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Definitions, phenomenology & simple models



The Giant Dipole Resonance

- Imagine to apply an uniform electric field to a
nucleus in its ground state E

- Protons will start moving to the right
(translation due to Coulomb force) N(H

— At (essentially) the same time, neutrons will _ ~“/
T

follow protons (nuclear force) and start to >

oscillate. g

— As a result one finds a translational motion of the
whole nucleus plus an oscillatory motion of
neutrons against protons. That is, pn(r,t) -
pp(r,t) oscillates (=isovector motion)

- We are interested on the oscillation frequency
since it must depend on the attraction between
neutrons and protons (restoring force)

- Different multipolarities can contribute to
this motion, the dominant one will be the dipole




The Giant Dipole Resonance

- The Isovector Giant Dipole Resonance was the first resonance
measured in the atomic nucleus(photo-absorption experiments)

- The cross section for the excitation of the nucleus to a final
state |v) with energy Ev from the ground state |0) with energy Eo by
a photon at a given energy E can be written as

’ y) Convenient operator
D inated — _ . — ~ T Y10(Q
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P> transitions and
subtract CM motion

- The total cross-section will be
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where S(E) is the so called Strength

function 0 ] A ] ; 1 . I 1 i | . ] . ]
. _ 8 10 2 14 16 18 20
S(E) is used to characterize the nuclear Excitation Energy (MeV)
response (experimentally, it is commonly

parametrized as a Lorentzian function with
energy Ex and width I')
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Electric Dipole Polarizability o)

The electric dipole polarizability Macroscopically

electric dipole moment

measures the tendency of the nucleara=

external electric field applied

charge distribution to be distorted

D. M. Rossi et al.
Phys. Rev. Lett.

Microscopically, it relates . S
ith th hoto- _ hc dE Tv—abs “—Full nuclear

Wi S _p oto ) QD = 2m2e2 ; E?2 response known

absorption cross-section

In stable nuclei it has been 6F | "_'GL}H'+'PD'H{;“}' =

measured, e.g., using polarized JE 68N . — GDR (W) 3

proton scattering at very forward s E | ! L e GDR (systemat) 3

angles (dominated by E1 and M1 s 12F | E

well separated) E 1F | 3

In unstable nuclei, such as ¢2Ni, it ?‘J- 0.8 f— I —

has been measured using Coulomb 2 06F | -

excitation in inverse kinematics oW F | )
m 04 —

(using the R3B—LAND setup) © o E_ | _

'a'nl
E [MeV]
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Electric Dipole Polarizability

hc o0

Integral from 0 to “infinity”

O~—abs
ap = dE — Full nuclear response

271'26’2 0 EZ

- High energy tail of the photo-
absoption cross section need to be
measured, extrapolated or
taken from theory. It is,
nevertheless, a small
contribution due to 1/E2

- Discrete states below the
neutron separation energy and
pygmy states need to be
measured. They constitute a
large contribution due to 1/E2
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Giant Resonances from theory:

Harmonic oscillator
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Giant Resonances from theory:

Harmonic oscillator

The HO Hamiltonian, in terms of the conjugate variables a
(or r position) and da/dt (or v velocity) and the (Coemw?) and
(Boe m) parameters, could be written as (Bohr&Mottelson):

b e 1.3 GO\ 1 e\
Ho = 5 Bo&” + 5 Coa” — Eo = h(B_g) —E= (BU 80:2)
Assume harmonic perturbation (restoring force)
!
F=—ra—->V= Eﬁza2
1 - 2 1 2
H=Ho+ V > H = EBUC},' -{-E(O{]—FH})CE

1/2
E=Fy|l1l+ @
Restoring force



Giant Resonances from theory:

Harmonic oscillator

Generalized coordinate a will change with &=(pn-pp)/(Pn+pPr) in an
isovector oscillation of neutrons against protons. Hence,

1 1 D%
Ho = —Byé? + =Cpa® » E? x —
0= P o0 052
Where e=e(pn,pn,--.) represents the potential energy of the
system as a function of its variables. Assuming the local

density approximation is valid:

It is convenient to write the energy per nucleon (e) as a function of the
total density [p=pn+pr] and their relative difference [0=(pn+pp)/p].

— Due to isospin symmetry only even powers of & will appear

— Stable nuclei have small values of 0

Taylor expansion for - 0: e(p,d) = e(p, 0) @ + 0[54}
O%e

862 P=Peq.

- Symmetry
S P S ) energy

2
E; x




What is the symmetry energy?

Nuclear Equation of State (EoS)

30

e(p,8) = e(p,0) + S(p)d* + O[6"]

20

10F

e (MeV)

-10F

-20

neutron matter

e(p,o=1)

e(p,0=0)

symmetric matter

Symmetry energy S(p)~

(0.16 fm ", —16.0 MeV)

Saturation

| e(p,0) = e(po, 0) + §K0932 + O|p?] where z =

. 1 .
0.05

I
0.1

o
p (fm )

It is customary to also expand e(p,0) and

S(p) around nuclear saturation density

po ~ 0.16 fm—3

P~ Po
300

1
S(p)=J+ Lx + iKsyme + O[p*, 64

Ko — how compressible is symmetric matter at po

] (ax) — penalty energy for converting all protons
into neutrons in symmetric matter at po

%2 L (as) » neutron pressure in neutron matter at po

P(p = py,0 =0) =0 MeV fm*



Sum rules: ma

Ground state gives access to excited state properties!!

- Sum Rules or moments of the strength function S(E):

S(E) = ) _I(WIIF110)[*8(E — E, + Eo)
k-moment of S(E): my = ]dE EXS(E) = Z |(VI|E]10)[(E, — Eo)¥

Example: Energy Weighted Sum Rule (EWSR) Written in terms of a
a— commutator with the

my = Y (E, — Eo)|(v|F|0)|* = (O|F[#, F]|0) Hamiltonian evaluated

v
- [F,V]=0, if the excitation operator (F) commutes with the interaction (V) the sum

. . :
rule will be model independent!! ; &) =E/gj(r)p(r)d3r,

A h
A(fs) _ ; A- (15) 2 ] 2 2
F, EE=1 fi(ri)Ym (1) m,”(J) = o 2]+ 1) {g), e (dj}) T (fj)

dr

- [F,V] different form 0, if the excitation operator does not commute with the
interaction the sum rule will be model dependent but still can be used to better
understand nuclear phenomenology e Model dependent term

vy _ "y :
'F:.f — . ﬁ(rl)ﬂM(rl)rz(l) m(IIV) U) — mi-:lIS) U)(] @

=1
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Sum rules: m.

Ground state gives access to excited state properties!!

Theoretically, the total photo-absorption cross section, can be
written as

2 2 i
J}’—Ele = 4n o E (Ev T Eﬂ)l (vleipnlelﬂH EL'ZﬁL‘ior
subtract

CM motion

>

And, thus,

V
74 F 1 0 2 z N
ap = 2 Z I( ‘|Ed1poleE|: >| = 2m %;rij(ﬁ)—%;rﬂm(ﬁ)
L"'?EU v 0

Considering the G.S. perturbed by an external field AF
( with A - 0). <H>=<Ho+AFu.> can be written as:

o0H) = |(v]FI0)?
_ __ 12 3y _ 42 3
(H) — (Ho) = A 2#; F—p OO =Mmo+ o)
= _ 19%#) Dielectric
T o aud i Theorem



Dielectric theorem applied to the

Droplet model Hamiltonian

- Calculate the polarizability (a), proportional to m.
from the dielectric theorem and Droplet Model

A(12)1/2 157] 13
m_; = 13] 1+ — 1 QA

J. Mever P. Quentmi and B. Jenmngs Nucl Phys. ASSS 269

. - 27
aym(A) = 71 with 1y =754 W A= “[J — aym(A)JAV3(T - 1)
A(r?) 5ATnp + \/; 55 — AR
xp ~ —— |1+
12] 2 (r2)1/2(1—1¢)

Polarizability must increase with the mass (for the dipole A>/3, for

the quadrupole A7/3 and so on) and surface symmetry energy (J/Q)
and decrease with the bulk symmetry energy (J)



Density Funcitonal Theory:

a microscopic theory




DENSITY FUNCTIONAL THEORY

Hohenberg-Kohn theorems
P.Hohenberg, W. Kohn, Phys. Rev. 136, B864 (1964)

- Assuming a system of interacting fermions in a
confining external potential, there exist a
universal functional F[p] of the fermion density p:

(VT +V + Vet |¥) +/V;xt(r)p(r)df

— and it can be shown that

ming (V|7 + V + Ve |V) =(min, E|p]

so E[p] has a minimum for the exact ground-
state density where it assumes the exact
energy as a value.




Kohn-Sham realization

F[p] = Tnon-int. [p]+VKS[p]

In nuclei no need of external confining potential

For any interacting system, there exists a local single-particle potential
Vks(r), such that the exact ground-state density of the interacting system
equals the ground-state density of the auxiliary non-interacting system:

Kohn-Sham o O

A
pexact(m — PKS (F) — Z |¢(m|2 O"C)kso (DFT)
i=1

O
S0 Tl G
where ¢ are single-particle orbitals and the GO OO
total wave-function correspond to a Slater . _
determinant. The E[p] is unique Self-bound Non-interacting
interacting Fermions
Fermions ? confined in the

— - Kohn-Sham
E[IO] T T[IO] _I_ VKS (mp(md?ﬂ ‘mf(r’p’Vp"")' potential
where T[p] is the kinetic energy of the non-interacting system and for which the

variational equation SF A

op 0p

yields to the exact ground state density and energy




Time dependent DFT for the study of GR

Linear Response Theory (Ring&Schuck)

Perturbing the initial static Hamiltonian Ho with a small time
dependent operator F(t):

H="Ho+ F(t) F(t)= fexp(—iwt)+ flexp(iwt)

Will produce variations on the static density po linear with the
external operator F(t) in first approximation:

5p(t) = bpexp(—iwt) + 6p' exp(iwt)

Writting the Schroedinger equation using commutators

H=DIH0 () = iwb () - (b = it
ho¥ N [ho, po] =0 o + th)! po + 0p(t)] = thdp

I



Time dependent DFT for the study of GR

Linear Response Theory (Ring&Schuck)

Keeping the linear terms in the perturbation (F) and
Imposing that a Slater determinant (only for particle-hole or

hole-particle excitations [GR-» Many coherent ph
excitations!]) one could find:

(C&) — €m + Ez)épm@ — fmz + Z Vmi’im’é‘pm’i’ + me"ii"éjpim"

(bu’ — € T Em)é‘pim — fzm + Z Vg’mi"mm’ 5;0qu:’ + %m’mi’épim" j
m'’ "f
Ohyy -
Vi = 3 & ?é@
K PRV )

For F- 0 and solving the Egs. for &p one finds the
Random Phase Approximation where the
knowledge of E[p] is suffient, no need to impose H.

As a result one obtains the excitation spectra (energies I
and w.f.) and can build the strength function S(E)




Some selected results




Electric Dipole Polarizability:

Do we understand it from theory?

Applying the dielectric theorem to the Droplet Model Hamiltonian (first
Migdal and latter on Meyer et al. NPA385, 269) one can find (shown before)

surface ) = e(PNM)-e(SNM) -
o A A<T2> 142 5ATnp + \/5 70] — AT Symmetry energy at po
b 12] 2 (r2)1/2(1—1¢) Arnp = <ra2>Y2_<rp?2>v2

Neutron skin thickness

Using microscopic calculations

(Energy Density Functionals «& Hartree-Fock+Random Phase Approximation)

3 =097 208k .

. c10f ofsy 208Ph o)
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c [ i 1 8
w & | S gf vsv 12
g £ | >t 18
9 . S 't @
o : g - 1g
-é 1 I 1 - E 6:! %

1851 0.16 02 024 028 032 5
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Model errors large

Electric Dipole Polarizability:

Do we understand it from theory?

Applying the dielectric theorem to the Droplet Model Hamiltonian (first
Migdal and latter on Meyer et al. NPA385, 269) one can find (shown before)

WARNING: one must remember that (nowadays) all
nuclear models are effective models.

XD

- Parameters of the model are not fundamental
constants but are fitted to reproduce some
experimental data » “Statistical theoretical’ errors
,4F WNot shown in the figure, typically small once fixed the :
model and experimental pool for the fit! ) -

Using
(Energy De

23t J
__t| B~ There exist different nuclear Hamiltonians (or ¥ 3
"g **f| fimodels) of different nature and complexity. This also i | &
;;21; introduce a theoretical error: “Systematic theoretical ] 8
20k @error” which are estimated in the figure by looking at 18
195_ \Wthe spread of the models. Those are typically large ig
Al — | ¢

1853016 02 024 028 032 012 0.16 ofz’ 024 028 032

Arp (fm) np (fm)

Correlation between models low Correlation between models high



EDFs are consistent with Droplet Model

What about “ab initio” models?

What happens if we add to the previous results based on DFT from x-

EFT?

160
1401

DFT data from:
Roca-Maza, Phys. Rev. C 88,
024316 (2013)

Ab initio data from:
Hu, Nat. Phys. 18, 1196-1200
(2022)

* FSU Courtesy: Francesca Bonaiti
VY NL3
/A DD-ME O
<l Skyrme v O
> SV vV % A
[0 SAMi < 4
O TF V®ﬁ A
8  Ab initio v % 0. 8% W
. ¥ isq ~ “’9‘
v oI
% Eﬂg
8
-8 < 208Ph
6 7 8 9

10=2 ap J [MeV fim3]

10

It looks consistent, may be we understood something



Now we are allowed to study the consequences of

what we have learned on the EoS

Determination of the J vs L relation from experimental data
according to EDFs

o —=096
I 10:' e FSU '
-+ of o g]ﬁ3ME . ;- 68
L i e )
E e 1 | J=25.02)+0.192)L  for %Ni,
= 8F ¢SV 2
~ [ ¢ SAMi 1 1 J=254(1.1)4+0.17(1)L  for '*"Sn,
o [ .
< : 2458 0.17(1)L  for 2%Pb.
Tt : = (8) + ( )
= . 208ph:
0 20 40 60 80 100 120 140
L (MeV)
Assuming Taylor expansion around po:
po — (p) Po —
PO PU
one can qualitatively understand the result!!
E X. Roca-Maza, M. Brenna, G. Colo M. Cen te[le X. Vifias, B. K. Agrawal, N. Paar, D. Vretenar, and J. Piekarewicz S((ﬂ) ~ 0.08 fnl—S) ~ 25 Mev



Current applications to the measurement or

calculation of the nuclear polarizability

Polarizability is sensitive to the neutron skin thickness and
neutron distribution. If accurately determined we can learn
about isospin symmetry breaking effects in the nuclear
medium < restoration of chiral symmetry? And on the
weak charge of the nucleus < weak mixing angle?

Effects on atomic energy levels due to nuclear polarization
(electronic or muonic atoms) < help in accurate determination of

electric charge radii?
Learning about nuclear polarizability could help

understanding the tidal deformability (=quadrupole
polarizability) in neutron stars
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Are these results robust?

Selection of EDFs (red C|rcles) compatlble with experlmental data
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but do we really really understand it?

T
Experiment

J. Birkhan, M. Miorelli, S. Bacca, S. Bassauer, C. A. Bertulani, G. Hagen, H. Matsubara, P. von Neumann-Cosel, T.
Papenbrock, N. Pietralla, V. Yu. Ponomarey, A. Richter, A. Schwenk, and A. Tamii

Phys. Rev. Lett. 118, 252501 — Published 23 June 2017

X. Roca-Maza, X. Vifas, M. Centelles, B. K. Agrawal, G. Colo, N. Paar, J. Piekarewicz, and D. Vretenar
Phys. Rev. C 92, 064304 — Published 8 December 2015
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R. W. Fearick, P. von Neumann-Cosel, S. Bacca, J. Birkhan, F. Bonaiti, |. Brandherm, G. Hagen, H. Matsubara, W.
Nazarewicz, N. Pietralla, V. Yu. Ponomarev, P-G. Reinhard, X. Roca-Maza, A. Richter, A. Schwenk, J. Simonis, and
A, Tamii

Phys. Rev. Research 5, L022044 — Published 31 May 2023
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And if we combine Arv and ap in 2°¢Pb?

| I : PauI-Gerr:jard_ R(Tcilnhard, Xayier Roca-
: 208 Maza, and Witold Nazarewicz
590 'RD SV | Pb | Phys. Rev. Lett. 127, 232501 (2021)
SV-min
) PC U L - Models with an *
'_8. 580 | DD contain Apv in 2°8Pb in
oF | the fitting protocol
S— FSU
570 t ] .
E pREX_2 I—U]Jmlt u - Models c_onnected by
<t 560 t | i lines: family
550 PREX-Z% -.SV, PC and RD models
B fitted to the same data
19 X 2 . 22 23 24 SV-min:
ap (f
p () Fain = 0.19 £ 0.02 fm -
B and Rch away from _
“expected” EDF accuracy Theoretical and experimental L =54+8 MeV
for B and Rch @ 1o errors overlap for SV-min

But not overlap both exp.



Summary: model perfo

rmance A: (sensitive to

Ar..) @Nd Qb (sensitive to J and Arnp) In 48Ca and 2°8Pb

2.5
24 ¢
23 1

0 SV-02 [] RD-o2 (b) -

ap(**Ca) (fm?)

22 F s
|O SV-APV:@? O RD-APVZa?
2.0 F .|® SV-APV'a? ® RD-APV'?|
19 20 21
ap(**Pb) (fim?)

No simultaneous description of
parity violating asymmetries
(ground state observable) = point
to a deficient understanding of
neutron skins

Combined Theoretical Analysis of the Parity-Violating Asymmetry
for *Ca and **Pb

Paul-Gerhard Reinhard, Xavier Roca-Maza, and Witold Nazarewicz

Phys. Rev. Lett. 129, 232501 — Published 2 December 2022

Simultaneous description of
dipole polarizabilities — point
to a good understanding of
symmetry energy (J) and
neutron skins (Arnp)

Ab-initio (B. Hu) Nature Physics (2022)

. N
ap(  Ca) 28000
aD(QUSPb) e

g 580

RS

ég 570

g‘-; 560 | -mi B RD-min

4"“ A SV-min* ®m PC-min | :

2300 2400 2500 2600
Apy(*Ca) (ppb)

Magenta dashed lines from extrapolated Arnp
given in G. Hagen et al. Nature Physics 12, 186-
190 (2016) and H. Bu et al. Nature Physics (2022)
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