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Introduction — Nuclear β-decay

Nuclear β− decay

NX A
Z →N−1 X A

Z +1 + e− + ν̄e

mainly determined by GT transition

energy conservation

Mi = Mf + E ∗ + Te + Eν

GT strength distribution
X spin-orbit splitting

X spin-isospin channel of nuclear

effective interaction

β-decay and GTR measurements
complement each other Excitation energy in daughter nucleus E*
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Introduction — Nuclear β-decay

The r-process

(γ,n) photodisintegration
Equilibrium favors
“waiting point”

β-decay

Neutron number
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Seed

Rapid neutron
capture

neutron capture timescale: ~ 0.2 µs

The series of the maximum abundances 
in each Z-chain is called r-process path.

β-decay

β-decay and r -process
r -process: produce the heavy elements beyond iron

β-decay half-life:
govern the abundance flow from neighbouring isotopic chains

⇒ set the time-scale of r -process
(∼ the sum of β-decay half-lives of nuclei in the r-process path)
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Introduction — Experimental half-lives
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— Z. Niu, Y. Niu, et al., PLB 723, 172, 2013

X development of radioactive ion-beam facilities ⇒ important advances
78Ni and around Hosmer, et al., PRL 94, 112501, 2005; Xu, et al., PRL 113, 032505, 2014

very neutron rich Kr to Tc isotopes Nishimura, et al., PRL 106, 052502, 2011

X most neutron rich nuclei relevant for r-process: out of experimental reach
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Introduction — Theoretical investigations

♦ ab-initio approach: for very light nuclei Barrett, et al. PPNP 69, 131, 2013

♦ shell model: up to A = 40− 50 or around magic regions assuming a
frozen core
Langanke, et al., ADNDT 79, 1, 2001; Suzuki, et al., PRC 85, 015802, 2012; Li, et al., JPG 41, 105102, 2014

♦ Random Phase Approximation (RPA)

X non-self-consistent
Quasi-particle RPA (QRPA) based on
FRDM Moller, et al., ADNDT 66, 131, 1997

DF3 + CQRPA Borzov, PRC 67, 025802, 2003

X self-consistent
QRPA based on Skyrme density functional
Engel, et al., PRC 60, 014302, 1999

QRPA based on covariant density functional
RHB + QRPA Nikšić, et al., PRC 71, 014308, 2005;

Marketin, et al., PRC 75, 024304, 2007

RHFB + QRPA Niu, et al., PLB 723, 172, 2013

Johnson, Koonin, et al., 1992; Koonin et al., 1997) allows
calculation of nuclear properties as thermal averages,
employing the Hubbard-Stratonovich transformation to
rewrite the two-body parts of the residual interaction by
integrals over fluctuating auxiliary fields. The integra-
tions are performed by Monte Carlo techniques, making
the SMMC method available for basically unrestricted
model spaces. While the strength of the SMMC method
is the study of nuclear properties at finite temperature, it
does not allow for detailed nuclear spectroscopy.

The evaluation of nuclear matrix elements for the
Fermi operator is straightforward. The Gamow-Teller
operator connects Slater determinants within a model
space spanned by a single harmonic-oscillator shell (0\v
space). The shell model is then the method of choice for
calculating the nuclear states involved in weak-
interaction processes dominated by allowed transitions,
as complete or sufficiently converged truncated calcula-
tions are now possible for such 0\v model spaces. The
practical calculation of the Gamow-Teller distribution is
achieved by adopting the Lanczos method (Wilkinson,
1965), as proposed by Whitehead (1980; see also Langa-
nke and Poves, 2000; Poves and Nowacki, 2001).

The calculation of forbidden transitions, however, in-
volves nuclear transitions between different harmonic-
oscillator shells and thus requires multi-\v model
spaces. These are currently feasible only for light nuclei
where ab initio shell-model calculations are possible
(Navrátil et al., 2000; Caurier et al., 2001). Such multi-\v
calculations have been used for the calculation of neu-
trino scattering from 12C (Hayes and Towner, 2000;
Volpe et al., 2000). However, for heavier nuclei one has
to rely on more strongly truncated nuclear models. As
the kinematics of stellar weak-interaction processes are
often such that forbidden transitions are dominated by
the collective response of the nucleus, the random-phase
approximation (RPA; Rowe, 1968) is usually the method

of choice (Fig. 2). Another advantage of this method is
that, in contrast to the shell model, it allows for global
calculations of these processes for the many nuclei often
involved in nuclear networks. An illustrative example is
the evaluation of nuclear half-lives based on the calcu-
lation of the Gamow-Teller strength function within the
quasiparticle RPA model (Krumlinde and Möller, 1984;
Möller and Randrup, 1990). The RPA method considers
the residual correlations among nucleons via one-
particle/one-hole (1p-1h) excitations in large multi-\v
model spaces. The neglect of higher-order correlations
renders the RPA method inferior to the shell model, for
matrix elements between individual, noncollective
states. A prominent example is the Gamow-Teller tran-
sition from the 12C ground state to the T51 triad in the
A512 nuclei (see, for example, Engel et al., 1996).
While the shell model is able to reproduce the Gamow-
Teller matrix element between these states (Cohen and
Kurath, 1965; Warburton and Brown, 1992), RPA calcu-
lations miss an important part of the nucleon correla-
tions and overestimate these matrix elements by about a
factor of 2 (Kolbe et al., 1994; Engel et al., 1996). Recent
developments have extended the RPA method to in-
clude the complete set of 2p-2h excitations in a given
model space (Drożdż et al., 1990). Such 2p-2h RPA
models have, however, not yet been applied to semilep-
tonic weak processes in stars. Moreover, the RPA allows
for the proper treatment of the momentum dependence
in the different multipole operators, as it can be impor-
tant in certain stellar neutrino-nucleus processes (see be-
low), and for the inclusion of the continuum (Buballa
et al., 1991). Detailed studies indicate that standard and
continuum RPA calculations yield nearly the same re-
sults for total semileptonic cross sections (Kolbe et al.,
2000). This is related to the fact that both RPA versions
obey the same sum rules. The RPA has also been ex-
tended to deal with partial occupation of the orbits so
that configuration mixing in the same shell is included
schematically (Rowe, 1968; Kolbe, Langanke, and Vo-
gel, 1999).

III. HYDROGEN BURNING AND SOLAR NEUTRINOS

The tale of the solar neutrinos and their ‘‘famous’’
problem took an exciting turn from its original goal of
measuring the central temperature of the sun to provid-
ing convincing evidence for neutrino oscillations, thus
opening the door to physics beyond the standard model
of the weak interaction. In 1946, Pontecorvo suggested
(Pontecorvo, 1946, 1991; later independently proposed
by Álvarez, 1949) that chlorine would be a good detec-
tor material for neutrinos. Subsequently, in the 1950s,
Davis built a radiochemical neutrino detector which ob-
served reactor neutrinos via the 37Cl(ne ,e2)37Ar reac-
tion (Davis, 1955). After the 3He(a ,g)7Be cross section
at low energies had been found to be significantly larger
than expected (Holmgren and Johnston, 1958) and,
slightly later, the 7Be(p ,g)8B cross section at low ener-
gies had been measured (Kavanagh, 1960), it became
clear that the Sun should also operate by what are now

FIG. 2. (Color in online edition) The most commonly used
nuclear models for the calculation of weak processes in stars
are the random-phase aproximation (RPA) and the shell
model (SM). In the RPA, the basis states are characterized by
particle-hole excitations around a given configuration (typi-
cally a closed-shell nucleus). In the shell model, all the possible
two-body correlations in a given valence space are considered.
Excitations from the core or outside the model space are ne-
glected, but this effect can be included perturbatively using
effective interactions and operators.

823K. Langanke and G. Martı́nez-Pinedo: Nuclear weak-interaction processes in stars

Rev. Mod. Phys., Vol. 75, No. 3, July 2003
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Introduction — Problems with RPA description

♦ Skyrme HFB+QRPA

Engel, et al., PRC 60, 014302, 1999

closed-neutron-shell nuclei along ther-process path. Our re-
sults agree fairly well with those of Ref.@12# for the very
proton-poor nuclei~with N550 andN582) but less well for
larger Z. The trend is due to the closed proton shells atZ
520, 28, 40, and 50, where the particle-particle force has
little effect. Between these magic numbers, and particularly
just below them~e.g., in 76Fe), the differences can be large.
To demonstrate again that they are due toT50 pairing, we
plot results once more with that component of the force
switched off (V050), a step that brings our results into
agreement with those of Ref.@12# in nearly all nuclei with
N550 or 82.

As discussed in Sec. III C, there are no experimental data
with which to fix V0 nearN5126. The lack of closed shells
in this region suggests that half-lives will depend strongly on
V0. Our results with and withoutT50 pairing, however,
show that this is not the case. Even if we used a much
smaller value ofV0, by extrapolating the drop in that param-
eter betweenN550 and 82, the lifetimes would not change
appreciably. In these heavy systems our results agree well
with those of Ref.@19#.

C. Consequences for nucleosynthesis

The closed-neutron-shell nuclei are instrumental in setting
abundances produced in ther process; new predictions for
their half-lives will have an effect on the results ofr-process
simulations. ForN550 and 82 our half-lives are usually
shorter than the commonly employed half-lives of Ref.@12#,
and longer forN5126. Replacing those lifetimes with ours
should therefore produce smallerA'80 and 130 abundance
peaks, and a largerA'195 peak.

Without extending our calculations to other nuclei in the
r-process network, however, we cannot draw quantitative
conclusions from a simulation. Accordingly, we carry out
only one simpler-process simulation here, comparing final
abundance distributions obtained from theb decay rates of
Ref. @12# with those obtained from our calculations, leaving

all other ingredients unchanged~we also change rates atN
584 and 86, by amounts equal to the change in correspond-
ing nuclei with N582!. By specifying an appropriate tem-
perature and density dependence on time, we mock up con-
ditions in the ‘‘neutrino-driven wind’’ from type II
supernovae, the current best guess for ther-process site.

The results appear in Fig. 10. As expected, theA'130
peak shrinks noticeably. TheA'195 peak broadens with the
new half-lives because abundances aroundN5126 are built
up not just at the longest lived~most stable! nucleus pro-
duced, but at more neutron-richN5126 nuclei as well. As a
result, more nuclei are populated and the peak widens. By

FIG. 9. Predictions for the half-lives of closed neutron-shell nuclei along ther-process path. Our results appear with
(HFB1QRPA1SkO8) and without (HFB1QRPA1SkO8, V050) the pn particle-particle interaction. Also plotted are the results of Ref.
@12# ~FRDM1QRPA!, Ref. @19# ~ETFSI1QRPA!, and experimental data where available.

FIG. 10. Predicted abundances in a simulation of ther process.
The solid line corresponds to the rates of Ref.@12#, and the dotted
line to the rates obtained here aroundN582 and 126. All other
nuclear and astrophysical parameters are the same for the two lines.
The diamonds are observed solar-system abundances.

J. ENGELet al. PHYSICAL REVIEW C 60 014302

014302-10

♦ RHB+QRPA

Nikšić, et al., PRC 71, 014308, 2005NIKŠIĆ, MARKETIN, VRETENAR, PAAR, AND RING PHYSICAL REVIEW C 71, 014308 (2005)
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FIG. 9. Calculated half-lives of N = 50
isotones for three values of the T = 0 pairing
strength. The data are from Ref. [30], except
for 78Ni, where the value T1/2 = 104 + 126 −
57 ms [29] is used.

calculated half-lives are more than an order of magnitude too
long when the T = 0 pairing is not included. With the pairing
strength parameter V0 = 225 MeV adjusted to reproduce the
half-life of 130Cd, the PN-QRPA calculation reproduces the
experimental half-lives of the Cd isotopic chain. With two
holes in the π1g9/2 orbit, the situation in the cadmium chain
is similar to that of Fe isotopes (two holes in the π1f7/2 orbit).
The β-decay process in the Cd isotopes is dominated by the
back spin-flip transition ν1g7/2 → π1g9/2. Again, an increase
of the T = 0 pairing strength partially compensates for the
fact that the difference between the ν1g7/2 and π1g9/2 single-
particle energies is too small, due to a relatively small effective
mass.

For the Sn isotopes the π1g9/2 orbit is completely occupied
and the transition ν1g7/2 → π1g9/2 is blocked. A similar
problem we already encountered for the Ni isotopes. One
would, therefore, expect that the calculated half-lives of the

Sn isotopes will overestimate the experimental values by at
least an order of magnitude, and furthermore that it will
not be possible to improve the results by simply increasing
the T = 0 pairing strength. However, this turns out to be
true only for 132Sn. Our model predicts that this isotope is
stable against β-decay, whereas the experimental half-life is
T1/2 = 39.7 ± 0.5 s [30]. In the left panel of Fig. 12 we display
the calculated half-lives of the Sn isotopes, in comparison with
the available experimental data [30]. We notice that, in contrast
to 132Sn, the theoretical half-lives of the heavier Sn isotopes
show a pronounced dependence on the T = 0 pairing strength.
For V0 = 225 MeV the calculated half-lives are only slightly
longer than the experimental values. This is easily explained
by the fact that in tin isotopes beyond 132Sn neutrons begin
to occupy the ν1h9/2 single-particle level, and this enables the
back spin-flip transition ν1h9/2 → π1h11/2. The occupation
probabilities of the ν1h9/2 single-particle level for the Sn
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FIG. 10. Calculated half-lives of 78Zn,
80Zn, 82Zn, and 82Ge as functions of the T = 0
pairing strength.

014308-12

self-consistent QRPA
X Half-lives are systematically overestimated

X Half-lives can be reduced with the inclusion of attractive isoscalar pn pairing

X The isoscalar pn pairing has little or no effect on closed-shell nuclei, like 78Ni.
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Introduction — Possible solutions

♦ Possible solution: tensor force

Minato, et al., PRL 110, 122501, 2013

Skyrme RPA + tensor

β-decay half-lives are reduced

filled circles indicate the results without the tensor force
and with tensor force fully in the HFþ RPA, respectively.
The experimental data is indicated by the open circle.
The result without the tensor force overestimates the ex-
perimental data systematically. On the other hand, the
calculation with the tensor force shows better agreement
with the experimental data for both forces. As seen, this is
mainly because the GT strengths are attracted to the lower
energy by the tensor force, and consequently the Q value,
which was small in case without the tensor force, increases
meaningfully.

We discussed the role of the tensor force on the � decay
by including tensor force in HFþ RPA methods. We
found that tensor force makes dramatic improvement in

predicting the �-decay half-lives of the even-even semi-
magic and magic nuclei 132Sn, 68Ni, 34Si, and 78Ni where
the effect of isoscalar paring is negligible. The tensor force
gave a significant contribution to the low-lying GT distri-
bution, in particular, the effect of the tensor terms in the
residual interaction of RPA was more important than the
change of the spin-orbit splitting in the HF. Of course, there
are still some points to be discussed for the precise
prediction of � decay with the present approach, e.g., the
time-odd part of the effective interaction, the effect of
2p-2h state, etc. The study of tensor effect on the GT
distribution just started toward its development.
Nevertheless, the effect of the tensor force on the low-lying
GT peaks is obvious so that it is necessary to include it for
the accurate and reliable prediction of the�-decay half-life
in the self-consistent RPA and QRPA approaches. We
intend to develop our formalism to open-shell and/or
deformed nuclei for further investigation of the tensor
force effect on � decay in the future.
We thank H. Sagawa at the University of Aizu for useful

discussions.
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and G. Colò, Phys. Rev. C 79, 041301(R) (2009).

[12] V. De Donno, G. Co’, M. Anguiano, and A.M. Lallena,
Phys. Rev. C 83, 044324 (2011).

[13] G. Co’, V. De Donno, C. Maieron, M. Anguiano, and
A.M. Lallena, Phys. Rev. C 80, 014308 (2009).

[14] M. Anguiano, G. Co’, V. De Donno, and A.M. Lallena,
Phys. Rev. C 83, 064306 (2011).
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♦ Another possible solution:

Skyrme RPA + particle-vibration

coupling (PVC)

Niu, et al., PRC 85, 034314, 2012

RPA+PVC
X Include correlations beyond 1p-1h

configurations

X The downward shift of excitation

energy and spreading of the GT

strength is found.

X It is expected the PVC could help with

reducing β-decay half-life.

Advantage

X Without introducing new parameters
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Introduction — RPA+PVC: more than half-life

♦ Spreading Width

X (Q)RPA: coherent superposition of 1p-1h states

X Spreading width Γ↓

energy and angular momentum of coherent vibrations
⇒ more complicated states of 2p-2h, 3p-3h · · · character

♦ To describe the spreading width

X Second RPA Drozdz, et al., PR 197, 1, 1990

configuration space 1p-1h, 2p-2h

X RPA + PVC (particle-vibration coupling)
configuration space 1p-1h, 1p-1h ⊗ phonon

relativistic functional

Litvinova, et al., PLB 730, 307, 2014; Marketin, et al., PRC 706, 477, 2012

skyrme functional Colo, et al., PRC 50, 1496, 1994
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Introduction — In this work

Goal
To develop self-consistent skyrme RPA + PVC model by including the

whole two-body interaction in the PVC vertex

To investigate the particle-vibration coupling effects on nuclear β-decay

in magic nuclei

X the spreading width and fragmentation of GT strength

X the β-decay half-life
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Theory framework — β-decay half-life

Half-life calculated in the allowed GT approximation

T1/2 =
D

g 2
A

∫ Qβ S(E )f (Z , ω)dE
, (1)

D = 6163.4 s and gA = 1

S(E ): GT strength distribution with respect to daughter nucleus

integrated phase volume

f (Z , ω0) =
1

(mec2)5

∫ ω0

mec2
peEe(ω0 − Ee)2F0(Z + 1,Ee)dEe. (2)

pe: momentum; Ee: energy; F0(Z + 1,Ee): Fermi function of the electron

ω0 = Qβ + mec2 − E
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Theory framework — Strength function from RPA+PVC

The nuclear excitation configuration space is divided into three subspaces: Q1, Q2, P .

Q1: 1p-1h within the set |i〉 — obtained by solving the HF equation

P : 1p-1h where the particle is in an unbound state ⇒ Escaping Width

Q2: “doorway states” |N〉: 1p-1h ⊗ phonon ⇒ Spreading Width

Strength function

S(ω) =
∑

n

1

σn

√
2π

e
−(ω−Ωn)2

2σ2
n Bn, σn = (

Γn(ω)

2
+ ∆)/

√
2ln2, (3)

where
Ωn(ω) = ERPA + Re[(Σ)GT,GT(ω)] (4)

and
Γn(ω) = −2Im[(Σ)GT,GT(ω)]. (5)

ΣGT,GT(ω) is the self-energy of the GT state.
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Results and discussions — 208Pb Gamow-Teller strength distribution
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Y. Niu, G. Colò, and E. Vigezzi, PRC 90, 054328 (2014)
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Results and discussions — PVC effects on β-decay half-life

1 E - 3
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0 . 1

1
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S I I I S L y 5S k M * S k xS A M i

T 1/2
 (s

) 

S G I I

7 8 N i

 R P A
 R P A + P V C

E X P .

Exp. : Hosmer, et al., PRL 94, 112501, 2005; Xu, et al., PRL 113, 032505, 2014.

78Ni: bottle-neck nucleus in r-process

Skyrme interactions are not well constrained in spin-isospin channel

PVC reduces half-lives for all interactions.
Reduction factor R=42 (SAMi), 10 (SGII), 4 (SkM*, SIII, SLy5, Skx)

SkM*: reproduce well both GTR and β-decay half-life
Y. Niu, Z. Niu, G. Colò, and E. Vigezzi, PRL 114, 142501 (2015)
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Results and discussions — How PVC reduces the half-life
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Half life

T1/2 =
D

g 2
A

∫ Qβ S(E )f (Z , ω)dE
, (6)

Phase volume

f (Z , ω0) =
1

(mec2)5

∫ ω0

mec2
peEe(ω0 − Ee)2F0(Z + 1,Ee)dEe. (7)
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Results and discussions — How PVC reduces the half-life
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With the inclusion of PVC, the RPA energy is shifted downwards by about 2 MeV.

The strength of each peak is basically kept conserved as the RPA case.

Due to the big increase in phase volume, the contribution to the half-life also changes
a lot from RPA to PVC.

Although the PVC doesn’t change the strength of each peak, it reduces the half-life
dramatically by shifting downwards the excitation energy.
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Results and discussions — β-decay half-life
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Summary and Perspectives

The self-consistent Skyrme RPA + PVC model is developed and used for

the calculation of the Gamow-Teller transitions and β-decay half-lives in

magic nuclei.

Coupling with phonons is relevant to producing a more realistic strength distribution

characterized by a spreading width. As a result, very good agreement with experiment

is obtained for 208Pb.

Coupling with phonons shifts energy downwards by 1-2 MeV, and hence increases the

decay phase space. As a consequence, the β-decay half-life is reduced, and reproduces

the experimental data very well.

Perspectives:

apply in other weak-interaction processes like electron capture.

include the pairing correlations for open-shell nuclei

include temperature effect
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Theory framework — Effective Hamiltonian

The nuclear excitation configuration space is divided into three subspaces: Q1, Q2, P .

Q1: 1p-1h within the set |i〉 — obtained by solving the HF equation

P : 1p-1h where the particle is in an unbound state ⇒ Escaping Width

Q2: “doorway states” |N〉: 1p-1h ⊗ phonon ⇒ Spreading Width

In order to work inside the space Q1, the effective Hamiltonian is taken

H(ω) = Q1HQ1 + W ↑(ω) + W ↓(ω)

= Q1HQ1 + Q1HP
1

ω − PHP + iε
PHQ1 + Q1HQ2

1

ω − Q2HQ2 + iε
Q2HQ1. (8)

In this work, only the spreading width will be considered, i.e., the effective Hamiltonian

H(ω) = Q1HQ1 + W ↓(ω) (9)

will be solved.
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Theory framework — Eigenvalue equation for effective Hamiltonian

The creator O†ν of state |ν〉, solutions of effective Hamiltonian, is

O†ν =
∑
ωn>0

F (ν)
n O†n − F̄ (ν)

n Ō†n, (10)

where O†n and Ō†n are creation operators of RPA states |n〉 with energy ωn, and |n̄〉 with
energy −ωn.
The eigenvalue equation for the effective Hamiltonian is

[H,O†ν] = (Ων − i
Γν
2

)O†ν. (11)

The matrix form is(
D +A1(ω) A2(ω)
−A3(ω) −D −A4(ω)

)(
F (ν)

F̄ (ν)

)
= (Ων − i

Γν
2

)

(
F (ν)

F̄ (ν)

)
, (12)

where D is a diagonal matrix with the RPA eigenvalues, and the Ai matrices contain the
spreading contributions.
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Theory framework — Spreading terms

The matrix element of the spreading term W ↓ in the basis of p-h configurations from Q1

space is

W ↓
ph,p′h′(ω) =

∑
N

〈ph|V |N〉〈N |V |p′h′〉
ω − ωN

, (13)

which is a sum of the following four diagrams.
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Theory framework — Strength function

S(ω) = −1

π
Im
∑
ν

〈0|ÔGT±|ν〉2
1

ω − Ων + i(Γν
2 + ∆)

(14)

Diagonal Approximation
We could take Lorentzian form

S(ω) =
∑

n

1

π

Γn(ω)
2 + ∆

(ω − Ωn(ω))2 + (Γn(ω)
2 + ∆)2

Bn, Bn = |〈0|ÔGT−|n〉|2, (15)

or the Gaussian form of strength distribution

S(ω) =
∑

n

1

σn

√
2π

e
−(ω−Ωn)2

2σ2
n Bn, σn = (

Γn(ω)

2
+ ∆)/

√
2ln2, (16)

where
Ωn(ω) = ERPA + Re[(A1)GTR,GTR(ω)] (17)

and
Γn(ω) = −2Im[(A1)GTR,GTR(ω)]. (18)
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Appendix — Spreading terms

These four diagrams are expressed by

W ↓J(1) = δhh′δjpjp′

∑
p′′,nL

1

ω − (ωn + εp′′ − εh) + i∆

〈npjp||V ||jp′′, nL〉〈np′jp′||V ||jp′′, nL〉∗
ĵ2
p

(19)

W ↓J(2) = δpp′δjhjh′

∑
h′′,nL

1

ω − (ωn − εh′′ + εp) + i∆

〈nhjh||V ||jh′′, nL〉〈nh′jh′||V ||jh′′, nL〉∗
ĵ2
h

(20)

W ↓J(3) =
∑

nL

(−)jp−jh′+J+L

ω − (ωn + εp − εh′) + i∆

{
jp jh J
jh′ jp′ L

}
〈jp′||V ||jp, nL〉〈jh′||V ||jh, nL〉 (21)

W ↓J(4) =
∑

nL

(−)jp′−jh+J+L

ω − (ωn + εp′ − εh) + i∆

{
jp jh J
jh′ jp′ L

}
〈jp||V ||jp′, nL〉〈jh||V ||jh′, nL〉 (22)

The evaluation of the reduced matrix element

〈i ||V ||j , nL〉 =
√

2L + 1
∑

ph

X nL
ph VL(ihjp) + (−)L+jh−jpY nL

ph VL(ipjh), (23)

where VL is the p-h coupled matrix element,

VL(ihjp) =
∑
all m

(−)jj−mj +jh−mh〈jimi jj −mj |LM〉〈jpmpjh −mh|LM〉〈jimi , jhmh|V |jjmj , jpmp〉.

(24)
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Appendix — Spreading terms in RPA basis

To transform the spreading terms from p-h basis of Q1 to RPA basis, we get the matrices
elements Ai .

(A1)sprmn =
∑

ph,p′h′
W ↓

ph,p′h′(ω)X
(m)
ph X

(n)
p′h′ + W ↓∗

ph,p′h′(−ω)Y
(m)

ph Y
(n)

p′h′, (25)

(A2)sprmn =
∑

ph,p′h′
W ↓

ph,p′h′(ω)X
(m)
ph Y

(n)
p′h′ + W ↓∗

ph,p′h′(−ω)Y
(m)

ph X
(n)
p′h′ (26)

(A3)sprmn =
∑

ph,p′h′
W ↓

ph,p′h′(ω)Y
(m)

ph X
(n)
p′h′ + W ↓∗

ph,p′h′(−ω)X
(m)
ph Y

(n)
p′h′, (27)

(A4)sprmn =
∑

ph,p′h′
W ↓

ph,p′h′(ω)Y
(m)

ph Y
(n)

p′h′ + W ↓∗
ph,p′h′(−ω)X

(m)
ph X

(n)
p′h′. (28)
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Numerical details

HF equation: solved in coordinate space Rbox = 21 fm, dr = 0.1 fm.

RPA configuration space: εp ≤ 100 MeV

Phonons: 0+, 1−, 2+, 3−, 4+, 5−, 6+

Phonon energy ω ≤ 20 MeV

Phonon strength (isoscalar or isovector) ≥ 5%

intermediate particle in the door-way state: εp ≤ 100 MeV
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Results and discussions — PVC effects on GTR with different interactions
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peak energy is shifted downwards by 1.2 MeV

A width of ∼ 3.5 MeV is acquired
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Results and discussions — 208Pb Gamow-Teller cumulative sum
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Appendix — 208Pb Self-Energy

Σ = (A1)sprGTR ,GTR =
∑

ph,p′h′
W ↓

ph,p′h′(ω)X
(GTR)
ph X

(GTR)
p′h′ + W ↓∗

ph,p′h′(−ω)Y
(GTR)

ph Y
(GTR)

p′h′

Re(Σ)(EGTR): energy shift −2Im(Σ)(EGTR): width
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2+, 4+ phonons (isoscalar): not important ⇐ cancellation betwwen W1, W2 and W3,
W4 diagrams

1−, 3− phonons (isovector): most important phonons ⇐ no cancellation betwwen W1,
W2 and W3, W4 diagrams
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Appendix — 208Pb Why are 1− phonons important?
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Energy denominator

1

EGTR − (ωnL + εp′′ − εh) + i∆

=
1

εp − εh + ∆E − (ωnL + εp′′ − εh) + i∆

=
1

εp − εp′′ + ∆E − ωnL + i∆

1− phonon with ω1− = 12.63 MeV (GDR) is
important!
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Results and discussions — How PVC reduces the half-life
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