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NUCLEAR ENERGY DENSITY FUNCTIONALS

Nuclear Landscape

* Nuclear energy density functional (EDF) ——

unified approach to describe at the quantitative level Contgiention imaraction.
nuclear properties across the nuclide map including exotic

nuclei — astrophysically relevant properties

O static and dynamic properties of finite nuclei
across the nuclide map (nuclear masses,
excitations,...)

{/

O nuclear processes and reactions (beta decays, y P it~ —— S temincogni,
beta delayed neutron emission, neutron capture, o e /
neutrino-induced reactions, nuclear fission ...) et 3 Z

0 equation of state of nuclear matter _ (UNEDF)

* Nonrelativistic ool
O Skyrme functionals _
O Gogny functionals sl
a .. ‘

* Relativistic
O finite range meson exchange functionals
@ point coupling functionals of
0 density dependent functionals ;

symmetric nuclear matter
neutron matter
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THE ORIGIN OF NUCLEAR MAGNETISM

Orbital magnetic moment from from

orbiting charged particles
- proportional to orbital angular momentum

it = g,(1)l;
gi(p) = lupn
gitn) = D

Spin magnetic moment from the instrinsic
spin nucleons

- proportional to intrinsic spin Ia»s
p
i = gs(4)8; B .
gyromagnetic factors (free nucleons) Sp 18 n
gp=2Hp=5.585695 uN s
gs(i) = U,

gn=2|Jn='3.826085 MN




MAGNETIC DIPOLE TRANSITIONS

Isovector M1 spin-flip transitions
* induced by O T3 operator

AJ=1, AL=0, ATr=0, AS=1, AT=1
JT=0%(GS) — J7=1*

-

* Transitions between spin-orbit
partner states allowed

M1 transitions can also be induced
by the orbital angular momentum
operator [

Scissors mode (orbital M1, AT=1)

N
K. Heyde et al.,
RMP 82, 2374 (2010). W

Y. Fuiita et al., PPNP 66, 549-606 (2011).

(Z-1,N+1)

T =+1

Isovector M1 spin-flip excited states

are analogous to Gamow-Teller states
in neighboring nuclei




Why are M1 transitions important?

L 4

Since they include transitions between spin-orbit partner states, M1 transitions are

important for the understanding of single-particle properties, spin-orbit interaction and

shell closures from stable toward exotic nuclei

IV M1 transitions can probe the inelastic neutrino-nucleus reactions of relevance for
neutrino physics and astrophysics (supernovae, etc.)

M1 response can be used to resolve the problem of quenching of spin-isospin response

nuclei, necessary for the description of double 3-decay matrix elements

M1 transitions can affect the radiative neutron capture cross sections — nuclear
astrophysics applications require large-scale calculations of M1 response

Skyrme functionals which successfully describe electric transitions, have difficulties to
reproduce the experimental data on magnetic transitions. Calculations with Gogny force

required additional factor of 2 for the M1 transition strengths. More theoretical and
experimental studies are needed.
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MAGNETIC DIPOLE (M1) TRANSITIONS IN NUCLEI

Magnetic dipole (M1) transitions in
magic nuclei 8Ca and 2%8Pb from recent
experimental studies
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RELATIVISTIC NUCLEAR ENERGY DENSITY FUNCTIONAL

« Relativistic point coupling model X >< }(

* The basis is an effective Lagrangian with four-fermion (contact) interaction terms; isoscalar-scalar,
isoscalar-vector, isovector-vector, derivative term

1£ =iy -0 — m)wl
— 5as(D)(PY) (W) = Sav(p) (W Y) (yu)

— Sy (P (BT ()
— SBs @) @5) — ety ALy

* many-body correlations encoded in density-dependent coupling functions that are motivated by
microscopic calculations but parameterized in a phenomenological way

» Extensions: pairing correlations in finite nuclei T. Niksic, et al., Comp. Phys. Comm. 185, 1808 (2014).
- Relativistic Hartree-Bogoliubov model (e.g. with Gogny or separable form of the pairing
interaction Y. Tian et al., PLB 676, 44 (2009).)




MAGNETIC DIPOLE (M1) TRANSITION OPERATORS

» M1 transition operator — spin and orbital angular momentum operators
(I S)

A A /L(1V)

11 0 .
Z A(IS)O 91, - p, (11)g o 4,
k=1 M1y (22)k k 0 M1y (22)k

=1

15V (11),, = plI9 TV (22), = BN (oIS TV By 4 IS TV 3,) - W (Y3, ()

» Gyromagnetic factors

. omital 9t =1 g7 =0
« spin gT") = 5.586 (—3.826)

. T _|_ v g7r _|_g1/
. isoscalar g;° = It 5 It _ 05 gl & = =0.880
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M1 TRANSITION STRENGTH DISTRIBUTIONS

« Relativistic Quasiparticle A7 BJ xv.JM 1 0 xvIM
Random Phase Approximation (B*J A*J) (YI/,JM) = hw, (0 _1) (YI/,JM)
(RQRPA) equations

> Includes also contribution from the pseudovector interaction term to describe

unnnatural parity transitions J™=1*
1

T 5 = T 5. =
Lrv_py = —§CYIV—PV[‘I’N7 YVHTUN] - [YNY YTV N]
—
> The PV coupling strength is constrained by exp. M1 energies in “Ca and 2°8Pb
" 14 F 480, DDPC-1 plus IV-PV, No Pair.
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M1 TRANSITION STRENGTH DISTRIBUTIONS

M1 transition strength for 48Ca and 208Pb:

unperturbed Hartree response

isoscalar response (small)

isovector response (large)

total response (dominated by the isovector response, moved
toward higher energies above Hartree response)
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M1 TRANSITION STRENGTH DISTRIBUTIONS

M1 transition strength for 48Ca and 208Pb:

unperturbed Hartree response

spin response (large)

orbital response (small)

total response (dominated by the spin response)
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Pairing effects on M1 transitions

42Ca: single excitation peak at 11.3 MeV,  >Ti: pairing interaction causes the

dominated by the transition splitting of M1 response, necessary to
(W1fh — vifs)0) reproduce exp. data. Two main
7/2

transitions: (7r1f7_/12 — w1 f5/2)
(V1f7_/12 — vlfs5/2)
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Exp. data = D. |. Sober et al., PRC 31, 2054 (1985).
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The evolution of M1 transition strength distributions for Ca isotopes
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» For open-shell nuclei, the pairing interaction affects the M1 excitations.




Why are 4°Ca and %°Ca M1 ’silent”

M1 transitions are composed from
transitions between spin-orbit partner
states

40Ca (Z=N=20)

60Ca (Z=20, N=40)

All spin-orbit states below Fermi
level are fully occupied, and above
Fermi level empty

No particle-hole transitions between
spin-orbit partners possible
= M1 transitions are forbidden

g

nuclei ?

p
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Spin-orbit splitting energies vs.

Complete RQRPA calculation
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Without pairing interaction
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The differences between spin-orbit splittings and M1 excitation energies
demonstrate the role of the (residual) interactions




M1 transitions in Sn isotope chain — evolution toward neutron rich nuclei
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The interplay of the transition strength of the two main M1 peaks along Sn isotope chain
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Partial M1 transition strengths for relevant 2gp configurations

Sn (Z=50) . + protons
6~ DD-PC1+DIS pairing a  neutrons
i . . e e e e relevant contributions come
aro ! ~_ from proton transitions
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Comparison of the M1 excitation energies with relevant spin-orbit splittings
- Demonstrate important role of the QRPA residual interaction for M1 transitions
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THE QUENCHING OF g-FACTORS FROM M1 TRANSITIONS

* In general, model calculations provide more M1 transition strength than the
experimental data. Often the quenching in g-factors (0.6-0.75) is introduced in
models to resolve this discrepancy.

« The quenching of g-factors remains an open question to date.

The total RQRPA (DD-PC1) transition strength in comparison to the new experimental
data from inelastic proton scattering - S. Bassauer et al., PRC 102, 034327 (2020).

SOB () SSBEP(UZ)  Geps/gpree <,: quenching of the g factors of the
free nucleons, needed to

112
Su 2281 14.7(1.4) 080 reproduce the exp. data on M1
1148n 22.61 19.6(1.9) 0.93 transition strengths.
H0Sn 22.56 15.6(1.3) 0.83 Less quenching (0.8-0.93) is
118g 29 76 18.4(2.4) 0.89 required in comparison to previous
10 studies (0.6-0.75). Some M1 exp.
Sn 23.34 15.4(1.4) 0.81 data above neutron threshold may
124G, 925 55 19.1(1.7) 0.86 be missing because of limited

accuracy = weaker quenching?




CONCLUDING REMARKS

» Relativistic nuclear energy density functional with point coupling interaction has been
employed in studies of M1 transitions in nuclei

» Model calculations in Ca and Sn isotope chains demonstrate the interplay between
single-particle properties, spin-orbit splittings, and M1 excitation properties

» Pairing correlations are essential to reproduce the M1 excitation properties in open
shell nuclei

» The comparison of the calculated M1 transition strength with the new exp. data
from inelastic proton scattering on Sn isotopes result in quenching 0.8-0.93 of the
g-factors, with perspectives to reduce further

Future work: deformation effects, large-scale calculations for nuclear astrophysics,

finite temperature effects on M1 transitions

» M1 transitions - possible additional constraint for the effective nuclear interactions
used in the studies of nuclear structure and dynamics

Collaboration with: Goran Kruzi¢, Tomohiro Oishi
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Single-particle occupation
probabilities from the RHB model




