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Nuclear theory — selection of starting point

What can be done ‘exactly’ (ab-initio calculations) and

why we cannot do that systematically?

Effective interactions

Density functional theory

Shell structure and shell effects. Their consequences.

Nuclear landscape: what we know and how well we extrapolate
Superheavy nuclei: successes and challenges
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The improvement in theory is critical:
FRIB will allow to explore
only some part of nuclear chart
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1. Nuclear theory —
selection of starting point




Building blocks of nuclear matter

matter constituents
FERMIONS spin = 1/2, 3/2, 5/2, ... £ .
orce carriers
Leptons spin =1/2 Quarks spin = 1/2 BOSONS spin =0, 1, 2, ...

- Approx. : oy Aoy
Mass  Electric Favar e Electric Unified Electroweak spin = 1

Flavor
i GeV/c2 charge Gev/c2 <charge

Mass Electric

Sl GeV/c2  charge

p_ electron | <1x10-8 U up

€ neutrino

UL <0.0002 C charm
M neutrino

/L muon 0.106 S strange

p_ tau <0.02 tt
T neutrino °p

T tau 1.7771 b bottom

The complete QCD Lagrangian
1 a uv g u . a pp—
A== F.F.-2W,7 0,-ig 4,;t.W,- XmW, W,

6 quark fields: n=1,...,6
8 SU(3) matrices numbered by the gluon-color index a=1,2,...,8



Proton = uud
Neutron = ddu

99
g@ég Mesons: built from quark
and anti-quark

Example: pion x®

Quark-meson coupling
models

Quark degrees of freedom can be neglected
and the description of low-energy nuclear systems
can be based on the hadrons interacting by the

exchange of different mesons

Physics is an art of approximations



Challenges of description of many-body
nuclear systems

Start from Schrodinger equation

—2
E= Ef—m+ NV ot 8,0)

i<j

» Nuclear forces inside of finite nuclei are poorly known
Example: the need for 3-body forces

» Many-body aspect of the problem
Example: ‘exact” multi-particle wave function methods

= exponential wall (# of Slater determinants up to 107 ) Amnax~12
= improvements of analytical and computational methods will lead
only to modest increase of A 5,

> Relativistic effects are PARAMETRIZED: _ 7—
for example, spin-orbit interaction VLS — W(r )l S




% S0F — 500

E 40 E 400

. = 30FE < 300 f

The description of the S 20f S 500k

: : _ > = ;

mteractlon_of partlc_les 2 10F 2 100 f
at short distances is S' op &

extremely complicated S a0f £ 00k

- HARD CORE problem

Polarization effects at short distances —
fermionic constituents do not like being put
close to one another --- the Pauli exclusion
principle creates additional polarization and
repulsion effects

ﬁf n-n system

- 07 -O7 system

n-n distance (fm)

1 1 " 1 1 1 L 1 1 1 i

0.4 0.8 1.2
0,-0, distance (nm)

if 3 particles >
polarization effects
depends on explicit
positions of each of them

THREE-BODY EFFECTS

Use EFFECTIVE FORCES which truncate
momenta above ~ 500-1000 MeV



1

[Effective forces according to Brueckner theory (1958):

S

Brueckner,Gammel, Phys. Rev. 109, 1023 (1958)

e The nucleons in the interior of the nuclear medium
do not feel the same bare force V, as the nucleons
feel in free space. > ~.

e They feel an effective force G. =P~ >

e The Pauli principle prohibits the scattering into states,

which are already occupied in the medium - the force
G( o ) depends on the density

e This force G is much weaker than bare force V.
e Nucleons move nearly free in the nuclear medium and
feel only a strong attraction at the surface (shell model)

9/44



| THREE-BODY EFFECTS |

i=j=1

N
Ei )+ Ei ZJZ(ZJ9 il >
Z,].1

P+

2-body
Axilrod-Teller potential

3-body

VO ) = A

'3c0s(6,)cos(b,)cos(6,) +1

—3—>3—3

SPUELE




2. What can be done ‘exactly’
(ab initio calculations)
and why we cannot do that
systematically
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E (MeV)

Calcium isotopes from chiral interactions
[Hagen et al, Phys. Rev. Lett. 109, 032502 (2012).]

-320 0 L | R I N I N B T T T
= w\ In-medium effective 3NF: k.=0.95 fm-%, ¢;=0.735, c,=-0.2 :
-340 ' ,\\-\ [Holt, Kaiser, Weise 2009; Hebeler and Schwenk 2010] 5
E\R
-360F N . —.aNN + 3NF E
C » . eff -
-380F e—e ExXpermment =
+——+ NN only
-400 - N '
-420F 3
-440;' \\ .“"/.J.\._._.-;
_460F / 2N 2
e S,(%Ca) = 5.98MeV “~
_480F  (Gallant et al PRL 2012) e E
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The description of heavy nuclei is still a problem. |
S. Binder et al, arXiV: 1312.5685v1 (2013)
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FIG. 5: (Color online) Ground-state energies from CR-CC(2,3) for (a) the NN+ 3N-induced Hamiltonian starting from the N°LO and N*LO-
optimized NN interaction and (c) the NN+3N-full Hamiltonian with Asz = 400 MeV/c and Asy = 350 MeV/c. The boxes represent the
spread of the results from o = 0.04 fm* to @ = 0.08 fin*, and the tip points into the direction of smaller values of @. Also shown are the
contributions of the CR-CC(2,3) triples correction to the (b) MN+3N-induced and (d) NN+3N-full results. All results employ 20 = 24 MeV
and 3N interactions with £5,. = 18 in NO2B approximation and full inclusion of the 3 mnteraction in CCSD up to By = 12. Experimental
binding energies [32] are shown as black bars.



Even if these problems are resolved in future

- it is not clear whether ab initio calculations will be more
accurate as compared with experiment than other approaches

- numerically, ab initio calculations are significantly more expensive
than in other approaches

Density functional theory




Collective degrees of freedom (deformation, rotation,
fission)

Single-particle degrees
of freedom
(s-p energies, wavefunctions)



- ]

(D
Limits of nuclear
existence

Towards a unified

072 Shell 5 &
Ab initio Model description of the nucleus
few-body S
calculations No-Core Shell Model et

G-matrix



Covariant density functional theory (CDFT)

The nucleons interact via the exchange of effective mesons 2
— effective Lagrangian

P

(I, 7)=(0*.0) (I, T)=(1-0) (T% T)=(1- 1)
Long-range Short-range
. Isovector
attractive repulsive vector Fald
scalar field field

| , R
Ernelp, dml = Tel(ap + fm)p] + f [waf»m)- + U((/)m)] & r + Tr[(F by ]

density matrix p b, = {o, o', 5", A"} - meson fields

h— OL | Mean l:t

5p | field qpl.> Eigenfunctions

qﬁi> =&,




\ Non-relativistic mean field and density functional theories \

1. Macroscopic + microscopic method

Bulk properties - liquid drop
Single-particle properties - single-particle potential (Woods-Saxon,
Nilsson, folded Yukawa)

Very flexible but no self-consistency = extrapolation
to unknown regions of nuclear chart maybe unreliable

2. Density functional theories starting from 2 - and 3 - nucleon
effective interactions

Finite range Gogny force (71 — %)’
2

e = S (Wit B, — H.P, — MiP,P,) e p? Central finite range force
=1

. & P

+ 1 Wis (Vi = V) x 8(rh —72) (Vi — V) - (01 + 02) [SPIeIoIE0ange

Y

. A . . L+ T
+ to (1 + xoP,) d(ry — 13) [p(r1 T2

2 )] + ‘/Coul 5 DenSitY'dependent

0-range + Coulomb

Zero-range (contact) Skyrme forces



Effective interactions

Local: _ —r? /1
1. Central force Vir)=-Ve
Realistic 2-body forces 2. Tensor force v (1 2) I (r) +V ) 1S
T, 12

— \ Non-local (velocity-dependent)

Example, 2-body spin-orbit interaction
Many-body techniques (Bruckner G-matrix, ...)

Effective nucleon-nucleon forces
1. well-behaved at short distances (no hard core problem)

Hard core can be neglected: nucleons move through the nucleus most of the
time as independent particles because of Pauli exclusion principle (Weisskopf, 1950)

2. Include some part of many body correlations
3. Possible to apply many-body techniques

FIT TO EXP. DATA - PHENOMENOLOGICAL EFFECTIVE FORCES




Mean field and Hartree+Fock(+Bogoliubov)
approaches

MEAN FIELD — nucleons move independently in an avera

produced by all the nucleons =

H|W>=E|¥>

Exact Schrodinger eq.

e potential
V(l..A)= YV (i, ))= 2 V(ig)-‘

i>j=1

SE[WP] = 0

Variational eq.

Transition to single-particle HHF _ i h(i)

levels

W@, ()= g,@,0)

i={r,s,t}

Total HF wave function= D (1 A) _
ko de g \ Lo e =

= Slater determinant

D) o @ (A)

O, e @, (4)

The Hartree-Fock energy

E" =<®|H" |® >




= l‘ + r.i J’kk Z“kz x1 P
N

Slngle particle Self-consistent field Single-particle

Kinetic energy density matrix

ME of 2-body interaction

Pairing correlations can be accounted by BCS method or in the
Hartree+Fock+Bogoliubov (HFB) method

( h A ) Uk Uk Pairing field
B

* % = k 1 —
R |
Wave function Energy _ + Density h-
of quasi-particles Pr =<l ¢/ |P>| matrix P
pp- and ph- channels of interaction are _ Pairing )
taken into account simultaneously Ky =< @] €< | ©> tensor PP




Density functional theory:
Hohenberg-Kohn-Sham approach

» Starting point — energy functional E of local densities I' and currents ]
2 %k
p= SV W DWW, (-)

» Maps the nuclear many-body problem for the ‘real” highly correlated
many-body wave function on a system of independent particles is
so-called Kohn-Sham orbitals W, ()

» Variational principle = equations of motion for W, (.-

OF =0 > HY (D)= W,.(.) > H=g—l;

»The existence theorem for the effective energy functional makes
no statement about its structure.

Its form is motivated by ‘ab initio’ theory, but the actual
parameters are adjusted to nuclear structure data.

In Coulombic systems the functional is derived ab initio
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‘Theoretical uncertainties in the description of masses
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NL3* 2.96 3.00 1.23 1.29

DD-ME?2 2.39 2.45 1.05 0.95

DD-MEJS 2.29 2.40 1.09 1.09

DD-PC1 2.01 2.15 1.16 1.03




Proton number £

Proton quadrupole detormation spread Ajj,
|
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Theoretical uncertainties are most pronounced for
transitional nuclei (due to soft potential energy surfaces) and in
the regions of transition between prolate and oblate shapes.
Details depend of the description of single-particle states




Shell structure and shell effects




Single-particle
states and
shell structure in
spherical nuclei
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‘ Shell structure and shell correction energies

OF . = 226 —2 f eg(e)de shell correction energy

€ - single- part|cle energies

14

g, p(E)

g(e) - smeared level density

—_— high den5|ty
instability oF shell = 0

shell and
subshell éE shell < O

closures




Shell effects as

a function of
deformation
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| 1 l l I ' l l l
k(N=45) = 0.070, 0.056
Protons W(N=45)= 048,054

Deformation dependence
of the single-particle
energies in a realistic

Nilsson potential 6.0 2

, 12X a e &

1. removing of the
2j+1 degeneracy )
of single-particle -
state seen at spherical | & |
shape :E

2. single-particle states i
at deformation e, 5.0
not equal 0 are only
two-fold degenerate

3. creation of deformed 45
shell gaps

-04 -0.2 0.0 0.2 0.4
deformation €, (€4,=0)



Nuclear landscape: what we know
and how well we extrapolate?




Nuclear Landscape
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Two-proton drip line
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.é 80 _~——  Two-neutron drip line
2 re0 : ) N=184
o 40 1 f ' N=126 SDFT -
* 28 = CDFT
AR CDFT/SDFT overlap

Sources of uncertainties in the prediction of two-neutron drip line
--- poorly known isovector properties of energy density
functionals
--- inaccurate description of the energies of single-particle states
--- shallow slope of two-neutron separation energies
Position of two-neutron drip line does not correlate with

nuclear matter properties of the energy density functional
AA, S. Agbemava, D. Ray and P. Ring, PLB 726, 680 (2013)
S. Agbemava, AA, D. Ray and P. Ring, PRC 89, 054320 (2014)
J.Erler et al et al, Nature 486 (2012) 509



Two-particle separation energies Szp o, [MeV]

Two-neutron drip lines: the impact of slope of two-particle
separation energies

| I TR T TR TN NN TR SN SHN BN SR TN S N
-
S, N=92) | &S, = B(Z,N-2)-B(Z,N)
two-neutron S.E.
+ S,p = B(Z-2,N)-B(Z,N)
two proton S.E.
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Proton number Z

Proton number Z
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Two-neutron drip lines: the impact of uncertainties in pairing

Nuclear Landscape
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The impact of single-particle states on the position
of two-neutron drip line

J/ N=258

____‘ _______
Two-neutron drip line

N=184
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The impact of single-particle states on the position
of two-neutron drip line
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