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Summary

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

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
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Nuclear electric dipole response (E1): definition
<latexit sha1_base64="N0t4Tf8woHFB0mMnp2qOK5LMJik="></latexit>

NucleusExternal perturbation

<latexit sha1_base64="Q5xrUNeXi0+QbXfdQjz0Nq1TBs0="></latexit>

<latexit sha1_base64="4Pz7eyN4iBEC9hOxn1/nR29ZzR4="></latexit>

Ei, Ji, ωi

<latexit sha1_base64="4F3qQ6HJ0XoTzN20Jote1phukmA="></latexit>

Ef , Jf , ωf
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Nuclear resonance modes Nuclear electric dipole response : 
E1 strength function (PSF)

Nuclear dipole response: definition
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R-process nucleosynthesis

Nuclear structure

Neutron matter equation of state

Ultra High Energetic Cosmic Rays

Nuclear dipole response: motivation
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Ultra High Energetic Cosmic Rays

Nuclear dipole response: motivation

PANDORA Project

 Need all PSFs for isotopes 
below 

 Very few exp in this mass 
region and often mutually 
incompatible

 Need reliable theoretical 
predictions especially for 
unstable nuclei

⟶
A ∼ 60

⟶

⟶
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Models commonly used to predict PSFs

Theoretical landscape

Purely phenomenological 

approaches
• Simple Modified Lorentzian 

(SMLO)

• Artificial Neural Network (ANN)

Microscopic approaches
• Quasi-particle Random Phase 

approximation (QRPA)

• Quasi-particle Finite Amplitude 
Method (QFAM)

• Second QRPA (SQRPA)

• QRPA + phonon coupling

• Projected Generator 
Coordinates Method (PGCM)

• Configuration Interaction Shell 
Model (CI-SM)

• …

Beyond linear response

<latexit sha1_base64="OT+eqPGeHzHTwFLRJaCYek5lvw0="></latexit>

Linear response 

<latexit sha1_base64="OT+eqPGeHzHTwFLRJaCYek5lvw0="></latexit>
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Theoretical framework: CI-SM
Quantity of interest: transition 

probability amplitudes
Discrete strength function

<latexit sha1_base64="qMwvgt99S2gfBDssZwVQHLSK1r0="></latexit>

→ωf | |Oω| |GS↑
<latexit sha1_base64="nERNPiLjgtUYfZ312fvCvaUy/iY="></latexit>

S(E) =
∑

f

| →ωf | |Oω| |GS↑ |2

2JGS + 1
ε(Ef ↓ E)

<latexit sha1_base64="KgjK+ZBQkQ6kJMthTdsOhGKaoRk="></latexit>

H →↑ Hvalence

H ↓→↑ He!

<latexit sha1_base64="eObc43zDwV+cBQw4Ho+pMquxjRA="></latexit>

N = 0 1s

N = 1 1p

N = 2 1d
2s

N = 3 1f
2p

N = 4
1g
2d
3s

...
<latexit sha1_base64="eObc43zDwV+cBQw4Ho+pMquxjRA="></latexit>

N = 0 1s

N = 1 1p

N = 2 1d
2s

N = 3 1f
2p

N = 4
1g
2d
3s

...Valence space mapping: 
E1 sd-shell nuclei

1ℏω
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Theoretical framework: CI-SM
M-scheme Shell Model

Spherical harmonic single particle basis:
<latexit sha1_base64="Hppe1PdgQPsYaGofNUwKNdr1/ds="></latexit>

|ω→ = |nω, lω, jω,mω→ Many-body basis: Fock states

<latexit sha1_base64="oPaItZ3bBo+J4TcULPQvESeyUF8="></latexit>

|!→ =
A∑

i=1

a†ωi
|0→ = |· · · 0010110 · · ·→

Bit-string representation 
of Slater determinants

<latexit sha1_base64="P0OA7BvRwsyfATfAk6H7jC4Y8qs="></latexit>

[He!, J
z] = 0 =→ He! bloc diagonal in 

<latexit sha1_base64="2B6ioOeVKUs/ZyONQuedCGmRdu4="></latexit>

M

<latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit>→↑

Good total  value:M

<latexit sha1_base64="PRkdmymBKsi7lWZDVUToXKTgvMs="></latexit>

Jz |!→ =
A∑

i=1

jzi |!→ =
A∑

i=1

mi |!→ = M |!→
<latexit sha1_base64="g3BMyK9Q5mOxydcFMXZXwmCVXXU="></latexit>



M = 0

M = 1

M = 2

·
·

·





<latexit sha1_base64="IYE2lxZ/fRmtTa1ekvyvlYQn6Jo="></latexit>

M -scheme dimension for
18
O (GS) = 14

<latexit sha1_base64="zOX9s9bnYY633Klm3xPXA4JqSC4="></latexit>

M -scheme dimension for 60Zn (GS) → 109 Iterative diagonalization procedure
<latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit>→↑
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Theoretical framework: CI-SM
Lanczos iterative diagonalization

<latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit>→↑ Extremal eigenvalues converge first (GS + first excited states)
<latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit>→↑ Very efficient for sparse matrix (  connects only basis states 

differing by 1 or 2 single particle occupation)
Heff

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

<latexit sha1_base64="J+b6HodaeWwjWmOYneAX34LhdXY="></latexit>

|L1→ ↑
1

||r||

d(M)∑

i=1

ri |!i→

Construction of the Lanczos 
orthonormal basis in which 

 is tridiagonal:Heff

<latexit sha1_base64="US48khJPk0bP/cPJepF3B2U+OzY="></latexit>

H |L1→ = H11 |L1→+ ˜|L2→
<latexit sha1_base64="DRGKXrqynTvVViSDCHME8t8y5zs="></latexit>

˜|L2→ = (H ↑H11) |L1→

<latexit sha1_base64="OfYvigu7xFtSNy5R2kopy9ooFHQ="></latexit>

|L2→ =
˜|L2→

||L̃2||

<latexit sha1_base64="QJrn7iBfZp6KV63ckRv0Fz2U3wc="></latexit>

H11 = →L1|H |L1↑
<latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit>→↑

<latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit>→↑ <latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit>→↑ <latexit sha1_base64="fKaOEL9B7a+Iu4JlbfekHjDbnGo="></latexit>

H12
<latexit sha1_base64="7eaQeq5ueTGK+70MzX9T9M8/izI="></latexit>

H22

<latexit sha1_base64="Vk8PMcCbLsa4r8OhITRk12zE04k="></latexit>

H |L2→ = H12 |L1→+H22 |L2→+H23 |L3→

<latexit sha1_base64="kpFZ0vJ05opxsL9H2QTBRQH1B78="></latexit>...

<latexit sha1_base64="qfDpcvPMbxQLU81vBD81GV38COU="></latexit>

H23 |L3→ = (H ↑H22) |L2→ ↑H12 |L1→

<latexit sha1_base64="DfizaNnKGntRgolad7zsksxs//Y="></latexit>

Hnn+1 |Ln+1→ = (H ↑Hnn) |Ln→ ↑Hn→1n |Ln→1→

<latexit sha1_base64="CNFpDEco8LDXrvWqem95DN3rp9s="></latexit>

H
(n) =





H11 H12 0 · · · 0

H21 H22 H23
. . .

...

0 H32 H33
. . . 0

...
. . .

. . .
. . . Hn,n+1

0 · · · 0 Hn+1,n Hn+1,n+1





Usual diagonalization of  (e.g. QR algorithm)H(n)
<latexit sha1_base64="t5MfVlBPNYd0768umPEqvG6Ouos="></latexit>

{Ej , |ωj→}
<latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit>→↑
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Step 1: compute the GS
<latexit sha1_base64="P0OA7BvRwsyfATfAk6H7jC4Y8qs="></latexit>

[He!, J
z] = 0 =→ He! bloc diagonal in 

<latexit sha1_base64="2B6ioOeVKUs/ZyONQuedCGmRdu4="></latexit>

M
<latexit sha1_base64="OEGFs5MC57B4t3bkncBhqlFGuGM="></latexit>

For a 0+ GS we diagonalize He! in the M = 0 subspace
<latexit sha1_base64="MBqP+o9ocGR/s3N1WIZ8ZWIJ9wo="></latexit>

using Lanczos algorithm

Step 2: compute the sum 
rule state

<latexit sha1_base64="qkQ+eaa7kEkggEf1DHwum+ro238="></latexit>

=→ |GS↑

Step 3: Lanczos calculation 
using <latexit sha1_base64="t7cZq5ZhWOw41uwo9Ha2841zzCc="></latexit>

|SR→

<latexit sha1_base64="IhEAnHCokziFL+qAhc1dAUkjz2E="></latexit>

|SR→ = O |GS→

Step 4: Lorentzian folding Theorem: for  Lanczos iterations the first 
 moments  of the distribution are exact

Nit
2Nit Sk

<latexit sha1_base64="KxxgHm8fCsIrbOO45vhGQH+2NBs="></latexit>

Sk =
∑

j

Ek
j | →ωj |O |GS↑ |2 = →SR|Hk |SR↑

<latexit sha1_base64="kntQT0Cl2Dhq4IzhBpcePCs9EwI="></latexit>

Unitary matrix Uij = →Li|ωj↑ diagonalizing He! such that U1j = →GS|O |ωj↑

Theoretical framework: CI-SM
Lanczos Strength function
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Theoretical framework: CI-SM
Dressing of the E1 operator 

<latexit sha1_base64="KgjK+ZBQkQ6kJMthTdsOhGKaoRk="></latexit>

H →↑ Hvalence

H ↓→↑ He!

<latexit sha1_base64="FBxErDpRFkAqJrWGobC+Do6srwI="></latexit>

H →↑ Hvalence

O(E1) ↓→↑ Oe!(E1)

<latexit sha1_base64="87utmjqCCOsozv2sIYkJg5P73MA="></latexit>

O(E1) = e

Z∑

j=1

rY10

Valence space mapping: Likewise for all observables

How to address this issue ? 
Microscopic approaches (many body perturbation): Lee-Suzuki, IMSRG 
Phenomenological approaches: scaling to data (effective charges), 

scaling to TRK
<latexit sha1_base64="mpYE0a5pcfqSmcGxRPkaEyK5idU="></latexit>

STRK
1 =

9⊋2e2
8ωm

NZ
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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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E1 response p-shell nuclei
L. Gonzalez-Miret Zaragoza, et al., Physical Review C 112, 
044303 (2025)

S. Goriely et al., The European Physical Journal A 55, 172 (2019)

This work
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S. Goriely, et al., PhysicalReview C 98, 014327 (2018)

L. Gonzalez-Miret Zaragoza, et al., Physical Review C 112, 
044303 (2025)

S. Goriely and V. Plujko, Physical Review C 99, 014303 (2019)

S. Goriely et al., The European Physical Journal A 55, 172 (2019)

This work
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<latexit sha1_base64="WGv6/G6CfvTFYLcrQHsnZwnr7K4="></latexit>

S̄ =
S1

S0
Centroids

<latexit sha1_base64="dTsnMqqos8RPj78njWmTVtWDQa8="></latexit>

!S =

√
S2

S0
→ S̄2Width

RMS
<latexit sha1_base64="t4KkZUJ1+pN+XE7VLoaSVZP0TOA="></latexit>

0.84 MeV
<latexit sha1_base64="R7NiXx+a6f2tHyjzQCr6zsQcOfQ="></latexit>
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E1 sd-shell nuclei systematics 132 nuclei (all isotopic chains within the valence space) 

M1 and E1 PSF available in the Talys database
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E1 sd-shell nuclei systematics
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<latexit sha1_base64="WGv6/G6CfvTFYLcrQHsnZwnr7K4="></latexit>

S̄ =
S1

S0
Centroids

<latexit sha1_base64="dTsnMqqos8RPj78njWmTVtWDQa8="></latexit>

!S =

√
S2

S0
→ S̄2Width

16



<latexit sha1_base64="CB7UccCyFk3/v91Aq7T2tFcDf44="></latexit>

up to 30 MeVNeutron rich nuclei: model comparison 

E1 response sd-shell nuclei
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Application to UHECR propagation
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O. Le Noan, E. Khan,  K. Sieja, S. 
Goriely, in preparation 

TALYS

<latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit> →↑

<latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit>

→↑

<latexit sha1_base64="t5zj9Nma/6b2Gk4Y04MpnGG8mho="></latexit> →↑

CI-SM 
PSFs
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Study of the Pygmy dipole resonance 



Open questions:

• Collective resonance or single-particle like excitation ?

• Tail of the GDR ? 

• Isospin mixing beyond  ? 

• Classical representation : neutron excess oscillation ? 

Toroidal mode ?

<latexit sha1_base64="nOzkkXc7nobqcplA20afaJrK69w="></latexit>

Sn

Study of the Pygmy dipole resonance 
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<latexit sha1_base64="jVmM02ijlyU23CbR8magyTFLVqA="></latexit>

26Ne + Pb →↑26 Ne→

<latexit sha1_base64="vhdwr3utqozmRDW6Y6OOHqsZKfA="></latexit>

SPDR
0 = 0.49± 0.16 e2fm2

<latexit sha1_base64="AHl5UBCdOTXRD6KeEPd0HtKWVYE="></latexit>

S̄PDR → 9 MeV

<latexit sha1_base64="RIJ9S0YcdDq0Gpbg8xcyPfxjkr8="></latexit>

SPDR
0 = 0.33 e2fm2

<latexit sha1_base64="+jcF7fTjuWNlwjcPjJw3A1/Ubcc="></latexit>

S̄PDR = 8.63 MeV

<latexit sha1_base64="xsWWCjnK7Qp5ifp75mY2T2DhzRg="></latexit>

→ 4% TRK

Study of the Pygmy dipole resonance 
<latexit sha1_base64="uu07N2hBxvMOa6flhR69X1GpkpI="></latexit>

26Ne
Comparison to experiment
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<latexit sha1_base64="uu07N2hBxvMOa6flhR69X1GpkpI="></latexit>

26Ne

Collectivity indicators:

• Great regularity of the PDR in neutron-rich nuclei
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Paradigmatic example of a collective resonance: GDR
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Transition density = Fourier mode of vibration
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Collectivity indicators:

• Great regularity of the PDR in neutron-rich nuclei

• Similar structure of the Pygmy states 

• Imply many nucleons  ~ many single-particle states 

• Nucleons respond coherently to the perturbation
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Conclusion

• CI-SM provides good prediction of E1 response for .
• The PDR is collective in a shell-model picture (< GDR).
• PDR states are not tail of GDR.
• The isospin mixing occurs also after .
• The classical representation of the PDR as neutron skin 

oscillation holds. The possibility of a toroidal mode still 
requires further study.

A < 40
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Experimental side:

• Appears in all neutron-rich nuclei
• Appears before and after  
• Has some degree of isospin mixing 

Theory side (QRPA):

Study of the Pygmy dipole resonance (PDR)

J. Endres et al., Phys. Rev. 
Lett. 105, 212503 (2010)

T. Inakura, T. 
Nakatsukasa, and K. 
Yabana, Physical Re-
view C 84, 021302 
(2011)
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M1 p, and sd-shell nuclei
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