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Energy scales and relevant degrees of freedom
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Energy scales and relevant degrees of freedom
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Energy scales and relevant degrees of freedom
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Energy scales and relevant degrees of freedom
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Covariant Energy Density Functionals

A Mean-field approximation
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Covariant Energy Density Functionals

+ Superfluid pairing correlations in open-shell nuclei
RHB Hamiltonian:
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Ways to improve present EDFs
T

Beyond phenomenological mean field and extension

* Density Matrix Expansions

* Multi-Reference EDFs

* Generator Coordinate Method

* Time-dependent DFT

 Random Phase Approximation }

* Particle Vibration Coupling



Beyond the mean-field: quasiparticles coupled to vibrations
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Beyond the mean-field: quasiparticles coupled to vibrations

The Dyson equation for nucleon
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In general, the self-energy can be written as sums of the stationary local and energy dependent
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Beyond the mean-field: quasiparticles coupled to vibrations

Quasiparticle-Vibration Coupling (QVC) in the nucleonic self-energy
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Beyond the mean-field: quasiparticles coupled to vibrations

Quasiparticle propagator:

G G
+—)-O&O:)-=

G(B) = (e~ Hanp — £(E) -
—

Introduces new poles

G G
= = ’

Energy dependent term

’Yu;klk’}lﬂ;k2k

(e)
¥ (e) = .
ks ; e —n(Ey + Q, — i9)

B = 5+ 5 ()

Fragmentation of single (quasi) particle states:

El;‘l A Si_l |
Mean-field - %
EZ:QHB
L‘;;"“ ) .‘ LS‘;_” |

With fractional occupation numbers

S s =1

EZ:Z'HB _ Z SIEV) E]E:V )



Nuclear Vibrational motions

t t b av The quanta of vibrational energy are
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(Quasi)particle-vibration coupling in spherical case
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Deformed nuclei
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Allow density to break rotational invariance of original interaction = Spontaneous symmetry breaking

Nuclei become deformed and are characterized by several collective coordinates g; representing the nuclear
shape



Quasiparticle Random Phase Approximation for deformed nuclei

e The tradition method:

N\
Diagonalization the QRPA matrix — S
-o—e- -0—o-
- -0—e-
>—=C-

the same effectiveé imteraction determines the RHB quasiparticle spectrum and the residual
interaction

Tremendous computational costs
* Tedious calculation of residual interactions
* Huge matrix dimension for deformed systems.



Finite Amplitude Method for deformed nuclei
==

Residual interaction can be estimated by the finite difference method:

5h(w) = L (R[], 1)) — ho)
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Starting from initial amplitudes X(°) and Y®), we can use an iterative method to
solve the following linear-response equations.
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w(Yi(w)| = —(Yi(w)|(ho — &) — ($il {0h(w) + Vet (w)}Q

finite difference method for residual interaction = avoid two-body matrix element calculation
iterative method - avoid huge matrix diagonalization

T. Nakatsukasa, 1., Yabana, PRC76 (2007) 024318.
A. Bjelci¢, T. Niksi¢ CPC 253 (2020) 107184



Numerical scheme

g e \\-QRPA [ N

e Calculate phonon
spectrum and their
coupling vertices

e Phonons selected
according to their J7, K

and energy Dyson
N \ % Y

e Fragmentation of
quasiparticle energies

e Spectroscopic factors

Input:
e DD-PC1
e Separable pairing force

equation
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Calculate quasiparticle phonon coupling vertex for different 3,
==
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Single particle spectrum in 2°8Pb
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Deformed QVC: heavy 2°°Cf
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Deformed QVC: neutron rich 38Si
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At B, = 0, the degeneracy of the quasiparticle states reproduced, and the occupancies maximized
Additional oscillations of the dominant fragments' states due to the evolution of the low-energy collective phonons
Formation of the new shell closure at the neutron number N = 16



Deformed QVC: neutron rich 38Si
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Deformed QVC: neutron rich 38Si

Potential energy surface minimum f3, = 0.31
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Summary
-

Beyond mean-field in the particle-vibration coupling scheme:
Provide a formal of extension of EDF to include many-body correlation

Degrees of freedom:

* Quasiparticle states
* phonons

Implemented for open-shell nuclei with axial deformations

For the medium-mass and heavy nuclei

* asignificant fragmentation of the quasiparticle states around the Fermi surface

* anincrease of the level densities in both neutron and proton subsystems

Improves agreement with experimental data compared to the mean-field approximation

Perspectives:
* Introduce the energy-dependent potential in the response function.
It should lead to a fragmentation of the giant resonance spectrum due to complex
configurations such as 2p-2h excitations and to a considerable increase of the width.
o Start from chiral interaction, see the PVC effects.
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Problem: Spurious states in FAM
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Implementation of the method proposed to separate the spurious response related to the breaking of
the translation symmetry from the physical response. In practice there is always some mixing mostly
due to the finite size of the oscillator basis used in the calculation. However, because the spurious
states are due to the finite size of the harmonic oscillator basis, we can change the parameter of the
harmonic oscillator. The physical states will remain stable, and the spurious states will heavily rely on
harmonic oscillator parameters.



Phonon Calculation

Induced Hamiltonian
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Beyond the mean-field
T

From EDF we can get nuclear binding energy, radius, deformation etc.
Plus RPA, we can get giant resonance information
However, still have limitations

* Single-particle states and their spectroscopic factors
* Width of giant resonance and other excited states

EDF potential is not energy-dependent
Consider the energy-dependent potential

Py S / e /s
2 r,w) =2@)or—r)+ 2°(r, r;w)
One-body propagator G: Dyson equation for Gor’kov Green function

k k‘ k k‘ kk k2 kt
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Particle Vibration Coupling
I —

The equation of the one-nucleon motion has the form
D
(7 + BE{(e) + Z5(0)) 1Y) = el¥)
hP denotes the Dirac Hamiltonian with the energy- independent mean field

hP? = ap + B(m + =) + X

We can get Dirac basis, which diagonalizes the energy-independent part of the
Dirac equation

hP W) = ex i)

Define the energy-dependent part

&) = [ drd ot (n) (555 (r,1'se) + 55 (r,r's ) ()



Particle Vibration Coupling

Model assumptions:

In the present work we choose a rather simple particle-phonon coupling
model to describe the energy dependence of . Within this model ¢ is a
convolution of the particle-phonon coupling amplitude £¢ and the exact
single-particle Green’s function

+00 dw
2y (e) = Z/ %rkl’lk'(w)Gk'l'(g + w),
{

where the amplitude I" has the following spectral expansion:
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and the mean field Green’s function is
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