐸𝑘𝑆(𝐸)𝑑𝐸 , 𝐸𝑐𝑒𝑛 = 𝑚1
𝑚0

, 𝛼𝐷 = 24𝜋𝑒2
9 𝑚−1
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NM PROPERTIES

The NM properties we are concerned with are defined by the following
equations, where 𝜌0 is the saturation density, 𝐸0 is the ground state
energy, and 𝐸𝑠𝑦𝑚 is the symmetry energy.

𝐾𝑁𝑀 = 9𝜌2
0

𝜕2𝐸0
𝜕𝜌2 |𝜌0

, 𝐽 = 𝐸𝑠𝑦𝑚[𝜌0] , 𝐿 = 3𝜌0
𝜕𝐸𝑠𝑦𝑚

𝜕𝜌 |𝜌0

𝐾𝑠𝑦𝑚 = 9𝜌2
0

𝜕2𝐸𝑠𝑦𝑚
𝜕𝜌2 |𝜌0

, 𝑄𝑠𝑦𝑚 = 27𝜌3
0

𝜕3𝐸𝑠𝑦𝑚
𝜕𝜌3 |𝜌0
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CORRELATIONS AND GRAPHS

Each interaction predicts different
values of NM properties, 𝐸𝑐𝑒𝑛, and
𝛼𝐷.

The linear correlation coefficient
and experimental range,
represented as between the
dashed lines, are shown [2]-[7].

Pearson Correlation Coefficient:

𝑟𝑋,𝑌 = 𝑐𝑜𝑣(𝑋,𝑌 )
𝜎𝑋𝜎𝑌

= ∑𝑖(𝑥𝑖−�̄�)(𝑦𝑖− ̄𝑦)
√∑𝑖(𝑥𝑖−�̄�)2√∑𝑖(𝑦𝑖− ̄𝑦)2
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CORRELATION COEFFICIENTS

Linear correlation coefficients are calculated for each of the 5 nuclei,
with the average correlations shown below. The correlations seen with
the set of interactions used in prior research are shown for
comparison.

Mean Correlations Between NM properties and 𝐸𝑐𝑒𝑛 and 𝛼𝐷 for the IVGDR

𝐾𝑁𝑀 𝐽 𝐿 𝐾𝑠𝑦𝑚 𝑄𝑠𝑦𝑚 𝑚∗/𝑚 𝜅
33 Interactions (𝐸𝑐𝑒𝑛) 0.00 -0.34 -0.40 -0.30 0.41 -0.60 0.84
12 Interactions (𝐸𝑐𝑒𝑛) -0.32 0.29 0.17 -0.62 -0.23 0.32 0.64
33 Interactions (𝛼𝐷) -0.14 0.27 0.52 0.43 -0.65 0.20 -0.14
12 Interactions (𝛼𝐷) -0.14 -0.66 -0.09 0.31 -0.50 0.07 0.30
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J AND ECEN
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KSYM AND ECEN
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J AND ELECTRIC POLARIZABILITY
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CONCLUSIONS

No correlation between 𝐸𝑐𝑒𝑛 and 𝐽 was revealed.

Low to medium correlations were seen between 𝛼𝐷 and 𝐽 as well as
between 𝐸𝑐𝑒𝑛 and 𝐾𝑠𝑦𝑚.

No correlations were large enough to justify imposing NM property
constraints.

The same lack of influence of 𝐽 on the IVGDR seen in past research
is seen here.
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