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Nuclear Landscape
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Lessons learnt @

Nuclear Landscape

There are only less than 300 stable nuclides in nature (black
squares), while already about 3000 other ones have been
synthesized and studied in nuclear structure laboratories
(yellow zone). However, the nuclear landscape extends
further away into uncharted territories (green zone), where
probably double of that await discovery. Properties of these
exotic systems cannot be at present reliably derived from
theoretical models, because our knowledge of basic
ingredients thereof is still quite rudimentary. Derivations
form first principles allow us already now to recognize
general features of nuclear forces, energy-density
functionals, or shell-model interactions, however, plenty of
these features require careful adjustment to precise nuclear
data. Such adjustments, especially when performed for
exotic, extreme systems, provide invaluable information, and

then in turn allow for more reliable extrapolations.
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Fundamentals. QCD and all that in 3 slides
Nuclear energy density functionals, 7 slides
Spontaneous symmetry breaking, 10 slides

* Doubly symmetric potential well

* Parity - NH; molecule

* Nuclear deformations

What do the energy density functionals give us?
Muon-nucleus coupling, a project, 4 slides
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Fundamentals
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Main players in Nuclear Physics
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Scales of energy in Nuclear Physics

QCD scale .
s pionTw*
' © ~140 MeV
1000 MeV

deuteron
m——— ~2 MeV
100 MeV
N-binding scale
m——
10 MeV

collective ~1 MeV
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Degrees of Freedom Energy (MeV) D An effective theory (ET) iS a
@ 9 . .

o ¢ "e" ® theory which “effectively”

o ° °

g ket captures what is physically

= =

5 relevant in a given domain.

2 S AT d The most appropriate description
Constituent Quarks of particle interactions in the
R language of quantum field theory

L0 (QITT) dep(.ends on.the energy at
S T— which the interactions are
studied.
d Objective reductionism
8 .

5 , Proton Separation Energy in Lead (Weinberg): the convergence of

= Protons, Neutrons arrows of scientific explanation.

2 d Emergence (Anderson): “at each

= 1z new level of complexity entirely

Vibrational State in Tin .

new properties appear and the

N Curones understanding of the new
behaviors requires research

. 0.043. . ° ° °
Rotational Sate in Urarium which I think is as fundamental
e in its nature as any other”.
Collective Coordinates

G.F. Bertsch, et al., Scidac Review 6, 42 (2007) [ Elena Castellani, physics/0101039 ]
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Nuclear energy
density

functionals
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Rayleigh-Ritz Variational Principle

H|V;) = E;|¥,;)
\
|\Ij> — a0|\I!0) —|— (11|\I’1> —|— (12|\:[12> —|— oo
(lIllﬂ-|\Il) — E0|a,0|2 —I— E1|a1|2 —|— E2|02|2 —|— ° v
\
: 5 . Rayleigh-Ritz
ao{cﬁl,g(qj'H'\I}) = Fo <= yariational principle
J

var : variational
Ey™ 2 Eo approximation

min (& (o) | H | (c))
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What is DFT?

Density Functional Theory:

A variational method that uses
observables as variational
parameters.

6(H — AQ) =0
U
E = E(Q)

for EQA)=(H) and Q(\) = (Q)

J. D., J. Phys.: Conf. Ser. 312, 092002 (2011)
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What is the DFT good for?

S(H — AQ) =0
U

Energy E is a
E =~ BQ)

1) Exact: Minimization of E(Q) gives the exact E and exact Q

2) Impractical: Derivation of E(Q) requires the full
variation 6 (bigger effort than to find the exact ground
state)

3) Inspirational: Can we build useful models E’(Q) of the
exact E(Q)?

4) Experiment-driven: E’(Q) works better or worse
depending on the physical input used to build it.
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Which DFT?

S5(H —AQ) =0 — E = E(Q)

§(H — ", A\Qr) =0 = E = E(Qy)
5(H — [da\(9)Q()) =0 = E = E[Q(q)]

5(H — de)\(fF’)ﬁ(fF’)) — 0 = E = E[p(7)]
for p(i) = Yi,0(F—7)

[]. D., J. Phys.: Conf. Ser. 312, 092002 (2011)}

5(H — f fdff’dff”)\(ff’, N p(F, 7)) = 0 = E = E[p(7, "))

e
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Nuclear densities as composite fields

S 0.10 100
S (n) Sn
Py
‘0
c i
3 005}
o _
O
a
O 0.00 -

0 2 4 6 8

R (fm)

Modern Mean-Field Theory = Energy Density Functional
o o — — —

lp v J, |, T s, K

(® Hohenberg-Kohn mean field = one-body densities
B Kohn-Sham

m Negele-Vautherin zero range = local densities
® Landau-Migdal finite range = non-local densities

= Nilsson-S‘rruTinsky )
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Nuclear densities as composite fields

Density matrix:
p(Fo,7o’) = (®|a™ (¥o')a(Fo)|P)

Scalar and vector part:

p(7, ™) = ) p(io, 7o)
3T = > p(fo,7o’)(o’|F|o)
Symmetries:
pl (7, 7) = p*(¥,7) = p(7,7)
s(7, 7)) = —5*(F,7) = —3(7,7)
Local densities:
Matter: p(7) = p(¥, 7)
Momentum: 7(7) = (1/230)[(V—V")p(F, 7)]r—r
Kinetic: T(F) = [V - V' p(F, 7)] ey
Spin: s(7¥) = 8(7, T)
Spin momentum: J,,(7) = (1/2¢)[(V,—V )8y (7, )]
Spin kinetic: T(F) = [V - V'3(F _")]T ”
Tensor kinetic:  F(7) = ;[( ®V’—|—V’®V) S(7, 7)), —
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Nuclear density functional theory

AViplp(r). ... ] .

—
r [fm]

self-consistent
mean field

Energy density tunctional
>
&lp(r), s(x), o(r), T(r),j(r), J ()]

Hartree-Fock
Coupling constants ' ar (1:161’:) oC
[reven: Crp ’ Cr& 7 G er ; Crw equation

T-odd : C}, CA, CI, ¢/, CV

Parametrization: UNEDFEFT

\.

J M. Kortelainen et al., Phys. Rev. C 85, 024304 (2012) Picture courtesy of H. Wibowo

Self-consistent equations are solved iteratively, which includes the polarization effects
summed up to all orders without recurring to the lowest order perturbative coupling.
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Spontaneous
symmetry
breaking
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Parity conserved

Parity broken

Doubly symmetric potential well

Symmetry breaking - Symmetry restoration

Exact Approximate
VA NA | aVa N
N, -

-a -b +b +a
Exact eigenstates Parity restored
NI N TN
L i} . J
qJIeft~ LIJ+ + W rlght LIJ+ W o) left ® right

Localised wave packets Modified potential wells

[ J. A. Sheikh et al., J. Phys. G48, 123001 (2021) }
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Ammonia molecule NH;

Nitrogen atom \

Hydrogen atom ‘ ‘

L) =

= |R)

left state right state
WV E RJ-
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Ammonia molecule NH; - symmetry breaking
21 — T

tu) YamnY

A= %_22
2 E

o B3

N

T 5|
Z 5 |

241 - , | - -

-60 -40 -20 0 20 40 60
position of the nitrogen atom (pm)

] 12 ] 6 ] 12 ] 6
Exm, (rNu,THH) = 3€enm [(£> — 2 (£> +3€Hn [(ﬂ) — 2 (ED
I'HH "HH

'NH 'NH
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Let P be the plane-reflection
operator with respect to the Hj
plane, then

P|R) L)

P|L) |R)
Let us denote overlaps and ma-
trix elements by

1 = (L|L) = (R|R)

e = (L|R)
By = (L|H|L) = (R|H|R)
A = (L|H|R)

In the non-orthogonal basis of
|L), |R) the Hamiltonian matrix
reads

T he eigenstates must correspond
to the restored-symmetry states

1
— L R
£ = s (L) £ R)
l.e.,
P|+) = +|+)
The eigenenergies read
Eyg+ A
£ = (EH|E) = ——

States |L) and R) are wave pack-
ets, e.g.,

|IL) = ; (V2+ 2€|+) + V2 — 2¢|—))

which evolve in time
(e << A/Ey assumed) as:,

L, t) = e'Fot/P(cos(At/R)|L,0) + isin(At/h)|R, 0))
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Ammonia molecule NH; - symmetry restoration

Energy (meV)

21

60 40 20 0 20

40

60
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Nuclear deformation

Symmetry-conserving
configuration

/]

Total energy (a.u.)

Symmetry-breaking
configurations
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

Elongation (a.u.)
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Single-particle energy (a.u.)

Origins of nuclear deformation

r Open-shell system: A

8 particles on 8 doubly
degenrate levels

\_ )

Elongation (a.u.)
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Nllsson dlagrams in 254No
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Time-odd spin alignment & symmetry restoration

“Intrinsic” p
Symmetry broken \

“Laboratory”
Symmetry restored

[J. A. Sheikh et al,, J. Phys. G48, 123001 (2021) |

M) =N [ dBdhig(8)[26)

Spectroscopic moments are determined for symmetry-restored wave functions without
using effective charges or effective g-factors and compared with experimental data.
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Electric quadrupole moment Q (b)

Deformations of odd dysprosium isotopes

-[503]7/2-

-.[503]7/2
[503]7/2
[521]3/2

-[521]3/2

--[521]3/2

(642]5/2
-.[642]5/2--

[523]5/2 -
—[521]3/2

- [523]5/2
om [633]7/2-

®
X
©

T2 T 2 32 32 32 sttt st 32 s Tt

83 85 87 89 91 93 95 95 95 95 97 99
Neutron Number N

[ ].D., et al., to be published (2025) }
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What do the energy
density functionals
give us?

A ’
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1) “Remember that all models are wrong;
the practical question is how wrong do
they have to be to not be useful”

G.E.P. Box and N.R. Draper

Empirical Model Building and Response
Surfaces

(John Wiley & Sons, New York, 1987)
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120

80t

40t

-@- | Dripline

6900500 bound nuclei
-Stable nucleil | | | | | : i | |

Known nuclei

S,, =2 MeV P e E N —

4 The limits of the nuclear landscape A

80 120 160 200 240 280

Neutron number, N

J. Erler, N. Birge, M. Kortelainen, W. Nazarewicz, E. Olsen,
A.M. Perhac, M. Stoitsov,

\_ Nature 486, 509 (2012) )
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Nuclear bmdmg energies (masses)

47 2149 masses

4 RMS =798 keV

0 20 40 60 80 100 12{) 140  16(
N

0 20 40 60 80 100 120 140 160
N

/The new Skyrme HFB )
nuclear-mass model, in
which the contact-pairing
force is constructed from
energies are included microscopic pairing gaps of
within the 5D collective symmetric nuclear matter
\Hamlltoman approach. Y, \and neutron matter. /

/The first Gogny HFB mass )
model. An explicit and self-
consistent account of all the
quadrupole correlation

S. Goriely et al., Phys. Rev. Lett. 102, 152503 (2009)

| S. Goriely et al., Phys. Rev. Lett. 102, 242501 (2009) |
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Summary of results obtained in the Gd — Os isotopes

3t ' ko . .
(@) | 4 () | W
[ , : !
2 [ I : I
= i s °f i
= L 1 [ 1
= 1 it o 2t ol )
—_ (] L | LO)
@M [ ! O 1t ! N
S Ofgm————- tot - -'# ------------- T | | 8
R ¢ ) S — =
1t Phe : )
,é_) ' w ¥ = ! =
oL i Magnetic p (k) 1 2 E ¢i Electric Q (b) ;.2
| | 77+4 data points ] : ! 51+2 data points .g
-2 -1 0 1 2 3 -2 -1 0 1 2 3 4 -
Experimental p (p, ) Experimental Q (b) B
rrrrrrrrrrrrrrrrrrrrrrrirrrrrirrrrirrred rrrrrrrrrrrrrrrrrrrrrrrrrrrrTrd 8
15| ] s
i —
I S
10| _ _ ] kS
[ Average =0.11]] [ Average =0.15(] a
51 RMS Dev=0.34] 2 (d) RMS Dev=0.24; -
0Ll ' ol '
-1 0 1 2 -1 0 1 2
Th E Th E
TR TRt (TRY Q" -Q7" (b)
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Theoretical (MeV)

>
[a—
T

First 2t excitations of even-even nuclei

5372 energies

0.1 1
Experimental (MeV)

5D collective Hamiltonian
\approach.

4 D
Gogny HFB calculations plus the

| J.-P. Delaroche et al,, Phys. Rev. C81, 014303 (2010) |

J

]_() LI BLBLILAL)
359 2* energies " /;
~ o TV
e 2 F :..‘ . -
> °e
S 3 e E
o . P ]
"CB o[ oo! :. -
= Y :
_5 2T o i |
© DU
S0 R E
5 :
-IIIIIII 1 IIIIIIII 1 IIIIIII-

51002 5 1 2 5
Experimental (MeV)

4 )
Skyrme HF+BCS calculations
plus the particle-number and
angular-momentum

\\pm]ectlon and shape mixing.
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Muon-nucleus
coupling, a project

To determine the self-consistent deformed and
polarised states of a muon moving around a
deformed and polarised nucleus followed by the

symmetry restoration.
PRECISION FRONTIER

Witek Nazarewicz & discussions with:
Edwin Kolbe (2001)
Krzysztof Pachucki (2018, NO!)
Kyle Godbey (2023)
Natalia Oreshkina & Konstantin Beyer (2023)
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Muon wave function in 1%Re 2

S

0.6 =

' 18y —— N

0.5 K 251/2 —— Q

0.4 t %gl/z — ':

03 | e 32 2

0.2 / o

o 8

5 01 / -

e N ———— E

~

0.1 t i

S

-0.2 )

0.3 ;

-0.4 ' ' ' ' -

0 5 10 15 20 25 =

r (at. units) %’

=

Fig. 1. The G component of electronic radial wave function &
(5) calculated with the homogeneously charged nuclear model S
is plotted for four lowest lying states for hydrogen-like +5°Re. ;g
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Muon wave function in ?Zr, 120Sn, and 28Pb

PHYSICAL REVIEW LETTERS 128, 203001 (2022)

Evidence Against Nuclear Polarization as Source of Fine-Structure Anomalies
in Muonic Atoms

Igor A. Valuev 1 Gianluca Colo ,2’3 Xavier Roca-Maza ,2’3 Christoph H. Keitel ,1 and Natalia S. Oreshkina
' Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2Dipartiment0 di Fisica, Universita degli Studi di Milano, via Celoria 16, 1-20133 Milano, Italy
3INFN, Sezione di Milano, via Celoria 16, 1-20133 Milano, Italy

M (Received 25 January 2022; revised 29 March 2022; accepted 18 April 2022; published 17 May 2022)

A long-standing problem of fine-structure anomalies in muonic atoms is revisited by considering the
splittings A2p = Erpyy = Eopy in muonic *Zr, '?Sn, and 2°*Pb and A3p = Esp, — E3py in muonic
208ph. State-of-the-art techniques from both nuclear and atomic physics are brought together in order to
perform the most comprehensive to date calculations of nuclear-polarization energy shifts. Barring the
more subtle case of u->98Pb, the results suggest that the dominant calculation uncertainty is much smaller
than the persisting discrepancies between theory and experiment. We conclude that the resolution to the
anomalies 1s likely to be rooted in refined quantum-electrodynamics corrections or even some other
previously unaccounted-for contributions.
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Muon-nucleus coupling, a project

Spherical nucleus and muon: a self-consistent solution for a
combined nucleus-muon system moving in the common
Coulomb field.

Spin-polarized nucleus and muon: a self-consistent solution
for a combined nucleus-muon system moving in the combined
Coulomb and magnetic fields.

(Bohr-Weisskopf effect: the influence of the nuclear
magnetization distribution on electron hyperfine splitting; a
few percent effect).

Deformed nucleus and muon: a self-consistent solution for a
muon moving in the combined deformed Coulomb and
magnetic fields.

Symmetry restoration of the combined deformed and
polarised nucleus-muon wave function.

Post-analysis of the symmetry-restored nucleus-muon wave
function in terms of the separately symmetry-restored nucleus
and muon wave functions.
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