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The nuclear response

The nuclear response (NR)

A standard way to investigate nuclei is to perturb them with a probe (γ,
protons, α-particles, ...) 7−→ Nuclear Response (NR)

A large part of the NR is absorbed by collective excitations where many
nucleons participate in a coherent way (for example Giant Resonances)

Their properties are related to the underlying nuclear interaction

NR is very rich and variegate 7−→ Challenge for Theory and Experiment
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Atomic nuclei, nuclear response and Giant Resonances (GRs)

GRs, a schematic picture: Multipolarity L, Spin S, Isospin T
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Giant Resonances, a macroscopic picture

ISGMR (L=0,S=0,T=0): n and p in phase (isoscalar), compression (breathing) mode

IVGDR (L=1,S=0,T=1): neutrons (n) and protons (p) in opposite phase (isovector)
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A closer Look to the nuclear response: Main properties

Total Strength

Centroid (E0), Width (Γ) and Fine structure

Centroid (E0), Width (Γ) High precision studies 7→Fine structure
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The Giant Dipole Resonance (GDR) case

Centroid Energy and Width

Strong challenge for many-body microscopic theories
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The Width of GRs

The Width of GRs

From P. von Neumann-Cosel et al., Eur. Phys. J. A 55, 224 (2019)
(i) Competition among different mechanisms
(ii) Very nucleus and “channel” depending
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Connections with other open questions/investigations
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The Method of the Equations of Motion

Set of exact eigenstates of the Hamiltonian H

H|ν
〉
= Eν | ν

〉

where | 0
〉
is the ground state with energy E0

Phonon Operators

Let us introduce the operators Q′s:

Q
†
ν | 0

〉
=| ν

〉
, Qν | 0

〉
= 0.

Equations of Motion:

〈0 |
[
δQ, [H,Q

†
ν ]
]
| 0〉 = ων〈0 | [δQ,Q

†
ν ] | 0〉

where
ων = Eν − E0.
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Excitation Operators and Equations

RPA Phonon Operators

Q
†
ν =

∑

ph

X
(ν)
ph a

†
pah −

∑

ph

Y
(ν)
ph a

†
hap

RPA Equations of Motion (1 7→ 1p1h)
(

A11 B11

−B∗
11 −A∗

11

)(
X ν

1

Yν
1

)

= ων

(
X ν

1

Yν
1

)
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Second RPA Phonon Operators

Q
†
ν =

∑

ph

(X
(ν)
ph a

†
pah − Y

(ν)
ph a

†
hap)

+
∑

p1<p2,h1<h2

(X
(ν)
p1h1p2h2

a
†
p1
ah1a

†
p2
ah2 − Y

(ν)
p1h1p2h2

a
†
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†
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ap2)

Second RPA Equations of Motion (1 7→ 1p1h, 2 7→ 2p2h)
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The Second RPA as an energy dependent problem

Energy dependent RPA-like problem by projecting onto the 1p1h space
(

Ã11(ω) B11

−B∗
11 −Ã∗

11(ω)

)(
X ν

1

Yν
1

)

= ω

(
X ν

1

Yν
1

)

A1,1′ 7→ Ã1,1′(ω) = A
RPA
1,1′ +

∑

2,2′

A1,2(ω + iη − A2,2′)
−1

A2′,1′ = A
RPA
1,1′ + A

Cor
1,1′(ω)

A
Cor
ph,p′h′(ω) =

∑

22′

〈ph|V |2〉〈2′|V |p′h′〉

ω − A22′ + iη
, |2〉 7→ 2p2h configurations
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Particle Vibration Coupling (PVC)

Two-step calculations

(1) Random Phase Approximation (RPA)

Q
†
ν =

∑

ph

X
(ν)
ph a

†
pah
︸︷︷︸

1p-1h

−
∑

ph

Y
(ν)
ph a

†
hap
︸︷︷︸

1h-1p
︸ ︷︷ ︸

X and Y are obtained

(2) Particle Vibration Coupling (PVC)

T
†
α =

∑

ph

(X
(1α)
ph a

†
pah − Y

(1α)
ph a

†
hap) +

∑

ph,ν

(X
(2α)
ph a

†
pahQ

†
ν − Y

(2α)
ph a

†
hapQν)

︸ ︷︷ ︸

1p1h +RPA phonons coupling
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The PVC energy dependent problem

Energy dependent RPA-like problem by projecting onto the 1p1h space
(

Ã11(ω) B11

−B∗
11 −Ã∗

11(ω)

)(
X ν

1

Yν
1

)

= ω

(
X ν

1

Yν
1

)

A1,1′ 7→ Ã1,1′(ω) = A
RPA
1,1′ + A

Cor
1,1′(ω)

A
Cor
ph,p′h′(ω) =

∑

α

〈ph|V |α〉〈α|V |p′h′〉

ω − Eα + iη
, |α〉 = |1p1h〉 × |ν〉RPA
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GMR and nuclear incompressibility:
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Nuclear Equation of State:
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GMR and nuclear incompressibility: The Tin Puzzle
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QRPA and PVC calculations in Pb and Sn isotopes:
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QRPA and PVC calculations in Pb and Sn isotopes:
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Simultaneous reproduction of GMR centroid in Ca, Pb and Sn:

Danilo Gambacurta, INFN-LNS Catania gambacurta@lns.infn.it Nuclear response and decay processes within beyond mean-field methods



Gamow Teller (GT) Transitions and β decay

Courtesy of Muhsin N. Harakeh/ and of Y. Niu
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Theory vs Experiment: the quenching problem

The quenching problem

Computed GT matrix elements are larger than the experimental ones.

The problem is “cured” by quenching the strength by q ∼ 0.7 or using
effective axial constant gA (∼ 1) instead of the “bare” value ∼ 1.27.

Shell Model calculations
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Theory vs Experiment: the quenching problem

The quenching problem

Computed GT matrix elements are larger than the experimental ones.

The problem is “cured” by quenching the strength by q ∼ 0.7 or using
effective axial constant gA (∼ 1) instead of the “bare” value ∼ 1.27.

RPA calculations
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Theory vs Experiment: the quenching problem

The quenching problem

Computed GT matrix elements are larger than the experimental ones.

The problem is “cured” by quenching the strength by q ∼ 0.7 or using
effective axial constant gA (∼ 1) instead of the “bare” value ∼ 1.27.

Possible causes fall in two main classes:

Nuclear many- body correlations that escape calculations:
(truncation of the model space, short-range correlations, multi-phonon
states, multi particle-hole excitations, ...)

Non-nucleonic degrees of freedom:
(Many-nucleon weak currents, ∆-isobar excitations, in-medium
modification of pion physics, ...)
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Gamow-Teller excitations and beta-decay

See also D. Gambacurta and M. Grasso Phys. Rev. C 105, 014321 (2022)
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GT− Strength Distribution 48Ca, SGII interaction
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Figure: (a) GT− strength distributions in RPA and SSRPA compared with data.
(b) Cumulative strengths up to 20 MeV.
Data from: K. Yako et al., Phys. Rev. Lett. 103, 012503 (2009)
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GT− Strength Distribution 48Ca, SGII interaction
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Figure: (a) GT− strength distributions in RPA and SSRPA compared with data.
(b) Cumulative strengths up to 20 MeV.
Data from: K. Yako et al., Phys. Rev. Lett. 103, 012503 (2009)
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GT− Strength Distribution 48Ca, SGII interaction
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Figure: (a) GT− strength distributions in RPA and SSRPA compared with data.
(b) Cumulative strengths up to 20 MeV.
Data from: K. Yako et al., Phys. Rev. Lett. 103, 012503 (2009)
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GT− Strength Distribution 48Ca
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Figure: (a), (b), (c) Strengths integrated up to 20 MeV with different parameterizations.

(d) RPA and SSRPA percentages of the Ikeda sum rule below 30 MeV compared with the experimental one.
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GT− Strength Distribution and β-decay half-life 78Ni
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Figure: (a) Cumulative sum for the nucleus 78Ni within the SSRPA, PVC and RTBA models;

(b) β-decay half-life for 78Ni. No quenching, bare ga = 1.27;
Data from: P. T. Hosmer et al. Phys. Rev. Lett. 94, 112501 (2005)
PVC: Y. F. Niu, G. Coló and E. Vigezzi, Phys. Rev. C 90, 054328 (2014)
RTBA:C. Robin and E. Litvinova, Phys. Rev. C 98, 051301(R), 2018
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Perspectives

Theory

More systematic applications of the Second RPA and PVC models

Comparing Second RPA and PVC ...

“Merging” Second RPA and PVC:
PVC coupling with collective phonons:
Second RPA: coupling of 1ph and 2ph degrees of freedom

Exp

Giant Resonances in exotic and weakly bound nuclei (LNS, SPES, ...)

Giant Resonances in deformed nuclei ...

β-decay in plasma (PANDORA)

Neutrinoless double-β decay (we need more accurate NMEs)

NUMEN project: DCEX calculations based on BMF methods
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The End!
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