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I. Moumane: UNIMI Postdoc



Il gruppo si interessa principalmente di problemi teorici di struttura nucleare:
a) dell’interazione forte che agisce in maniera efficace tra i nucleoni;
b) delle opportune tecniche per sistemi fermionici a molti corpi, che consentono di

studiare e comprendere la ricca fenomenologia nucleare.

Teoria del funzionali densita’ 
Teoria di campo nucleare
Eccitazioni collettive
Reazioni di trasferimento di nucleoni
Superfluidita' nucleare
Stelle di neutroni
Cattura elettronica, Risonanza di Gamow-Teller 
e decadimento beta 
Violazione di parita’ , e-N scattering 
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New techniques for sampling the relevant diagrams: 
S. Brolli, Ph.D. project 
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Ab initio calculation of energy and density 

Energy of Oxygen isotopes 
up to the drip line 

Bubble in the proton density  of 46Ar
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Ab initio calculation of optical potentials
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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)
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Density Functional Theory
The theoretical framework  for a global study of the properties of 
nuclei in the ground and escited states throughout the  mass table
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Status of nuclear DFT (very brief...)

• Error on masses of the order of 1 MeV.

• Predictions of drip lines and super heavy nuclei.

• Trends of charge radii and deformations fairly
well reproduced.

• Advanced (multi-reference) techniques based on
symmetry restoration.

• Giant resonances, charge-exchange states and
β-decay.

• Current interest in large amplitude motion,
reactions etc.
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Skyrme (local) EDF
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<latexit sha1_base64="jj04aaCFipCyh5YdbLdnwprAMW4="></latexit>

E =

Z
d3r

⇥
Ekin + ESkyrme + Epairing + ECoulomb

⇤

Labels related to p, n omitted. 

In principle all coupling constants could be, in turn, functions of the densities.
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C⇢⇢[⇢] = A+B⇢�

Each term is an energy density, function of local densities.
<latexit sha1_base64="qCJvqXhE395KtinDAjTcxfbRINM="></latexit>

ESkyrme = C⇢⇢[⇢]⇢2 + C⇢⌧⇢⌧ + CJ2 ~J 2 + C(r⇢)2
⇣
~r⇢

⌘2
+ C⇢~r· ~J⇢~r · ~J

~J =
X

i,�,�0

�†
i
~r�i ⇥ h�0|~�|�i
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Systematic calculation of monopole resonance in Sn isotopes 
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Combining DFT and ab initio

Ab initio
fundamental and unbiased

DFT
universally applicable

Ab initio Density functional theory
Can we use ab initio to inform nuclear DFT ?

Francesco Marino’s Ph.D. Thesis
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Our systematic strategy
Strategy inspired by the «Jacob’s ladder» of condensed matter DFT

Two key principles

1. Follow a step by step 
approach

2. Use ab initio simulations of 
model systems as a 
constraint to the EDF

Local density
approximation

Gradient
approximation

…

Infinite nuclear
matter EOS

Perturbed
nuclear matter
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AFDMC 1
Diffusion Monte Carlo is an exact method for the many-body ground 
state 
Ψ!(𝑋) = lim

"→$%
Ψ 𝑋, 𝜏 = lim

"→$%
𝑒& '(&)! " Ψ*(𝑋)

𝐸! = lim
"→$%

⟨Ψ* .𝐻 Ψ 𝜏 ⟩
⟨Ψ*|Ψ 𝜏 ⟩

=
1
𝑀
4
+,-

.
𝐻Ψ* (𝑋+)
Ψ*(𝑋+)

Imaginary-time projection of a trial 
state
Stochastic estimate of the energy 

Ψ* 𝑋 =5
+/0

𝑓(𝑟+0) 1 +4
+/0

4
1,-

2

𝑓1 𝑟+0 𝑂+0
1 Φ(𝑋)

Mean field state  
Jastrow
correlations

Linear operator 
correlations

𝑂+0
1 = 1, 𝜎+ ⋅ 𝜎0 , 𝜏+ ⋅ 𝜏0 , 𝜎+ ⋅ 𝜎0 𝜏+ ⋅ 𝜏0

The AV4’ interaction contains four
operators

Gandolfi, Phys. Rev. C 90, 
061306 (2014)
Gezerlis,  Phys. Rev. C 95, 
044309 (2017)
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Results AFDMC 1

Pure neutron matter Symmetric nuclear 
matter

Equation of state
AV4’+UIXc interaction
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Self-consistent Green’s functions

C. Barbieri and A. Carbone, Lect. Notes Phys. 936, 571 
(2017)
C. McIlroy, Ph.D. thesis, University of Surrey (2020)

NNLO
sat

Preliminary
!

𝑔! "(𝜔) gives access to total energy, 
addition/removal energies, single-particle
observables, spectral functions…

Currently implementing ADC(3) in 
infinite nuclear matter
Currently implementing ADC(3) in 
infinite nuclear matter

Self-
energy

𝑔! "(𝜔) = 𝑔! "
# 𝜔 +'

$%

𝑔! $ 𝜔 Σ$%
∗ (𝜔)𝑔% "

# 𝜔Dyson equation

One-body 
propagator


