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Light and medium-mass nuclei:
benchmark for heavier systems

Different nuclear models
with different predictive powersThe complex world

of light nuclei

Shell Model calculations 

Study of light and medium mass nuclei

Comprehensive understanding of 
nuclear structure and dynamics

from first principles 

Nature of the nuclear forces and
nuclear interactions

Implications for stellar
nucleosynthesis 

Synergy between 
experiments and theory

Density functional theories 

Ab initio methods

A Guided Tour of
ab initio nuclear 

Many-Body Theory

Hergert Ab initio Nuclear Many-Body Theory

FIGURE 1 | Progress in ab initio nuclear structure calculations over the past decade. The blue arrow indicates nuclei that will become accessible with new advances

for open-shell nuclei in the very near term (see section 2.3).

transformations that adapt a many-body Hamiltonian or other
observables of interest to our needs, e.g., to extract eigenvalues
[11, 53], or impose specific structures on the operator [1, 26, 27,
54, 55].

We define the flowing Hamiltonian

H(s) = U(s)H(0)U†(s) , (1)

where H(s = 0) is the starting Hamiltonian, and the flow
parameter s parameterizes the unitary transformation. Instead of
making an ansatz for U(s), we take the derivative of Equation (1)
and obtain the operator flow equation

d

ds
H(s) = [η(s),H(s)] , (2)

where the anti-Hermitian generator η(s) is related to U(s) by

η(s) =
dU(s)
ds

U†(s) = −η†(s) . (3)

We can choose η(s) to achieve the desired transformation of the
Hamiltonian as we integrate the flow Equation (2) for s → ∞.
Wegner [56] originally proposed a class of generators of the form

η(s) ≡ [Hd(s),Hod(s)] , (4)

that is widely used in applications, although it gives rise to stiff
flow equations, and more efficient alternatives exist for specific
applications [1, 11, 53]. Wegner generators are constructed by
splitting the Hamiltonian into suitably chosen diagonal (Hd(s))
and off-diagonal (Hod(s)) parts. These labels are a legacy of
applying this generator to drive finite-dimensional matrices
toward diagonality. For our purposes, they reflect the desired
structure of the operator in the limit s → ∞: We want to keep
the diagonal part and drive Hod(s) to zero by evolving it via
Equation (2) (see references [1, 11, 53, 56, 57]).

To implement the operator flow equation (23), we need to
express η(s) and H(s) in a basis of suitable operators {Oi}i∈N,

η(s) =
∑

i

ηi(s)Oi , (5)

H(s) =
∑

i

Hi(s)Oi(s) , (6)

where ηi(s) and Hi(s) are the running couplings of the operators.
If the algebra of the operators Oi is closed naturally or with some
truncation, we have

[Oi,Oj] =
∑

k

cijkOk (+ . . .) (7)

Frontiers in Physics | www.frontiersin.org 3 October 2020 | Volume 8 | Article 379

H. Hergert, Frontiers in Phys. 8, 379 (2020)

E. Caurier et al, Rev. Mod. Phys. 77, 427 (2005)

V. Somà, Frontiers in Phys. 8, 340 (2020)

G. Colò, Adv. Phys.-X 5, 1740061 (2020)
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State-of-the-art and perspectives of ab initio theory 3
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Two pillars for ab initio nuclear theory
Learning Nuclar Forces from QCD

p, n, π are the dominant d.o.f. è chial EFT forces 
Predictive and learning nuclear properties
Solve the (hard) few- and many-body problem

Benchmarking di!erent ab-initio methods in the 
oxgyen chain

Hebeler,'Holt,'Menendez,'Schwenk,''Ann.'Rev.'Nucl.'Part.'Sci.'in'press'(2015)'

Calcula7ons'based'on'
chiral'NN'and'3NF'forces.'
Con7nuum'not'taken'into'
account''

Annu. Rev. Nucl. Part. Sci. 65, 457 (2015)

70

60

80
Ab-initio	Method:	Solve	A-
nucleon	problem	with	

controlled	approximations	

and	systematically	

improvable.		

Realistic:	BEs	within	5%	of	
experiment	 and	starts	from	

NN	+	3NFs

Explosion	of	many-body	methods	(Coupled	 clusters,	Green’s	 function	Monte	

Carlo,	In-Medium	 SRG,	Lattice	EFT,	MCSM,	No-Core	Shell	Model,	Self-Consistent	

Green’s	 Function,	UMOA,	…)

Application	of	ideas	from	EFT	and	renormalization	 group	(Vlow-k,	 Similarity	

Renormalization	 Group,	…)

Trend in realistic ab-initio calculations 

Nature Physics 12, 186 (2016)

wave function-based methods 
(QMC, NCSM, HH) 

Oxygen

C. Barbieri

Polynomial scaling methods 
(SCGF, CCM, IMSRG) 
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A. Idini, C. Barbieri, P. Navratil, Phys. Rev. Lett. 123, 092501 (2019)
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where ↵ and � label the single particle quantum numbers
and ⌃(1) is the correlated and energy independent mean
field.

We perform calculations with the third order algebraic
diagrammatic construction [ADC(3)] method, where the
matrices M (N) couple single particle states to interme-
diate 2p1h (2h1p) configurations, C (D) are interaction
matrices among these configurations and K are their un-
perturbed energies [29, 30]. The Hamiltonian used to
generate the self energy is

H(A) = T � Tc.m.(A) + V + W (2)

where Tc.m.(A) is the kinetic energy center of mass for
A particle, V and W are the two and three body in-
teractions. In the case of SRG-N3LO EM500 potential
[31] only the two body interaction has been used. For
NNLOsat [26], we apply the reduction of the three body
interaction to an equivalent e↵ective two–body, consid-
ering the normal ordering contribution, as demonstrated
in [25].

The resulting dressed single particle propagator can be
written in the Lehmann representation as

g↵,�(!) =
X

n

h A
0 |c↵| A+1

n ih A+1
n |c†� | A

0 i
! � E

A+1
n + E

A
0 + i⌘

+
X

i

h A
0 |c†↵| A�1

n ih A�1
n |c� | A

0 i
! � E

A
0 + E

A�1
i � i⌘

, (3)

the poles of the propagator E
A+1
n �E

A
0 indicate then the

energy of the n–th exited state in the A+1 system respect
to the ground state of the A system. To be noted that
there is an ambiguity in this solution, our Hamiltonian
has been explicitly corrected for center of mass of A par-
ticles and the propagator contains excited states of the
A + 1 system. The center of mass separation is not triv-
ial in truncated many–body spaces, such as the SCGF or
CC. For this reason both hpsi| and |psii in the definition
of the self energy and optical potential are not eigenstates
of the total momentum. This carries an intrinsic uncer-
tainint in center of mass definition, that however is under
control in the systems in considerations (cf. Fig. 1).

To be noted that the parameter i⌘ enter in our cal-
culation only in the construction of the optical potential
spectral representation, and plays no role in the iterative
solution of the many-body problem, that comes from the
diagonalization of the equation of motion [9, 20, 30]. For

the calculation here shown put the i⌘ parameter as en-
ergy dependent 0.002MeV✏2/⇡(✏2 � (22.36MeV)2) where
✏ = ! � EF , with EF the Fermi energy, checking the
convergence of the observables under consideration. All
intermediate states in the selected space n, i must be con-
sidered in the calculation, for the basis states to be com-
plete, in the case of Nmax = 13 this corresponds to con-
sidering all excitations up to J = 25 and to 400 MeV of
excitation energy.
The optical potential for a given partial wave (l, j) is

expressed in momentum space from the harmonic oscilla-
tor space using the fn,l(k) harmonic oscillator wavefunc-
tions,

⌃? l,j(k, k
0;E) =

X

n,n0

fn,l(k)⌃
? l,j
n,n0(E) fn0,l(k

0) , (4)

which is non local and energy–dependent. Hence, at
variance with other methods, Green functions provide
a parametrized, separable and analytical form of the op-
tical potential within the Lehmann representation.
We solve the corresponding scattering problem in the

full one-body space, embedding the ADC(3) self energy
calculated in the discreet harmonic oscillator basis, in
the continuum. We diagonalize the Schrödinger equation
in momentum space using the appropriate reduced mass
µ = A/(A + 1)m,
✓

k
2

2µ
� Ec.m. +

Z
dk

0
k
02⌃? l,j(k, k

0;E)

◆
 l,j(k) = E l,j(k),

(5)
so that, the kinetic energy is treated exactly, without
truncations. Ec.m. is the reaction energy in the center of
mass frame. We fully account for the non locality and
l, j dependence of Eq. (4). For each partial wave and
parity, the phase shifts �(E) are obtained as function of
the projectile energy, from where the di↵erential cross
section are calculated.

RESULTS

We start by comparing in Fig. 1 results for phase
shifts of neutrons scattering o↵ 16O, calculated with
NCSM/RGM and SCGF. These calculations [15] were
carried out using SRG-N3LO EM500 potential evolved
with � = 2.66fm

1 [31]. This proof of principle calcula-
tion shows a good comparison between the two methods,
testifying to the validity of SCGF approach and the cen-
ter of mass correction. To exclude couplings with excita-
tions, only the static part of the self energy ⌃1 has been
included in this comparison. As noted in [15], phase shifts
calculation are well converged within this model space as
can be seen in Fig. 2 for d3/2 and s1/2.
In Fig. 3 we show the result for the calculation for both

in NCSM/RGM, including the coupling with 3�, 2�, 1�

low lying states of 16O (the technical limit of 2010 [15]),

Only mean-field

All of 2p1h/2h1p
Correlations

(but not enough)

50% of 2p1h/2h1p 
correlations

A great opportunity and a current 
challenge for low-energy nuclear physics!

C. Barbieri

Microscopic optical potentialsNuclear spectroscopy

S 5
6N

i(r
,w
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-3
M
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-1
]

3  
SHELL
MODEL

2   PARTICLE-VIBRATION
COUPLING

1  SHORT 
RANGE
CORRELATIONS

Tight connection with LNL experimental programs

C. Barbieri,  Phys. Rev. Lett. 103, 202502 (2009) V. Somà et al., Phys. Rev. C 101, 014318 (2020)



Nuclear Physics Mid Term Plan in Italy – LNL Session

Opportunities at Laboratori Nazionali di Legnaro 5
Simone Bottoni

TextLight beams at LNL

Detection systems and targets

AGATA
𝛾 rays

PRISMA
heavy ions

NEDA
neutrons

GRIT
charged particles

ACTIVE
TARGETS

12C 13C

18O

6Li 7Li

22Ne

26Mg

30Si

14C

21Ne

11C

10Be

15O

STABLE

EXOTIC

SPES (phase 2-3)

14C

CRYOGENIC
TARGET

26Si

24Al

PRIN2017
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N

Z

Weak 𝛾 and particle decays 

Structure of neutron-rich
medium-mass nuclei

Nuclear correlations
and nuclear forces
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Weak 𝛾 and particle decays 
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Possible measurements

• Onset of collectivization and clusterization
Strong impact in nuclear astrophysics 

Shell Model Embedded in the Continuum (SMEC)
J. Okołowicz, M. Płoszajczak, W. Nazarewicz, Fortschr. Phys. 61, 66 (2013)

Fusion reactions with stable beams + 14C
AGATA + TRACE/GRIT

Limited information from 𝛾 spectroscopy: 
very weak 𝛾 branchings < 10-3

• Open quantum systems

• Prediction of narrow resonances

• Enhanced E/M transition probabilities

• Couplings with the continuum

B. Fornal, S. Leoni

6Li(6Li,p)11B 13C(7Li,p)19O 7Li(14C,p)20O

experiment
with GALILEO (2021)
à upper limit < 3 10-32!"

2#"
2$"

14C

11B 19O 20O

15C + ⍺

18O + n

8.966 MeV

3.957 MeV

3/2+
4.109

19O + n
7.608 MeV

3-,4+
7.622



Nuclear Physics Mid Term Plan in Italy – LNL Session

Particle and 𝛾 decay from ⍺-cluster states 9
Simone Bottoni

Text

C. Wheldon

Possible measurements
Resonant scattering with

EXOTIC and stable beams

Break -out from the CNO cycle

⍺-cluster structures relevant for nuclear astrophysics

Clusterization in medium-light nuclei

Nuclear states close to 
⍺-emission thresholds

weak decay branchings ~ 10-3

19Ne

15O

Three states close to the 
alpha-decay threshold

Tentative ⍺ structures 

M. Wiescher, et al., Prog. in Part. & Nucl. Phys. 59, 51 (2007)

M. Wiescher, et al., Annual Rev. Nucl. Part. Sci. 60, 381 (2010)

Molecular octupole deformations

weak and fast 𝛾 branchings < 10-3

Beam θ
ɸ

15O(⍺,⍺’) 
11C(⍺,⍺’) 

Reaction kinematics event-by-event (TPC)

No angular uncertainty at 0°

Solid 3He and 4He thin targets

21Ne
Identification of octupole bands

C. Wheldon, et al., Eur. Phys. J. A 26, 321 (2015)

Cluster shell model 

R. Bijker and F. Iachello, Nucl. Phys. A 1010, 122193 (2021)
Octupole structure doesn’t emerge easily from calculations

Next developments: 20Ne and 21Ne

21Ne inelastic scattering

AGATA ACTIVE 
TARGET

A. Fernández et al., Materials and Design 186, 108337 (2020).
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Nuclear correlations
and nuclear forces
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Possible measurements

AGATA + PRISMA

AGATA+VAMOS 
deep-inelastic experiment 

M. Ciemała , S. Ziliani,  F.C.L. Crespi, 
S. Leoni, B. Fornal, A. Maj,  et al., 

Phys. Rev. C 101, 021303(R) (2020)

Deep-inelastic reactions with 18O 

16C

• 198Pt  thick target and degrader

• AGATA to achieve enough sensitivity

• Advantages from PRISMA upgrade

B. Fornal, S. Leoni

Conventional 𝛾
spectrometers

ab initio  No-Core-Shell-Model Calculations
C. Forssen et al., J. Phys. G: Nucl. Part. Phys. 40, 055105 (2013).

16C 18C

Sensitivity to 3-body forcesNN              NN+NNN

0.370 ps 0.08 ps
NN           NN+NNN

2.2 ps 1.1 ps

≈ 15 ps 22 ps

development of lifetime measurement 
techniques for deep-inelastic reactions
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σ2 ?π1σ 1?
Sp

S𝛂

M. Assié

Possible measurements

• Transition strength from π- to 𝜎-type molecular states
• Di-neutron configuration 

Sensitivity to inelastic cross sections

2 alphas +2n (π3/2)2

2 alphas + 2n(π1/2) (π3/2)

Inelastic excitation of 10Be SPES beam 
• 10Be(⍺,⍺’) or 10Be(d,d’)

probing molecular states
𝛾 detection needed

• 10Be(p,p’)
probing di-neutron correlations

𝛾 detection needed

AGATA + GRIT
CRYOGENIC TARGET

Furumoto et al, PRC104 (2021).

Molecular bonding
Relativistic Energy

Density Functional theory
J. -P. Ebran, E. Khan et al., Phys. Rev. C 90, 054329  (2014)

Same technique with 14C

10Be
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M. Assié

13

1

2

0

1

2

0
Fermi surface

protons

neutrons

Collective mode 0+

coherent superposition of 2p-2h

Predicted Energy 
E ≈ 10- 20 MeV / Width: Γ = 1-2 MeV

in heavy systems

Possible measurements

nn GPV not observed in heavy nuclei with (p,t) reactions
continuum effect (low l state dominant with low centrifugal barrier): 

too wide to be observed

Possible signature of nn GPV identified in light C isotopes

NEDA + GRIT

F. Capuzzello et al., Nat. Commun. 6, 6743 (2015)

(3He,n) reactions with stable C beams + 14C
Two-proton Giant Pairing vibration

• Narrower due to the Coulomb Barrier

• L=0 angular distribution from scattered n

• Trigger on the 2p decay 

CRYOGENIC 
TARGET

• Superconductive phase

R. Broglia, Phys. Lett. B. 69(1977) 129 
M.W. Herzog Phys. Rev. C  31, (1985) 259. M. Assié et al Eur. PJA 55 (2019) 245 
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Resonances in light proton-rich nuclei 14
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R. Raabe

Possible measurements
Elastic and inelastic scattering in 

inverse kinematics with SPES

Beam

Recoil 
protonResonance 

region

ACTIVE 
TARGET

Possible coupling 
with 𝛾 detections

• Inelastic scattering

• Low momentum transfer

26Si(⍺,⍺’) 

24,25Al(p,p’) 
• Resonant scattering

• Large CM anglesLeft of N=Z nuclei

• Path of the rp-process

Astrophysical interest

• Resonant excited states

• Impact on capture rates
R.K.Wallace and S.E.Woosley, Astr. J. 45, 389 (1981)

Giant monopole resonances in light deformed nuclei

Y.K. Gupta et al., Phys. Lett. B 748, 343 (2015)

24Mg 28Si

T. Peach et al., Phys. Rev. C 93 064325 (2016)

• Nuclear incompressibility
• Effects of deformations

• Fragmentation of ISGMR

• K=0 couplings with  L=2

Energy Density 
Functional theory
U. Garg and G. Colò,

Prog. Part. Nucl. Phys. 101 (2018)  
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Structure of neutron-rich
medium-mass nuclei
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K. Wimmer

Possible measurements
Multi-nucleon transfer reactions

AGATA + PRISMA

Approaching N=20
• 𝛾 spectroscopy 
• Lifetimes
• Advantages from 

PRISMA upgrade

22Ne

26Mg

30Si

N=20

Anomalies towards N=20
• Non-standard ordering of orbitals
• Inversion of spherical and 

deformed structures
K. Wimmer et al., Phys. Rev. Lett. 105, 252501 (2010)
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26Mg+238U @ 7 MeV A

22Ne

Island of Inversion at higher spin

A. N. Deacon, et al., Phys. Rev. C 82 (2010) 034305.c

Origin of collectivity

Mixing of multi-particle-multi hole configurations

Tracking shape changes
Monte-Carlo Shell Model
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Proton excitations and 0+ states in Ar isotopes 17
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K. Wimmer

16 18 20 22 24 26 28 30 32 34 36 38
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Ca
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Cr

Full symbols: experimental data
Empty symbols: extrapolated data

Symbols + line: theory

Possible measurements
(14C,16O)  two-proton transfer reactions

AGATA + GRIT

Emergence of shape coexistence

Two-particle overlaps 
possible with ab-initio

Discrepancies with standard
shell-model interactions

Evolution of nuclear structure along Z=18

S. Calinescu et al., Phys. Rev. C  93, 044333 (2016)
V. Somà, C. Barbieri et al., 

Eur. Phys. J. A 57, 135 (2019)

K. Nowak. K. Wimmer et al., Phys. Rev. C 93, 044335 (2016)
Y. Utsuno, T. Otsuka et al., Phys. Rev. C 86, 051301 (2012)

Study of 2p-2h proton strength

Study of 0+ states 
Search for shape coexistence
• 𝛾 decays + lifetimes
• E0 decays

Sensitivity to transferred 
angular momentum

M. Bernas et al., Phys. Lett. B, 113 279 (1982)
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Conclusions
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Title Topics Beams Reactions Setup Phase

𝛾 decay from 
near-threshold states

• Onset of collectivization and 
clusterization  STABLE 

• 6Li(6Li,p)11B
• 13C(7Li,p)19O
• 7Li(14C,p)20O*

AGATA + GRIT A/C

Particle and 𝛾 decays from 
⍺-cluster states

• Breakout of CNO cycle

• Molecular octupole deformations

EXOTIC
and

STABLE

• 11C(⍺,⍺’)
• 15O(⍺,⍺’)
• 21Ne inelastic

ACTIVE TARGET
and

AGATA
B

Role of 3-body forces 
in C and O nuclei • Sensitivity to 3-body forces STABLE • 18O deep inelastic AGATA+PRISMA A

Molecular orbitals and 
di-neutron correlations • Molecular bonding SPES • 10Be(⍺,⍺’)

• 10Be(p,p’)
AGATA + GRIT+

CTADIR C

Two-proton giant 
pairing vibrations • Superconductive phases STABLE + 14C • AC(3He,n) NEDA+

GRIT B/C

Resonance in 
proton-rich nuclei

• Nuclear incompressibility
• Path of rp-process SPES • 26Si(⍺,⍺’)

• 24-25Al(p,p’) ACTIVE TARGET C

Approaching the Island of 
Inversion at higher spins • Origin of collectivity STABLE • Multi-nucleon transfer  

22Ne,26Mg,30Si AGATA+PRISMA A

Proton excitations and 0+ states 
in Ar isotopes • Emergence of shape coexistance 14C • Two-proton transfer

ACa(14C,16O) AGATA + GRIT C

Thank you!


