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•  Self-consistent Green’s function (SCGF) method

•  Dipole Response Function and Polarisability in 
medium mass nuclei  

•  Oxygen isotopes: 14O, 16O, 22O and 24O 

•  Calcium isotopes: 36Ca, 40Ca, 48Ca and 54Ca 

•  68Ni

Outline

•  Testing !EFT Hamiltonians with SCGF 

•  Radii of Oxygen, Calcium and Nickel isotopic chains  
•  Spectra of selected Calcium and Potassium isotopes 

Recent pedagogical review: A. Carbone, C. Barbieri, Lect. Notes Phys. 936 (2017)

 V. Somà, P. Navrátil, FR, C. Barbieri, T. Duguet, arXiv: 1907.09790 (2019)

FR, C. Barbieri, Phys. Rev. C 99 054327 (2019)



Ab initio methods based on many-body expansion 

A-body Schrödinger equation
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A-body Hamiltonian A-body wave function

• Uncorrelated mean-field reference state 
• Include correlations via symmetry-breaking 
and/or np-nh excitations 

• Truncated but systematically improvable 
• Resummed beyond perturbative regime

Expansion around a reference state:
• QCD-based (!EFT) 
• Truncated at 3N level  
• Main source of theoretical error 

      in nuclei computation

+V 4N + · · ·+ V AN
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Realistic interaction:

H = T + V 2N + V 3N
<latexit sha1_base64="qpBgeMbEzAgwXZkZAtAMHoq6sRo=">AAACDHicbZDLSsNAFIZPvNZ6q7p0M1gEQShJFXQjFN10JRV6gzaWyXTSDp1MwsxEKKEP4MZXceNCEbc+gDvfxkmbhbb+MPDxn3OYc34v4kxp2/62lpZXVtfWcxv5za3tnd3C3n5ThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oJq23HqhULBR1PY6oG+CBYD4jWBurVyh2A6yHBPOkOkFXqI5OUfM+Kd9ODKR0Zsh02SV7KrQITgZFyFTrFb66/ZDEARWacKxUx7Ej7SZYakY4neS7saIRJiM8oB2DAgdUucn0mAk6Nk4f+aE0T2g0dX9PJDhQahx4pjNdXc3XUvO/WifW/qWbMBHFmgoy+8iPOdIhSpNBfSYp0XxsABPJzK6IDLHERJv88iYEZ/7kRWiWS45dcu7Oi5XrLI4cHMIRnIADF1CBKtSgAQQe4Rle4c16sl6sd+tj1rpkZTMH8EfW5w+VeJi/</latexit><latexit sha1_base64="qpBgeMbEzAgwXZkZAtAMHoq6sRo=">AAACDHicbZDLSsNAFIZPvNZ6q7p0M1gEQShJFXQjFN10JRV6gzaWyXTSDp1MwsxEKKEP4MZXceNCEbc+gDvfxkmbhbb+MPDxn3OYc34v4kxp2/62lpZXVtfWcxv5za3tnd3C3n5ThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oJq23HqhULBR1PY6oG+CBYD4jWBurVyh2A6yHBPOkOkFXqI5OUfM+Kd9ODKR0Zsh02SV7KrQITgZFyFTrFb66/ZDEARWacKxUx7Ej7SZYakY4neS7saIRJiM8oB2DAgdUucn0mAk6Nk4f+aE0T2g0dX9PJDhQahx4pjNdXc3XUvO/WifW/qWbMBHFmgoy+8iPOdIhSpNBfSYp0XxsABPJzK6IDLHERJv88iYEZ/7kRWiWS45dcu7Oi5XrLI4cHMIRnIADF1CBKtSgAQQe4Rle4c16sl6sd+tj1rpkZTMH8EfW5w+VeJi/</latexit><latexit sha1_base64="qpBgeMbEzAgwXZkZAtAMHoq6sRo=">AAACDHicbZDLSsNAFIZPvNZ6q7p0M1gEQShJFXQjFN10JRV6gzaWyXTSDp1MwsxEKKEP4MZXceNCEbc+gDvfxkmbhbb+MPDxn3OYc34v4kxp2/62lpZXVtfWcxv5za3tnd3C3n5ThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oJq23HqhULBR1PY6oG+CBYD4jWBurVyh2A6yHBPOkOkFXqI5OUfM+Kd9ODKR0Zsh02SV7KrQITgZFyFTrFb66/ZDEARWacKxUx7Ej7SZYakY4neS7saIRJiM8oB2DAgdUucn0mAk6Nk4f+aE0T2g0dX9PJDhQahx4pjNdXc3XUvO/WifW/qWbMBHFmgoy+8iPOdIhSpNBfSYp0XxsABPJzK6IDLHERJv88iYEZ/7kRWiWS45dcu7Oi5XrLI4cHMIRnIADF1CBKtSgAQQe4Rle4c16sl6sd+tj1rpkZTMH8EfW5w+VeJi/</latexit><latexit sha1_base64="qpBgeMbEzAgwXZkZAtAMHoq6sRo=">AAACDHicbZDLSsNAFIZPvNZ6q7p0M1gEQShJFXQjFN10JRV6gzaWyXTSDp1MwsxEKKEP4MZXceNCEbc+gDvfxkmbhbb+MPDxn3OYc34v4kxp2/62lpZXVtfWcxv5za3tnd3C3n5ThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oJq23HqhULBR1PY6oG+CBYD4jWBurVyh2A6yHBPOkOkFXqI5OUfM+Kd9ODKR0Zsh02SV7KrQITgZFyFTrFb66/ZDEARWacKxUx7Ej7SZYakY4neS7saIRJiM8oB2DAgdUucn0mAk6Nk4f+aE0T2g0dX9PJDhQahx4pjNdXc3XUvO/WifW/qWbMBHFmgoy+8iPOdIhSpNBfSYp0XxsABPJzK6IDLHERJv88iYEZ/7kRWiWS45dcu7Oi5XrLI4cHMIRnIADF1CBKtSgAQQe4Rle4c16sl6sd+tj1rpkZTMH8EfW5w+VeJi/</latexit> ,

Coupled cluster theory

 MBPT In-medium SRG theory



Self-consistent Green’s function formalism

H | A
n i = EA

n | A
n i
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Introduce 1-body, 2-body, … A-body quantities (Green’s functions) 

iG1b
ab(t, t

0) ⌘ h A
0 |T

n
aa(t)a

†
b(t

0)
o
| A

0 i
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Expansion around 
a reference state

(A conserved) 

|�A
0 i
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Wave 
operator 

Gab(!) = G(0)
ab (!) +

X

cd

G(0)
ac (!) ⌃̃cd(!)Gdb(!)
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Dyson equation

Self-energy: effective potential affecting 
the s.p. propagation in the nuclear medium

Energy and 
one-body observables 

A-body Schrödinger equation

H = H0 +H1
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Notice that the latter relationship can be also obtained from the
conjugate of Eq. (61) by using properties of Gorkov amplitudes
and self-energies. Equations (61) or (62) and their solutions are
independent of auxiliary potential U , which canceled out. This
leaves proper self-energy contributions only, which eventually
act as energy-dependent potentials. The self-energies depend,
in turn, on amplitudes U k and Vk such that Eqs. (61) or (62)
must be solved iteratively. At each iteration the chemical
potential µ must be fixed such that Eq. (18) is fulfilled, which
translates into the necessity for amplitude V to satisfy

N =
∑

a

ρaa =
∑

a,k

∣∣Vk
a

∣∣2
, (63)

where ρab is the (normal) one-body density matrix (54a).
As demonstrated in Appendix A, the spectroscopic am-

plitudes solution of Eq. (61) or (62) fulfill normalization
conditions

∑

a

∣∣Xk
a

∣∣2 = 1 +
∑

ab

Xk†
a

∂#ab(ω)
∂ω

∣∣∣∣
+ωk

Xk
b, (64a)

∑

a

∣∣Yk
a

∣∣2 = 1 +
∑

ab

Yk†
a

∂#ab(ω)
∂ω

∣∣∣∣
−ωk

Yk
b, (64b)

where only the proper self-energy appears because of the
energy independence of the auxiliary potential.

B. First-order self-energies

In Fig. 1, first-order diagrams contributing to normal and
anomalous self-energies are displayed. Diagrammatic rules
appropriate to the computation of Gorkov’s propagators and
for the evaluation of self-energy diagrams are discussed in
Appendix B, while the % derivability of the presently used
truncation scheme is addressed in Sec. VI.

The four first-order self-energies diagrams are computed in
Eqs. (B8), (B10), (B12), and (B13) and read

#
11 (1)
ab = +

∑

cd

V̄acbd ρdc ≡ +&ab = +&
†
ab, (65a)

#
22 (1)
ab = −

∑

cd

V̄b̄dāc ρ∗
cd = −&∗

āb̄
, (65b)

#
12 (1)
ab = 1

2

∑

cd

V̄ab̄cd̄ ρ̃cd ≡ +h̃ab, (65c)

#
21 (1)
ab = 1

2

∑

cd

V̄ ∗
bācd̄

ρ̃∗
cd = +h̃

†
ab, (65d)

where the normal (ρab) and anomalous (ρ̃ab) density matrices
have been defined in Eqs. (54).

FIG. 1. First-order normal #11 (1) (left) and anomalous #21 (1)

(right) self-energy diagrams. Double lines denote self-consistent
normal (two arrows in the same direction) and anomalous (two
arrows in opposite directions) propagators while dashed lines embody
antisymmetrized matrix elements of the NN interaction.

C. HFB limit

Neglecting higher-order contributions to the self-energy,
Eqs. (61) and (65) combine to give

∑

b

(
Tab + &ab − µ δab h̃ab

h̃
†
ab −T ∗

āb̄
− &∗

āb̄
+ µ δāb̄

) (
U k

b

Vk
b

)

= ωk

(
U k

a

Vk
a

)

, (66)

which is nothing but the HFB eigenvalue problem in the case
where time-reversal invariance is not assumed. In such a limit,
U k and Vk define the unitary Bogoliubov transformation [59]
according to

aa =
∑

k

U k
a βk + V̄k∗

a β
†
k , (67a)

a†
a =

∑

k

U k∗
a β

†
k + V̄k

a βk. (67b)

Moreover, normalization condition (64b) reduces in this case
to the well-known HFB identity

∑

a

∣∣Yk
a

∣∣2 =
∑

a

∣∣U k
a

∣∣2 +
∑

a

∣∣Vk
a

∣∣2 = 1. (68)

Let us now stress that, despite the energy independence of first-
order self-energies, some fragmentation of the single-particle
strength is already accounted for at the HFB level such that
one deals with quasiparticle degrees of freedom. In particular,
one can deduce from Eq. (68) that (generalized) spectroscopic
factors defined in Eq. (51) are already smaller than one. Such
a fragmentation is an established consequence of static pairing
correlations that are explicitly treated at the HFB level through
particle number symmetry breaking.

Finally, let us underline again that, whenever higher orders
are to be included in the calculation, first-order self-energies
(65) are self-consistently modified (in particular, through
the further fragmentation of the quasiparticle strength) such
that they no longer correspond to standard Hartree-Fock and
Bogoliubov potentials, in spite of their energy independence.
They actually correspond to the energy-independent part of
the (dynamically) correlatedself-energy.

D. Second-order self-energies

Let us now discuss second-order contributions to normal
and anomalous (irreducible) self-energies.

In Figs. 2 and 3 the four types of normal and anomalous
self-energies are depicted. The evaluation of all second-order
diagrams is performed in Appendix B. Before addressing their

FIG. 2. Second-order normal self-energies #11 (2′) (left) and
#11 (2′′) (right). See Fig. 1 for conventions.
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Notice that the latter relationship can be also obtained from the
conjugate of Eq. (61) by using properties of Gorkov amplitudes
and self-energies. Equations (61) or (62) and their solutions are
independent of auxiliary potential U , which canceled out. This
leaves proper self-energy contributions only, which eventually
act as energy-dependent potentials. The self-energies depend,
in turn, on amplitudes U k and Vk such that Eqs. (61) or (62)
must be solved iteratively. At each iteration the chemical
potential µ must be fixed such that Eq. (18) is fulfilled, which
translates into the necessity for amplitude V to satisfy
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, (63)

where ρab is the (normal) one-body density matrix (54a).
As demonstrated in Appendix A, the spectroscopic am-

plitudes solution of Eq. (61) or (62) fulfill normalization
conditions
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where only the proper self-energy appears because of the
energy independence of the auxiliary potential.

B. First-order self-energies

In Fig. 1, first-order diagrams contributing to normal and
anomalous self-energies are displayed. Diagrammatic rules
appropriate to the computation of Gorkov’s propagators and
for the evaluation of self-energy diagrams are discussed in
Appendix B, while the % derivability of the presently used
truncation scheme is addressed in Sec. VI.

The four first-order self-energies diagrams are computed in
Eqs. (B8), (B10), (B12), and (B13) and read
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†
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ab = −
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V̄b̄dāc ρ∗
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, (65b)
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where the normal (ρab) and anomalous (ρ̃ab) density matrices
have been defined in Eqs. (54).

FIG. 1. First-order normal #11 (1) (left) and anomalous #21 (1)

(right) self-energy diagrams. Double lines denote self-consistent
normal (two arrows in the same direction) and anomalous (two
arrows in opposite directions) propagators while dashed lines embody
antisymmetrized matrix elements of the NN interaction.

C. HFB limit

Neglecting higher-order contributions to the self-energy,
Eqs. (61) and (65) combine to give
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which is nothing but the HFB eigenvalue problem in the case
where time-reversal invariance is not assumed. In such a limit,
U k and Vk define the unitary Bogoliubov transformation [59]
according to

aa =
∑

k

U k
a βk + V̄k∗

a β
†
k , (67a)

a†
a =

∑

k

U k∗
a β

†
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a βk. (67b)

Moreover, normalization condition (64b) reduces in this case
to the well-known HFB identity
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∑
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∣∣Vk
a
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Let us now stress that, despite the energy independence of first-
order self-energies, some fragmentation of the single-particle
strength is already accounted for at the HFB level such that
one deals with quasiparticle degrees of freedom. In particular,
one can deduce from Eq. (68) that (generalized) spectroscopic
factors defined in Eq. (51) are already smaller than one. Such
a fragmentation is an established consequence of static pairing
correlations that are explicitly treated at the HFB level through
particle number symmetry breaking.

Finally, let us underline again that, whenever higher orders
are to be included in the calculation, first-order self-energies
(65) are self-consistently modified (in particular, through
the further fragmentation of the quasiparticle strength) such
that they no longer correspond to standard Hartree-Fock and
Bogoliubov potentials, in spite of their energy independence.
They actually correspond to the energy-independent part of
the (dynamically) correlatedself-energy.

D. Second-order self-energies

Let us now discuss second-order contributions to normal
and anomalous (irreducible) self-energies.

In Figs. 2 and 3 the four types of normal and anomalous
self-energies are depicted. The evaluation of all second-order
diagrams is performed in Appendix B. Before addressing their

FIG. 2. Second-order normal self-energies #11 (2′) (left) and
#11 (2′′) (right). See Fig. 1 for conventions.
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We extend Gorkov-Green’s function formalism to the algebraic diagrammatic construction scheme
at third order [ADC(3)].

I. INTRODUCTION

There are 17 topologically distinct diagrams contribut-
ing to Gorkov ADC(3), all containing three interaction
lines. One interaction line is always connected to the in-
coming propagator, another one to the outgoing propaga-
tor. The diagrams can be then divided into three classes
depending on the nature of the intermediate interaction
line (not connected to any external line):

• Class A (intermediate “particle-particle1”)

• Class B (intermediate “hole-hole”)

• Class C (intermediate “particle-hole”)

We can further label a diagram according to the posi-
tion of the “hole” line (first from the left, second or third)
in the top and bottom interaction respectively, i.e. each
diagram will be denoted with Xij , where X ∈ {A,B,C}
and {i, j} ∈ {1, 2, 3}. In Figs. 1, 2 and 3 diagrams of
class A, B and C respectively are displayed.

1
4

A33

1
2

A32 = A31

1
2

A23 = A13 A11 = A22 = A12 = A21

FIG. 1. Gorkov ADC(3) diagrams of class A
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1 In Dyson language.
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FIG. 2. Gorkov ADC(3) diagrams of class B
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FIG. 3. Gorkov ADC(3) diagrams of class C
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FIG. 2: (Color online) Same as Fig. 1 for a correlated system.

from zero for any combination4 of µ, p and q (⌫, p and
q) indices. The SDD is thus fragmented as schemat-
ically displayed in Figure 2, i.e. a larger number of
many-body states are reached through the direct addition
and removal of a nucleon compared to the uncorrelated
case5. Consequently, the number of peaks with non-zero
strength in the SDD is greater than the dimension of H1,
which forbids the establishment of a bijection between
this set of peaks and any basis of H1. Accordingly, and
because the SDD still integrates to the dimension of H1

by construction (see Eq. (10)), spectroscopic factors are
smaller than one. The impossibility to realize such a bi-
jection constitutes the most direct and intuitive way to
understand why observable one-nucleon separation ener-
gies cannot be rigorously associated with single-particle
energies when correlations are present in the system, i.e.
as soon as many-body eigenstates of H di↵er from Slater
determinants.

D. E↵ective single-particle energies

The discussion provided above underlines the fact that
a rigorous definition of ESPEs is yet to be provided in
the realistic context of correlated many-nucleon systems.
A key question is: how can one extract a set of single-
particle energy levels that (i) are in one-to-one correspon-

dence with a basis of H1, (ii) are independent of the par-
ticular single-particle basis one is working with, (iii) are
computable only using quantities coming out of the corre-
lated A-body Schrodinger equation and that (iv) reduce
to HF single-particle energies in the HF approximation
to the A-body problem.
Let us make the hypothesis that ideal one-nucleon pick-

up and stripping reactions have been performed such that
separation energies (E+

µ , E�

⌫ ) and spectroscopic ampli-
tudes (overlap functions) (Uµ(~r�⌧), V⌫(~r�⌧)) have been
extracted consistently, i.e. in a way that is consistent
with the chosen nuclear Hamiltonian H(⇤) defined at a
resolution scale ⇤. In such a context, a meaningful defi-
nition of ESPEs does exist and goes back to French [11]
and Baranger [12]. It involves the computation of the
so-called centroid matrix which, in an arbitrary spherical
basis of H1 {a†p}, reads

hcent

pq ⌘

X

µ2HA+1

S+pq
µ E+

µ +
X

⌫2HA�1

S�pq
⌫ E�

⌫ , (13a)

and is nothing but the first moment M(1) of the spectral
function matrix (see Eq. 9). E↵ective single-particle en-
ergies and associated states are extracted, respectively,
as eigenvalues and eigenvectors of hcent, i.e. by solving

hcent  cent

p = ecentp  cent

p , (14)

where the resulting spherical basis is denoted as {c†p}.
Written in that basis, centroid energies invoke diagonal
spectroscopic probabilities6

ecentp ⌘

X

µ2HA+1

S+pp
µ E+

µ +
X

⌫2HA�1

S�pp
⌫ E�

⌫ , (15)

and acquire the meaning of an average of one-nucleon sep-
aration energies weighted by the probability to reach the
corresponding A+1 (A-1) eigenstates by adding (remov-
ing) a nucleon to (from) the single-particle state  cent

p .
Centroid energies are by construction in one-to-one cor-
respondence with states of a single-particle basis of H1

which, as already pointed out before, is not the case of
correlated one-nucleon separation energies with non-zero
spectroscopic strength.
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⇥
<latexit sha1_base64="lWKUqcGx0PISQUjOVnDAbgrt1P0=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVUlE0GXRjcsK9gFNKJPJTTt08mBmIpRQcOOvuHGhiFt/wp1/4yTNQlsPDBzOuXfOzPFTzqSy7W+jtrK6tr5R3zS3tnd296z9g65MMkGhQxOeiL5PJHAWQ0cxxaGfCiCRz6HnT24Kv/cAQrIkvlfTFLyIjGIWMkqUlobWUe6Wl+QCgpnrh9hVLAI5M01zaDXspl0CLxOnIg1UoT20vtwgoVkEsaKcSDlw7FR5ORGKUQ4z080kpIROyAgGmsZEB3l5GT/Dp1oJcJgIfWKFS/X3Rk4iKaeRrycjosZy0SvE/7xBpsIrL2dxmimI6TwozDhWCS4KwQETQBWfakKoYPqtmI6JIFTp2ooSnMUvL5PuedOxm87dRaN1XdVRR8foBJ0hB12iFrpFbdRBFD2iZ/SK3own48V4Nz7mozWj2jlEf2B8/gA7B5c1</latexit><latexit sha1_base64="lWKUqcGx0PISQUjOVnDAbgrt1P0=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVUlE0GXRjcsK9gFNKJPJTTt08mBmIpRQcOOvuHGhiFt/wp1/4yTNQlsPDBzOuXfOzPFTzqSy7W+jtrK6tr5R3zS3tnd296z9g65MMkGhQxOeiL5PJHAWQ0cxxaGfCiCRz6HnT24Kv/cAQrIkvlfTFLyIjGIWMkqUlobWUe6Wl+QCgpnrh9hVLAI5M01zaDXspl0CLxOnIg1UoT20vtwgoVkEsaKcSDlw7FR5ORGKUQ4z080kpIROyAgGmsZEB3l5GT/Dp1oJcJgIfWKFS/X3Rk4iKaeRrycjosZy0SvE/7xBpsIrL2dxmimI6TwozDhWCS4KwQETQBWfakKoYPqtmI6JIFTp2ooSnMUvL5PuedOxm87dRaN1XdVRR8foBJ0hB12iFrpFbdRBFD2iZ/SK3own48V4Nz7mozWj2jlEf2B8/gA7B5c1</latexit><latexit sha1_base64="lWKUqcGx0PISQUjOVnDAbgrt1P0=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVUlE0GXRjcsK9gFNKJPJTTt08mBmIpRQcOOvuHGhiFt/wp1/4yTNQlsPDBzOuXfOzPFTzqSy7W+jtrK6tr5R3zS3tnd296z9g65MMkGhQxOeiL5PJHAWQ0cxxaGfCiCRz6HnT24Kv/cAQrIkvlfTFLyIjGIWMkqUlobWUe6Wl+QCgpnrh9hVLAI5M01zaDXspl0CLxOnIg1UoT20vtwgoVkEsaKcSDlw7FR5ORGKUQ4z080kpIROyAgGmsZEB3l5GT/Dp1oJcJgIfWKFS/X3Rk4iKaeRrycjosZy0SvE/7xBpsIrL2dxmimI6TwozDhWCS4KwQETQBWfakKoYPqtmI6JIFTp2ooSnMUvL5PuedOxm87dRaN1XdVRR8foBJ0hB12iFrpFbdRBFD2iZ/SK3own48V4Nz7mozWj2jlEf2B8/gA7B5c1</latexit><latexit sha1_base64="lWKUqcGx0PISQUjOVnDAbgrt1P0=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVUlE0GXRjcsK9gFNKJPJTTt08mBmIpRQcOOvuHGhiFt/wp1/4yTNQlsPDBzOuXfOzPFTzqSy7W+jtrK6tr5R3zS3tnd296z9g65MMkGhQxOeiL5PJHAWQ0cxxaGfCiCRz6HnT24Kv/cAQrIkvlfTFLyIjGIWMkqUlobWUe6Wl+QCgpnrh9hVLAI5M01zaDXspl0CLxOnIg1UoT20vtwgoVkEsaKcSDlw7FR5ORGKUQ4z080kpIROyAgGmsZEB3l5GT/Dp1oJcJgIfWKFS/X3Rk4iKaeRrycjosZy0SvE/7xBpsIrL2dxmimI6TwozDhWCS4KwQETQBWfakKoYPqtmI6JIFTp2ooSnMUvL5PuedOxm87dRaN1XdVRR8foBJ0hB12iFrpFbdRBFD2iZ/SK3own48V4Nz7mozWj2jlEf2B8/gA7B5c1</latexit>

⇥
<latexit sha1_base64="lWKUqcGx0PISQUjOVnDAbgrt1P0=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVUlE0GXRjcsK9gFNKJPJTTt08mBmIpRQcOOvuHGhiFt/wp1/4yTNQlsPDBzOuXfOzPFTzqSy7W+jtrK6tr5R3zS3tnd296z9g65MMkGhQxOeiL5PJHAWQ0cxxaGfCiCRz6HnT24Kv/cAQrIkvlfTFLyIjGIWMkqUlobWUe6Wl+QCgpnrh9hVLAI5M01zaDXspl0CLxOnIg1UoT20vtwgoVkEsaKcSDlw7FR5ORGKUQ4z080kpIROyAgGmsZEB3l5GT/Dp1oJcJgIfWKFS/X3Rk4iKaeRrycjosZy0SvE/7xBpsIrL2dxmimI6TwozDhWCS4KwQETQBWfakKoYPqtmI6JIFTp2ooSnMUvL5PuedOxm87dRaN1XdVRR8foBJ0hB12iFrpFbdRBFD2iZ/SK3own48V4Nz7mozWj2jlEf2B8/gA7B5c1</latexit><latexit sha1_base64="lWKUqcGx0PISQUjOVnDAbgrt1P0=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVUlE0GXRjcsK9gFNKJPJTTt08mBmIpRQcOOvuHGhiFt/wp1/4yTNQlsPDBzOuXfOzPFTzqSy7W+jtrK6tr5R3zS3tnd296z9g65MMkGhQxOeiL5PJHAWQ0cxxaGfCiCRz6HnT24Kv/cAQrIkvlfTFLyIjGIWMkqUlobWUe6Wl+QCgpnrh9hVLAI5M01zaDXspl0CLxOnIg1UoT20vtwgoVkEsaKcSDlw7FR5ORGKUQ4z080kpIROyAgGmsZEB3l5GT/Dp1oJcJgIfWKFS/X3Rk4iKaeRrycjosZy0SvE/7xBpsIrL2dxmimI6TwozDhWCS4KwQETQBWfakKoYPqtmI6JIFTp2ooSnMUvL5PuedOxm87dRaN1XdVRR8foBJ0hB12iFrpFbdRBFD2iZ/SK3own48V4Nz7mozWj2jlEf2B8/gA7B5c1</latexit><latexit sha1_base64="lWKUqcGx0PISQUjOVnDAbgrt1P0=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVUlE0GXRjcsK9gFNKJPJTTt08mBmIpRQcOOvuHGhiFt/wp1/4yTNQlsPDBzOuXfOzPFTzqSy7W+jtrK6tr5R3zS3tnd296z9g65MMkGhQxOeiL5PJHAWQ0cxxaGfCiCRz6HnT24Kv/cAQrIkvlfTFLyIjGIWMkqUlobWUe6Wl+QCgpnrh9hVLAI5M01zaDXspl0CLxOnIg1UoT20vtwgoVkEsaKcSDlw7FR5ORGKUQ4z080kpIROyAgGmsZEB3l5GT/Dp1oJcJgIfWKFS/X3Rk4iKaeRrycjosZy0SvE/7xBpsIrL2dxmimI6TwozDhWCS4KwQETQBWfakKoYPqtmI6JIFTp2ooSnMUvL5PuedOxm87dRaN1XdVRR8foBJ0hB12iFrpFbdRBFD2iZ/SK3own48V4Nz7mozWj2jlEf2B8/gA7B5c1</latexit><latexit sha1_base64="lWKUqcGx0PISQUjOVnDAbgrt1P0=">AAACA3icbVDLSsNAFJ3UV42vqDvdDBbBVUlE0GXRjcsK9gFNKJPJTTt08mBmIpRQcOOvuHGhiFt/wp1/4yTNQlsPDBzOuXfOzPFTzqSy7W+jtrK6tr5R3zS3tnd296z9g65MMkGhQxOeiL5PJHAWQ0cxxaGfCiCRz6HnT24Kv/cAQrIkvlfTFLyIjGIWMkqUlobWUe6Wl+QCgpnrh9hVLAI5M01zaDXspl0CLxOnIg1UoT20vtwgoVkEsaKcSDlw7FR5ORGKUQ4z080kpIROyAgGmsZEB3l5GT/Dp1oJcJgIfWKFS/X3Rk4iKaeRrycjosZy0SvE/7xBpsIrL2dxmimI6TwozDhWCS4KwQETQBWfakKoYPqtmI6JIFTp2ooSnMUvL5PuedOxm87dRaN1XdVRR8foBJ0hB12iFrpFbdRBFD2iZ/SK3own48V4Nz7mozWj2jlEf2B8/gA7B5c1</latexit>

⌦ = H� �A
<latexit sha1_base64="f0TPKzpzTUPLvtAHym3mj1+VmuI=">AAACDHicbVDLSsNAFJ3UV42vqks3g0VwY0lE0I1QddOdFewDmlBuJpN26OTBzEQooR/gxl9x40IRt36AO//GSZuFth4YOJx77p17j5dwJpVlfRulpeWV1bXyurmxubW9U9nda8s4FYS2SMxj0fVAUs4i2lJMcdpNBIXQ47TjjW7yeueBCsni6F6NE+qGMIhYwAgoLfUrVec2pAPAl9gJQQ0J8KwxwSfY4XqGD/jKNE3tsmrWFHiR2AWpogLNfuXL8WOShjRShIOUPdtKlJuBUIxwOjGdVNIEyAgGtKdpBCGVbjY9ZoKPtOLjIBb6RQpP1d8dGYRSjkNPO/ON5XwtF/+r9VIVXLgZi5JU0YjMPgpSjlWM82SwzwQlio81ASKY3hWTIQggSueXh2DPn7xI2qc126rZd2fV+nURRxkdoEN0jGx0juqogZqohQh6RM/oFb0ZT8aL8W58zKwlo+jZR39gfP4A3bSY6g==</latexit><latexit sha1_base64="f0TPKzpzTUPLvtAHym3mj1+VmuI=">AAACDHicbVDLSsNAFJ3UV42vqks3g0VwY0lE0I1QddOdFewDmlBuJpN26OTBzEQooR/gxl9x40IRt36AO//GSZuFth4YOJx77p17j5dwJpVlfRulpeWV1bXyurmxubW9U9nda8s4FYS2SMxj0fVAUs4i2lJMcdpNBIXQ47TjjW7yeueBCsni6F6NE+qGMIhYwAgoLfUrVec2pAPAl9gJQQ0J8KwxwSfY4XqGD/jKNE3tsmrWFHiR2AWpogLNfuXL8WOShjRShIOUPdtKlJuBUIxwOjGdVNIEyAgGtKdpBCGVbjY9ZoKPtOLjIBb6RQpP1d8dGYRSjkNPO/ON5XwtF/+r9VIVXLgZi5JU0YjMPgpSjlWM82SwzwQlio81ASKY3hWTIQggSueXh2DPn7xI2qc126rZd2fV+nURRxkdoEN0jGx0juqogZqohQh6RM/oFb0ZT8aL8W58zKwlo+jZR39gfP4A3bSY6g==</latexit><latexit sha1_base64="f0TPKzpzTUPLvtAHym3mj1+VmuI=">AAACDHicbVDLSsNAFJ3UV42vqks3g0VwY0lE0I1QddOdFewDmlBuJpN26OTBzEQooR/gxl9x40IRt36AO//GSZuFth4YOJx77p17j5dwJpVlfRulpeWV1bXyurmxubW9U9nda8s4FYS2SMxj0fVAUs4i2lJMcdpNBIXQ47TjjW7yeueBCsni6F6NE+qGMIhYwAgoLfUrVec2pAPAl9gJQQ0J8KwxwSfY4XqGD/jKNE3tsmrWFHiR2AWpogLNfuXL8WOShjRShIOUPdtKlJuBUIxwOjGdVNIEyAgGtKdpBCGVbjY9ZoKPtOLjIBb6RQpP1d8dGYRSjkNPO/ON5XwtF/+r9VIVXLgZi5JU0YjMPgpSjlWM82SwzwQlio81ASKY3hWTIQggSueXh2DPn7xI2qc126rZd2fV+nURRxkdoEN0jGx0juqogZqohQh6RM/oFb0ZT8aL8W58zKwlo+jZR39gfP4A3bSY6g==</latexit><latexit sha1_base64="f0TPKzpzTUPLvtAHym3mj1+VmuI=">AAACDHicbVDLSsNAFJ3UV42vqks3g0VwY0lE0I1QddOdFewDmlBuJpN26OTBzEQooR/gxl9x40IRt36AO//GSZuFth4YOJx77p17j5dwJpVlfRulpeWV1bXyurmxubW9U9nda8s4FYS2SMxj0fVAUs4i2lJMcdpNBIXQ47TjjW7yeueBCsni6F6NE+qGMIhYwAgoLfUrVec2pAPAl9gJQQ0J8KwxwSfY4XqGD/jKNE3tsmrWFHiR2AWpogLNfuXL8WOShjRShIOUPdtKlJuBUIxwOjGdVNIEyAgGtKdpBCGVbjY9ZoKPtOLjIBb6RQpP1d8dGYRSjkNPO/ON5XwtF/+r9VIVXLgZi5JU0YjMPgpSjlWM82SwzwQlio81ASKY3hWTIQggSueXh2DPn7xI2qc126rZd2fV+nURRxkdoEN0jGx0juqogZqohQh6RM/oFb0ZT8aL8W58zKwlo+jZR39gfP4A3bSY6g==</latexit>

Gorkov diagrammatic for SCGF [Somà, Duguet & Barbieri 2011]
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<latexit sha1_base64="CYvJbaxrSmWa3F7pwn0AIaccd6o="></latexit><latexit sha1_base64="CYvJbaxrSmWa3F7pwn0AIaccd6o="></latexit><latexit sha1_base64="CYvJbaxrSmWa3F7pwn0AIaccd6o="></latexit><latexit sha1_base64="CYvJbaxrSmWa3F7pwn0AIaccd6o="></latexit>
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<latexit sha1_base64="j+tgrAmN7QAL7wsFxHPLWmGiL8c="></latexit><latexit sha1_base64="j+tgrAmN7QAL7wsFxHPLWmGiL8c="></latexit><latexit sha1_base64="j+tgrAmN7QAL7wsFxHPLWmGiL8c="></latexit><latexit sha1_base64="j+tgrAmN7QAL7wsFxHPLWmGiL8c="></latexit>

⌃11(1)
<latexit sha1_base64="DdCWz1mXdUnb4Vq2tQIW+xoaiaI=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBItQN2Uigi6LblxWtA9ox5JJM21okhmSjFCGgr/ixoUibv0Od/6NmekstPXAhcM593LvPUHMmTae9+0sLa+srq2XNsqbW9s7u+7efktHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHyd+e1HqjSL5L2ZxNQXeChZyAg2Vuq7h707NhT4IUUIVtHptJyj71a8mpcDLhJUkAoo0Oi7X71BRBJBpSEca91FXmz8FCvDCKfTci/RNMZkjIe0a6nEgmo/zc+fwhOrDGAYKVvSwFz9PZFiofVEBLZTYDPS814m/ud1ExNe+imTcWKoJLNFYcKhiWCWBRwwRYnhE0swUczeCskIK0yMTSwLAc2/vEhaZzXk1dDteaV+VcRRAkfgGFQBAhegDm5AAzQBASl4Bq/gzXlyXpx352PWuuQUMwfgD5zPHzVzkmA=</latexit><latexit sha1_base64="DdCWz1mXdUnb4Vq2tQIW+xoaiaI=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBItQN2Uigi6LblxWtA9ox5JJM21okhmSjFCGgr/ixoUibv0Od/6NmekstPXAhcM593LvPUHMmTae9+0sLa+srq2XNsqbW9s7u+7efktHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHyd+e1HqjSL5L2ZxNQXeChZyAg2Vuq7h707NhT4IUUIVtHptJyj71a8mpcDLhJUkAoo0Oi7X71BRBJBpSEca91FXmz8FCvDCKfTci/RNMZkjIe0a6nEgmo/zc+fwhOrDGAYKVvSwFz9PZFiofVEBLZTYDPS814m/ud1ExNe+imTcWKoJLNFYcKhiWCWBRwwRYnhE0swUczeCskIK0yMTSwLAc2/vEhaZzXk1dDteaV+VcRRAkfgGFQBAhegDm5AAzQBASl4Bq/gzXlyXpx352PWuuQUMwfgD5zPHzVzkmA=</latexit><latexit sha1_base64="DdCWz1mXdUnb4Vq2tQIW+xoaiaI=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBItQN2Uigi6LblxWtA9ox5JJM21okhmSjFCGgr/ixoUibv0Od/6NmekstPXAhcM593LvPUHMmTae9+0sLa+srq2XNsqbW9s7u+7efktHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHyd+e1HqjSL5L2ZxNQXeChZyAg2Vuq7h707NhT4IUUIVtHptJyj71a8mpcDLhJUkAoo0Oi7X71BRBJBpSEca91FXmz8FCvDCKfTci/RNMZkjIe0a6nEgmo/zc+fwhOrDGAYKVvSwFz9PZFiofVEBLZTYDPS814m/ud1ExNe+imTcWKoJLNFYcKhiWCWBRwwRYnhE0swUczeCskIK0yMTSwLAc2/vEhaZzXk1dDteaV+VcRRAkfgGFQBAhegDm5AAzQBASl4Bq/gzXlyXpx352PWuuQUMwfgD5zPHzVzkmA=</latexit><latexit sha1_base64="DdCWz1mXdUnb4Vq2tQIW+xoaiaI=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBItQN2Uigi6LblxWtA9ox5JJM21okhmSjFCGgr/ixoUibv0Od/6NmekstPXAhcM593LvPUHMmTae9+0sLa+srq2XNsqbW9s7u+7efktHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHyd+e1HqjSL5L2ZxNQXeChZyAg2Vuq7h707NhT4IUUIVtHptJyj71a8mpcDLhJUkAoo0Oi7X71BRBJBpSEca91FXmz8FCvDCKfTci/RNMZkjIe0a6nEgmo/zc+fwhOrDGAYKVvSwFz9PZFiofVEBLZTYDPS814m/ud1ExNe+imTcWKoJLNFYcKhiWCWBRwwRYnhE0swUczeCskIK0yMTSwLAc2/vEhaZzXk1dDteaV+VcRRAkfgGFQBAhegDm5AAzQBASl4Bq/gzXlyXpx352PWuuQUMwfgD5zPHzVzkmA=</latexit>

⌃12(1)
<latexit sha1_base64="ZH9I46jo2cru9vzHvfpHb8i/ojc=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEuimTIuiy6MZlRfuAdiyZNG1Dk8yQZIQyFPwVNy4Ucet3uPNvzExnoa0HLhzOuZd77wkizrTxvG+nsLK6tr5R3Cxtbe/s7rn7By0dxorQJgl5qDoB1pQzSZuGGU47kaJYBJy2g8l16rcfqdIslPdmGlFf4JFkQ0awsVLfPerdsZHADwmqwQo6m5Uy9N2yV/UywGWCclIGORp996s3CEksqDSEY627yIuMn2BlGOF0VurFmkaYTPCIdi2VWFDtJ9n5M3hqlQEchsqWNDBTf08kWGg9FYHtFNiM9aKXiv953dgML/2EySg2VJL5omHMoQlhmgUcMEWJ4VNLMFHM3grJGCtMjE0sDQEtvrxMWrUq8qro9rxcv8rjKIJjcAIqAIELUAc3oAGagIAEPINX8OY8OS/Ou/Mxby04+cwh+APn8wc3ApJh</latexit><latexit sha1_base64="ZH9I46jo2cru9vzHvfpHb8i/ojc=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEuimTIuiy6MZlRfuAdiyZNG1Dk8yQZIQyFPwVNy4Ucet3uPNvzExnoa0HLhzOuZd77wkizrTxvG+nsLK6tr5R3Cxtbe/s7rn7By0dxorQJgl5qDoB1pQzSZuGGU47kaJYBJy2g8l16rcfqdIslPdmGlFf4JFkQ0awsVLfPerdsZHADwmqwQo6m5Uy9N2yV/UywGWCclIGORp996s3CEksqDSEY627yIuMn2BlGOF0VurFmkaYTPCIdi2VWFDtJ9n5M3hqlQEchsqWNDBTf08kWGg9FYHtFNiM9aKXiv953dgML/2EySg2VJL5omHMoQlhmgUcMEWJ4VNLMFHM3grJGCtMjE0sDQEtvrxMWrUq8qro9rxcv8rjKIJjcAIqAIELUAc3oAGagIAEPINX8OY8OS/Ou/Mxby04+cwh+APn8wc3ApJh</latexit><latexit sha1_base64="ZH9I46jo2cru9vzHvfpHb8i/ojc=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEuimTIuiy6MZlRfuAdiyZNG1Dk8yQZIQyFPwVNy4Ucet3uPNvzExnoa0HLhzOuZd77wkizrTxvG+nsLK6tr5R3Cxtbe/s7rn7By0dxorQJgl5qDoB1pQzSZuGGU47kaJYBJy2g8l16rcfqdIslPdmGlFf4JFkQ0awsVLfPerdsZHADwmqwQo6m5Uy9N2yV/UywGWCclIGORp996s3CEksqDSEY627yIuMn2BlGOF0VurFmkaYTPCIdi2VWFDtJ9n5M3hqlQEchsqWNDBTf08kWGg9FYHtFNiM9aKXiv953dgML/2EySg2VJL5omHMoQlhmgUcMEWJ4VNLMFHM3grJGCtMjE0sDQEtvrxMWrUq8qro9rxcv8rjKIJjcAIqAIELUAc3oAGagIAEPINX8OY8OS/Ou/Mxby04+cwh+APn8wc3ApJh</latexit><latexit sha1_base64="ZH9I46jo2cru9vzHvfpHb8i/ojc=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEuimTIuiy6MZlRfuAdiyZNG1Dk8yQZIQyFPwVNy4Ucet3uPNvzExnoa0HLhzOuZd77wkizrTxvG+nsLK6tr5R3Cxtbe/s7rn7By0dxorQJgl5qDoB1pQzSZuGGU47kaJYBJy2g8l16rcfqdIslPdmGlFf4JFkQ0awsVLfPerdsZHADwmqwQo6m5Uy9N2yV/UywGWCclIGORp996s3CEksqDSEY627yIuMn2BlGOF0VurFmkaYTPCIdi2VWFDtJ9n5M3hqlQEchsqWNDBTf08kWGg9FYHtFNiM9aKXiv953dgML/2EySg2VJL5omHMoQlhmgUcMEWJ4VNLMFHM3grJGCtMjE0sDQEtvrxMWrUq8qro9rxcv8rjKIJjcAIqAIELUAc3oAGagIAEPINX8OY8OS/Ou/Mxby04+cwh+APn8wc3ApJh</latexit>
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We extend Gorkov-Green’s function formalism to the algebraic diagrammatic construction scheme
at third order [ADC(3)].

I. INTRODUCTION

There are 17 topologically distinct diagrams contribut-
ing to Gorkov ADC(3), all containing three interaction
lines. One interaction line is always connected to the in-
coming propagator, another one to the outgoing propaga-
tor. The diagrams can be then divided into three classes
depending on the nature of the intermediate interaction
line (not connected to any external line):

• Class A (intermediate “particle-particle1”)

• Class B (intermediate “hole-hole”)

• Class C (intermediate “particle-hole”)

We can further label a diagram according to the posi-
tion of the “hole” line (first from the left, second or third)
in the top and bottom interaction respectively, i.e. each
diagram will be denoted with Xij , where X ∈ {A,B,C}
and {i, j} ∈ {1, 2, 3}. In Figs. 1, 2 and 3 diagrams of
class A, B and C respectively are displayed.
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FIG. 1. Gorkov ADC(3) diagrams of class A
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Observables: g.s. energy and one-body operators
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Lehmann representation of the one-body Green’s function 

Spectroscopic factors

   One-body density matrix/observables

Ex: radii, charge distribution
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Observables: Excitation spectra

One-nucleon addition 
separation energies

One-nucleon removal 
separation energies
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Lehmann representation of the one-body Green’s function 

spectroscopic factors

4

Tracing the latter matrices over the one-body Hilbert space H1 provides spectroscopic factors
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which are nothing but the norms of the spectroscopic amplitudes. A spectroscopic factor sums the probabilities that
an eigenstate of the A+1 (A-1) system can be described as a nucleon added to (removed from) a single-particle state
on top of the ground state of the A-nucleon system.

One can then gather the complete spectroscopic information associated with one-nucleon addition and removal
processes into the so-called spectral function S(!). The spectral function denotes an energy-dependent matrix defined
on H1 through
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where the first (second) sum is restricted to eigenstates of H in the Hilbert space HA+1 (HA�1) associated with the
A+1 (A-1) system. Note that S(!) is directly related to the imaginary part of Dyson’s one-body Green’s function
G(!) [? ]. Taking the trace of S(!) provides the spectral strength distribution (SDD)
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which is a basis-independent function of the energy.

}

⦿ Combine numerator and denominator of Lehmann representation
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Spectral representation
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Chiral Hamiltonians

{ADC(2)

ADC(3)

NN+3N(400) (~2010) 
[Entem & Machleidt 2003, Navrátil 2007]

 NNLOsat  (2015)
[Ekström et al. 2015]

 NN+3N(lnl)  (2018)
[Entem & Machleidt 2003, Navrátil 2018]

ACa

!EFT Expansion Fit Regulator Features

NN+3N(400)  N3LO NN 
+ N2LO 3N

fit X-body sector 
on X-body data Local Overbinding, 

Radii too small

 NNLOsat  N2LO fit many-body 
data (O and C)

Local/
Nonlocal

BE and radii up to Ca,
Few-body syst deteriorated

NN+3N(lnl)  N3LO NN 
+ N2LO 3N

fit X-body sector 
on X-body data

Local/
Nonlocal

Mid-mass and heavy 
systems? Radii?

SRG #=2.0 fm-1

SRG #=2.0 fm-1



Charge radii in Oxygen isotopes

• Radii difficult to reproduce for 
    current !EFT Hamiltonians 
    (NNLOsat fitted to Oxygen)

• NN+3N(lnl) improves w.r.t. 
    NN+3N(400)

• Relative radii may correct 
systematic errors (choice of ℏ$, 

inconsistent SRG evolution)
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Charge radii in Calcium isotopes

• NN+3N(lnl) improves significantly  
    with respect to NN+3N(400) 

• NN+3N(lnl): 5-6% underestimation  
    of experimental values   

• Current chiral interaction cannot 
       reproduce radii (unless fitted)

• No account of parabolic  
trend 40Ca-48Ca 
(missing high-order  
mp-mh excitations) 

• Steep slope leading to 52Ca 
    not reproduced 
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Charge radii in Nickel isotopes

• NNLOsat  maintains good 
reproduction of charge radii  

  in A~60 region 

• Trend of experimental data  
  reproduced 

• Predicted kink at 56Ni  
 (signature of shell closure)  

• Different trends predicted in the 
neutron-deficient region
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One-neutron addition (49Ca) removal (47Ca) spectra

 47Ca: f7/2 and 1s1/2-d3/2 levels position
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• N=20 gap overestimated 
• ADC(3) increases levels density

✔ Computed spectra too spread out
 49Ca:  pf-shell levels position
✔ Agreement with exp. spectra

• N=28 and N=32 gaps under control 
• ADC(3) refines splitting



One-nucleon addition (55Ca,55Sc) removal (53Ca,53K) spectra

• ADC(3) corrections larger for the harder (no SRG evolution) NNLOsat 

• NN+3N(lnl) better than NNLOsat :
✴ correct splitting in 53Ca
✴ right g.s. spin assignment in 53K 
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Spectra of K isotopes

 g.s. spin inversion and re-inversion

Laser spectroscopy of Potassium with COLLAPS @ ISOLDEJ. PAPUGA et al. PHYSICAL REVIEW C 90, 034321 (2014)

FIG. 1. (Color online) Experimental energies for 1/2+ and 3/2+

states in odd-A K isotopes. Inversion of the nuclear spin is obtained in
47,49K and reinversion back in 51K. Results are taken from [16,23–25].
Ground-state spin for 49K and 51K were established [22].

of the orbitals is driven by the monopole part of the proton-
neutron interaction, which can be decomposed into three com-
ponents: the central, vector, and tensor. Initially Otsuka et al.
[12] suggested that the evolution of the ESPEs is mainly due to
the tensor component. However, in more recent publications
[11,13,14] several authors have shown that both the tensor
term as well as the central term have to be considered.

Regarding the shell model, potassium isotopes are excellent
probes for this study, with only one proton less than the magic
number Z = 20. Nevertheless, little and especially conflicting
information is available so far for the neutron-rich potassium
isotopes. Level schemes based on the tentatively assigned spins
of the ground state were provided for 48K [15] and 49K [16]. In
addition, an extensive discussion was presented by Gaudefroy
[17] on the energy levels and configurations of N = 27,28,
and 29 isotones in the shell-model framework and compared
to the experimental observation, where available. However, the
predicted spin of 2− for 48K, is in contradiction with Iπ = (1−)
proposed by Królas et al. [15]. In addition, the nuclear spin of
the ground state of 50K was proposed to be 0− [18] in contrast
to the recent β-decay studies where it was suggested to be
1− [19]. The ground state spin-parity of 49K was tentatively
assigned to be (1/2+) by Broda et al. [16], contrary to the
earlier tentative (3/2+) assignment from β-decay spectroscopy
[20]. For 51K, the nuclear spin was tentatively assigned to be
(3/2+) by Perrot et al. [21].

Our recent hyperfine structure measurements of potassium
isotopes using the collinear laser spectroscopy technique
provided unambiguous spin values for 48–51K and gave the
answer to the question as to what happens with the proton sd
orbitals for isotopes beyond N = 28. By measuring the nuclear
spins of 49K and 51K to be 1/2 and 3/2 [22], respectively,
the evolution of these two states in the potassium isotopes
is firmly established. This is presented in Fig. 1 for isotopes
from N = 18 up to N = 32 where the inversion of the states
is observed at N = 28 followed by the reinversion back at
N = 32. In addition, we have confirmed a spin-parity 1− for
48K and 0− for 50K [26]. The measured magnetic moments
of 48–51K were not discussed in detail so far and will be
presented in this article. Additionally, based on the comparison
between experimental data and shell-model calculations, the
configuration of the ground-state wave functions will be

FIG. 2. (Color online) Schematic representation of the setup for
collinear laser spectroscopy at ISOLDE.

addressed as well. Finally, ab initio Gorkov-Green’s function
calculations of the odd-A isotopes will be discussed.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the collinear laser
spectroscopy beam line COLLAPS [27] at ISOLDE/CERN.
The radioactive ion beam was produced by 1.4-GeV protons
(beam current about 1.7 µA) impinging on a thick UCx target
(45 g/cm2). Ionization of the resulting fragments was achieved
by the surface ion source. The target and the ionizing tube
were heated to around 2000 ◦C. The accelerated ions (up to
40 kV) were mass separated by the high resolution separator
(HRS). The gas-filled Paul trap (ISCOOL) [28,29] was used
for cooling and bunching of the ions. Multiple bunches spaced
by 90 ms were generated after each proton pulse. The bunched
ions were guided to the setup for collinear laser spectroscopy
where they were superimposed with the laser. A schematic
representation of the beam line for collinear laser spectroscopy
is shown in Fig. 2.

A cw titanium:sapphire (Ti:Sa) laser was operated close
to the Doppler-shifted 4s 2S1/2 → 4p 2P1/2 transition at
769.9 nm, providing around 1 mW power into the beam
line. Stabilization of the laser system during the experiment
was ensured by locking the laser to a reference Fabry-Perot
interferometer maintained under vacuum, which in turn was
locked to a frequency stabilized helium-neon (HeNe) laser.
An applied voltage of ±10 kV on the charge exchange cell
(CEC) provided the Doppler tuning for the ions, which
were neutralized through the collisions with potassium vapor.
Scanning of the hyperfine structure (hfs) was performed by
applying an additional voltage in a range of ±500 V. The
resonance photons were recorded by four photomultiplier
tubes (PMT) placed immediately after the CEC. By gating
the signal on the PMTs to the fluorescence photons from the
bunches, the signal was only recorded for about 6 µs when
the bunches were in front of the PMTs. Consequently, the
background related to the scattered laser light was suppressed
by a factor ∼104 (6 µs/90 ms). More details about the setup
can be found in Ref. [26].

III. RESULTS

In Fig. 3 typical hyperfine spectra for 48–51K are shown.
The raw data are saved as counts versus scanning voltage. The
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of the orbitals is driven by the monopole part of the proton-
neutron interaction, which can be decomposed into three com-
ponents: the central, vector, and tensor. Initially Otsuka et al.
[12] suggested that the evolution of the ESPEs is mainly due to
the tensor component. However, in more recent publications
[11,13,14] several authors have shown that both the tensor
term as well as the central term have to be considered.

Regarding the shell model, potassium isotopes are excellent
probes for this study, with only one proton less than the magic
number Z = 20. Nevertheless, little and especially conflicting
information is available so far for the neutron-rich potassium
isotopes. Level schemes based on the tentatively assigned spins
of the ground state were provided for 48K [15] and 49K [16]. In
addition, an extensive discussion was presented by Gaudefroy
[17] on the energy levels and configurations of N = 27,28,
and 29 isotones in the shell-model framework and compared
to the experimental observation, where available. However, the
predicted spin of 2− for 48K, is in contradiction with Iπ = (1−)
proposed by Królas et al. [15]. In addition, the nuclear spin of
the ground state of 50K was proposed to be 0− [18] in contrast
to the recent β-decay studies where it was suggested to be
1− [19]. The ground state spin-parity of 49K was tentatively
assigned to be (1/2+) by Broda et al. [16], contrary to the
earlier tentative (3/2+) assignment from β-decay spectroscopy
[20]. For 51K, the nuclear spin was tentatively assigned to be
(3/2+) by Perrot et al. [21].

Our recent hyperfine structure measurements of potassium
isotopes using the collinear laser spectroscopy technique
provided unambiguous spin values for 48–51K and gave the
answer to the question as to what happens with the proton sd
orbitals for isotopes beyond N = 28. By measuring the nuclear
spins of 49K and 51K to be 1/2 and 3/2 [22], respectively,
the evolution of these two states in the potassium isotopes
is firmly established. This is presented in Fig. 1 for isotopes
from N = 18 up to N = 32 where the inversion of the states
is observed at N = 28 followed by the reinversion back at
N = 32. In addition, we have confirmed a spin-parity 1− for
48K and 0− for 50K [26]. The measured magnetic moments
of 48–51K were not discussed in detail so far and will be
presented in this article. Additionally, based on the comparison
between experimental data and shell-model calculations, the
configuration of the ground-state wave functions will be
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addressed as well. Finally, ab initio Gorkov-Green’s function
calculations of the odd-A isotopes will be discussed.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the collinear laser
spectroscopy beam line COLLAPS [27] at ISOLDE/CERN.
The radioactive ion beam was produced by 1.4-GeV protons
(beam current about 1.7 µA) impinging on a thick UCx target
(45 g/cm2). Ionization of the resulting fragments was achieved
by the surface ion source. The target and the ionizing tube
were heated to around 2000 ◦C. The accelerated ions (up to
40 kV) were mass separated by the high resolution separator
(HRS). The gas-filled Paul trap (ISCOOL) [28,29] was used
for cooling and bunching of the ions. Multiple bunches spaced
by 90 ms were generated after each proton pulse. The bunched
ions were guided to the setup for collinear laser spectroscopy
where they were superimposed with the laser. A schematic
representation of the beam line for collinear laser spectroscopy
is shown in Fig. 2.

A cw titanium:sapphire (Ti:Sa) laser was operated close
to the Doppler-shifted 4s 2S1/2 → 4p 2P1/2 transition at
769.9 nm, providing around 1 mW power into the beam
line. Stabilization of the laser system during the experiment
was ensured by locking the laser to a reference Fabry-Perot
interferometer maintained under vacuum, which in turn was
locked to a frequency stabilized helium-neon (HeNe) laser.
An applied voltage of ±10 kV on the charge exchange cell
(CEC) provided the Doppler tuning for the ions, which
were neutralized through the collisions with potassium vapor.
Scanning of the hyperfine structure (hfs) was performed by
applying an additional voltage in a range of ±500 V. The
resonance photons were recorded by four photomultiplier
tubes (PMT) placed immediately after the CEC. By gating
the signal on the PMTs to the fluorescence photons from the
bunches, the signal was only recorded for about 6 µs when
the bunches were in front of the PMTs. Consequently, the
background related to the scattered laser light was suppressed
by a factor ∼104 (6 µs/90 ms). More details about the setup
can be found in Ref. [26].

III. RESULTS

In Fig. 3 typical hyperfine spectra for 48–51K are shown.
The raw data are saved as counts versus scanning voltage. The
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Electromagnetic response in SCGF

OBSERVABLES

PHOTOABSORPTION CROSS SECTION

ELECTRIC DIPOLE POLARIZABILITY

Response          depends on excited states of the nuclear system, 
when “probed” with dipole operator 

s.p. matrix element of the 
dipole one-body operator

Nuclear structure component:
Transition density matrix

<a|D̂|b>
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  Polarization propagator and Bethe-Salpeter equation

Πγδ,αβ(ω) = ∑
n

< ΨA
0 |a†

δ aγ |ΨA
n > < ΨA

n |a†
αaβ |ΨA

0 >
ℏω − (EAn − EA

0 ) + iη
Two-body 

Propagator

ϵπ
n ≡ EA

n − EA
0

Energies of the excited states  
of the A-nucleon system

Πγδ,αβ(ω) = Πf
γδ,αβ(ω) + Πf

γδ,μρ(ω)K(p−h )
μσ,ρν (ω)Πνσ,αβ(ω)

Equation for the polarization propagator 

Free polarization 
Propagator

p-h kernel



  Approximated solution of the Bethe-Salpeter equation

Πγδ,αβ(ω) = Πf
γδ,αβ(ω) + Πf

γδ,μρ(ω)K(p−h )
μσ,ρν (ω)Πνσ,αβ(ω)

RPA

Fig. from PRC 68, 014311 (2003)

Extension of the RPA: 1) Fully-dressed (correlated) single-particle 
                                              propagator in the RPA diagrams  

                                          
                                          2) Reduction of the number of poles of the  
                                              dressed propagator

C. Barbieri, W. Dickhoff  PRC 68, 014311 (2003)

C. Barbieri, M. Hjorth-Jensen  PRC 79, 064313 (2009)



                      Features of the calculation
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• NN and 3N nuclear interaction NNLOsat

• Electric dipole operator E1
• Single-particle harmonic oscillator basis (Nmax,         )  

%(&D, Nmax)=2% %(&D,    )=1.5%ℏω

ℏω

• Dyson (Number conserving) SCGF



                     Discrete spectrum convolution
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                  Many-body truncation convergence

Convergence wrt inclusion of correlations in the reference propagator

• Impact of correlation 
beyond mean field
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ADC(2) to ADC(3)



                      Results for Oxygen isotopes
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•  GDR position of 16O reproduced
•  Hint of a soft dipole mode on the neutron-rich isotope

 NNLOsat 



                      Polarizability in 16O and 22O 
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(D 

(fm3)
Exp SCGF CC-LIT

16O 0.585(9) 0.50
0.57(1) * 
0.528  ** 

22O 0.43(4) 0.72
0.86(4) * 
   na   **

Coupled-Cluster + LIT 
M. Miorelli, S. Bacca et al. Phys Rev C 98, 014324 (2018) 

  * Doubles/Doubles.      ** Triples/Triples

%(&D, th-exp) ≃15% (16O)



                      Polarizability in 16O and 22O 
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(D 

(fm3)
Exp SCGF CC-LIT

16O 0.585(9) 0.50
0.57(1) * 
0.528  ** 

22O 0.43(4) 0.72
0.86(4) * 
   na   **

Coupled-Cluster + LIT 
M. Miorelli, S. Bacca et al. Phys Rev C 98, 014324 (2018) 

  * Doubles/Doubles.      ** Triples/Triples

%(&D, th-exp) ≃15% (16O)



                      Polarizability in 16O and 22O 
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(D 

(fm3)
Exp SCGF CC-LIT

16O 0.585(9) 0.50
0.57(1) * 
0.528  ** 

22O 
(< 3 MeV)

0.07(2) 0.05
0.05(1) * 
   na   **

Coupled-Cluster + LIT 
M. Miorelli, S. Bacca et al. Phys Rev C 98, 014324 (2018) 

  * Doubles/Doubles.      ** Triples/Triples



                      Results for Calcium isotopes
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                      Polarizability in 40Ca and 48Ca

(D 

(fm3)
Exp SCGF CC-LIT

40Ca 2.23(3) 1,79
1.87(3) * 
   na  ** 

48Ca 2.07(22) 
(Birkhan et al)

2.06
2.45 * 

2.25(8)**
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  * Doubles/Doubles.      ** Triples/Triples
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                               Results for 68Ni

PDRGDR

Comparison with experimental  
Coulomb excitation  

(Rossi et al PRL, 111, 242503 (2013))

Exp SCGF

Pigmy 
(MeV)

9.55(17) 10.68 
10.92

Giant 
(MeV)

17.1(2) 18.10

(D (fm3) 

(fr(MeV)

3.88(31) 3.60 NNLOsat   
2.72 NN+3N(lnl) 

%(&D, th-exp) ≃7%
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Conclusions/Perspectives
Interaction bigger source of theoretical error 
(especially for radii and excitation spectra):
๏ “Universal” Hamiltonian for medium-mass calculations not available yet
๏ Pragmatical approach

Many-body formalism developments: 
๏ Overcome the many-body combinatorics: Code optimisation, 

Importance truncation,Tensor factorisation
       ➨ improve convergence and scope of the method (towards heavy nuclei)
๏ Extend the many-body expansion:

• Horizontal expansion: restore U(1)  ➨  static correlations  

                                       break SU(2)  ➨  deformed nuclei (odd-odd)

• Vertical expansion:  ADC(3)

                             Autom. diagr. 
                               generation   

 ➨  dynamical correlations 
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