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Electric dipole response of light nuclei within the Configuration-Interaction Shell Model

Summary

1. Nuclear electric dipole response: introduction and motivation
2. Theoretical framework: Configuration interaction shell model
3. Systematic electric dipole response of light nuclei

4. Application to ultra high energetic cosmic rays

5. A shell model view on the pygmy dipole resonance



Nuclear electric dipole response (E1): definition
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Nuclear dipole response: definition

Nuclear resonance modes Nuclear electric dipole response :
E1l strength function (PSF)
Spin-flip
Isoscalar  Isovector Isoscalar Isovector (GT)
AT =0 AT =1 AT =0 AT =1
AS =0 AS =0 AS =1 AS =1

P, B

Monopole | . .
AL =0 = . Low-Lying Electric
"5'0 . Dipole Strength
_=._Pygmy = '
: LN
Dipole ' -
~—— Resonance

y
Quadrupole Qsspn= ) |

5 10 15
Excitation Energy (MeV)



Nuclear dipole response: motivation

R-process nucleosynthesis Neutron matter equation of state

E(p,a) = Esnm(p) + aS(p) + O(a?)
p=(pntpp) a= (pn—pp)/p

S-process

where the density-dependent symmetry energy is:

(P — po)
Slp)=J+L + ...
3po
r-process symmetry slope parameter,
Z = stable energy related to pressure
meassured at saturation of pure neutron
8 = FAIR density matter at saturation
density
8 N
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Nuclear dipole response: motivation

Ultra High Energetic Cosmic Rays

Another Galaxy Milky Way Galaxy
UGBS PANDORA Project

Ultra High Energy Cosmic Rays (UHECRS) = — Need all PSFs for 1sotopes
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CMB
photons

Z N
O O O S =
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—> Very few exp 1n this mass
region and often mutually

SRR  incompatible
UHECR  collision  excites . ;

nucleus GDR photo-disintegration\"\
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—— Need reliable theoretical
‘ /\} Shock front predictions especially for
unstable nuclei

R
-~

Production Propagation Observation




Theoretical landscape

Models commonly used to predict PSFs

v v

Linear response Beyond linear response
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Theoretical framework: CI-SM

probability amplitudes
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Theoretical framework: CI-SM

M-scheme Shell Model

A
Spherical harmonic single particle basis: |Oz> = |na, Loy, Taus ma> — Many-body basis: Fock states E a
1=1

.0010110 - - -)

Bit-string representation
of Slater determinants

Good total M value: ~ J* |P) = Z]Z D) = Zmz D) = M |D)

Heg,J°| =0 = Hog bloc diagonal in M

M-scheme dimension for 30 (GS) = 14

M -scheme dimension for ®°Zn (GS) ~ 10 > Iterative diagonalization procedure




Lanczos iterative diagonalization

Initialization: initial pivot state e.g. random pivot:

Theoretical framework: CI-SM

- Extremal eigenvalues converge first (GS + first excited states)

N Very efficient for sparse matrix (Hq¢f connects only basis states

differing by 1 or 2 single particle occupation)

d(M)

= 2 19

> Hyy = (L1|H|L1)

HI|Ly) = Huy |L1) + L) L)
Lo) = — H, H
) ey WAl > Hi2 Hoo
Construction of the Lanczos |£2> — (H — H 11) |£1>
orthonormal basis in which
H ¢ is tridiagonal: H |£2> = H15 ‘£1> + Hos |£2> + Hoq |£3>
Hos |L3) = (H — Haz) |L2) — Hi2 |L1)

Hnn—l—l |£n—|—1>

Usual diagonalization of H™ (e.g. QR algorithm)

(H Hnn) |£ > n—ln |£n—1>

> B, [v;) ) L0
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Hn ,n+1
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Theoretical framework: CI-SM

Lanczos Strength function

Step 1: compute the GS  [Hegr, J°) =0 == Heg bloc diagonal in M

For a 0T GS we diagonalize H.g in the M = 0 subspace using Lanczos algorithm — GS)

Step 2: compute the sum SR) = O |GS)
rule state

Step 3: Lanczos calculation

, Unitary matrix U;; = (£;]1;) diagonalizing Heg such that Uy; = (GS| O |[¢;)
using [SR)

XXXXX

Step 4: Lorentzian tolding

170 Theorem: for ;¢ Lanczos iterations the first
2N;¢ moments S, of the distribution are exact

_3]

[MeV

JE1
=

Sk =Y E| (45 O|GS)[* = (SR| H" SR)

1 |\“J“L‘J\LM“‘ Illll Ly | ‘7
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30
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Theoretical framework: CI-SM

Dressing of the E1 operator O(E1) =e) rYig

j=1

H — %Valence
H +— Heff

Valence space mapping: Likewise for all observables

How to address this 1ssue ?
Microscopic approaches (many body perturbation): Lee-Suzuki, IMSRG

H — Hvalence
O(E1l) — Oeg(E1)

Phenomenological approaches: scaling to data (effective charges),
Ohe? NZ
8tm A

scaling to TRK 517" =

Details of numerical calculations

300 Lanczos iterations
Lawson’s method for COM
Effective interactions:

*E1 sd-shell: PSDPF

*E1 p-shell: WBP
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K1 response p-shell nuclei

fe1 (1077 MeV—3)

0.3

0.1

20
Eczc (MeV)

40

fr1 (1077 MeV—3)

fe1 (1077 MeV—3)

e
w

.
N

o
| —

S
o)

o
S

O
N

L. Gonzalez-Miret Zaragoza, et al., Physical Review C 112,
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This work

S. Goriely et al., The European Physical Journal A 55, 172 (2019)
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S. Goriely, et al., PhysicalReview C 98, 014327 (2018) QRPA D1M

S. Goriely and V. Plujko, Physical Review C 99, 014303 2019)  =—— SMLO

E1 response sd-shell nucler w7 o o
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K1 sd-shell nuclel systematics

132 nuclei (all 1sotopic chains within the valence space)

M1 and E1 PSF available 1n the Talys database
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K1 sd-shell nuclel systematics
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K1 response sd-shell nuclei

Neutron rich nuclei: model comparison up to 30 MeV
a By A
2|, pgnmg CNe| o TRy, 40
“ * n Sy
~~ L T S A —~ \ T
\l\ \:.:::\ \\ \\l\“\:
> : 1 X &
O 20 l\\ O 20 \
~ -m- CLSM ™. ~ L
| -
« 13- QRPA  ® &) 18 N
~m- SMLO “m “m
- QFAM S 16- )

20 22 24 26 28 17 19 21 23
A A

17



Application to UHECR propagation
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Study of the Pygmy dipole resonance

Neon 1sotopic chain




Study of the Pygmy dipole resonance

O -— (m) Dipole oscillation of excess
S, = acessneu won nIEUtrons against the core?

Open questions:

>

Low-Lying Electric
. Dipole Strength

e Collective resonance or single-particle like excitation ?

® Tail of the GDR ?

Strength

. .« . 5 10 15
e Isospin mixing beyond On ? Excitation Energy (MeV)

e (Classical representation : neutron excess oscillation ?

Toroidal mode ?

El giant resonance

El

z (fm)

xY
® M ANV ON DO ®
]
(S B e e B I

Soft E1
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Study of the Pygmy dipole resonance “°Ne

Comparison to experiment
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Study of the Pygmy dipole resonance “°Ne

Degree of collectivity and classical interpretation

Collectivity indicators:

e Great regularity of the PDR 1n neutron-rich nuclei

e Similar structure of the Pygmy states

* Imply many nucleons ~ many single-particle states > Sy

* Nucleons respond coherently to the perturbation > o

05,6 10 13 ;4
ph label
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Study of the Pygmy dipole resonance “°Ne

Degree of collectivity and classical interpretation

Paradigmatic example of a collective resonance: GDR

1.8-
- AT =0
Fraction of TRK SfDR g 100%TRK
1.5- - AT =1
3 total o
|> 1.2- D n
) 26Ne Cumulative sum BVO — Z (Xkakﬁ T Xk'ak:g)
= i
1.0 ko ks
T
= 08
= —~ 05 14.97 MeV| —~ 0.5 15.23 MeV| —~ 0.5 16.85 MeV
S0 E E - £ -
. < < <
0.0 ¥ 0 T o e U506 12 18 24 U576 12 18 24 U506 12 18 24

Ecze (MeV) ph label ph label oh label

23



Study of the Pygmy dipole resonance “°Ne

Degree of collectivity and classical interpretation

Paradigmatic example of a collective resonance: GDR

Transition density = Fourier mode of vibration

14.97 MeV | 15.23 MeV, | 16.85 MeV

5py (r,1) = py(r, 1) = po(r) = Y b, (0] p(r) [v) €™ 7=
V0

dpoy(r) = (0] p(r) [v)

Configuration entropy = measure of the dispersion over
single-particle states

S Qp — Z ‘C:pl |2 ln ‘C}f ‘2 _ -|||||Ilmml _ | _ -||||||IIIIII||
(4




Study of the Pygmy dipole resonance “°Ne

Degree of collectivity and classical interpretation
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Study of the Pygmy dipole resonance “°Ne
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Study of the Pygmy dipole resonance “°Ne

Degree of collectivity and classical interpretation

Collectivity indicators:

e Great regularity of the PDR 1n neutron-rich nuclei

e Similar structure of the Pygmy states >

 Imply many nucleons ~ many single-particle states >

* Nucleons respond coherently to the perturbation 7

27




Study of the Pygmy dipole resonance “°Ne

[sospin mixing Or1 = O(E()l) + 01(311)

Experimentally [soscalar  Isovector
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Study of the Pygmy dipole resonance

Conclusion

E1 giant resonance

e CI-SM provides good prediction of E1 response for A < 40.
® The PDR 1s collective 1n a shell-model picture (< GDR). El
® PDR states are not tail of GDR.
e The isospin mixing occurs also after On.
® The classical representation of the PDR as neutron skin
oscillation holds. The possibility of a toroidal mode still Soft E1 resonance
requires further study.
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Study of the Pygmy dipole resonance (PDR)

Experimental side:

e Appears in all neutron-rich nuclei
e Appears before and after Sy,

® Has some degree of 1sospin mixing
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Theory side (QRPA):
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view C 84, 021302
(2011)
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Study of the Pygmy dipole resonance

Neon 1sotopic chain: 1sospin splitting
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Study of the Pygmy dipole resonance

0.2 1

Isospin splitting 1n the oxygen chain
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Study of the Pygmy dipole resonance

in the oxygen chain
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Study of the Pygmy dipole resonance

Oxygen chain: model comparison
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Study of the Pygmy dipole resonance 24 ()

Oxygen chain: model comparison
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K1 response sd-shell nuclei

Neon 1sotopic chain: model comparison
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Study of the Pygmy dipole resonance

Oxygen chain: model comparison
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K1 response sd-shell nuclei

Neon 1sotopic chain: model comparison
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