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Outline

Bubble structure

Theoretical models

oFinite temperature Hartree-Fock (FT)

oHartree-Fock plus BCS at finite temperature (FTBCS)

oHartree-Fock plus Exact Pairing at finite temperature (FTEP)

Bubble in hot 28,34Si nuclei

Discussion and conclusion



Bubble Structure

H. A. Wilson, Phys. Rev. 69, 538 (1946)
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Bubble Structure
•Nucleon density of 34Si and 36S*

 

F: depletion factor
ρmax : maximum 
density
ρcent : central 
density

*A. Mutschler et al, Nature 13, 152 (2017)
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Bubble Structure

*A. Mutschler et al, Nature 13, 152 (2017)

2s1/2  occupancy=0.17



Finite temperature Hartree-
Fock

•Mean-field description

 



*T. H. R. Skyrme, Nucl. Phys 9 (1959).

 

 

Skyrme 
interaction*



Vautherin and Brink* showed that three – body interaction is equivalent to two – body 
interaction and they depend on nucleon density :

The Skyrme interaction nowadays:

Central potential

Non – local potential

Spin – orbit potential

Density dependent potential

Where:  and  is the conjugate of .
Total nucleon density 
Spin – exchange operator 

 

* D. Vautherin & D. M. Brink, Phys. Rev. C 5, 1972
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Densities

Kinetic energy densities

Spin-orbit densities

T=0
 

 

 

Energy

Skyrme Hartree-
Fock

F

fj=0

fj=1



Densities

Kinetic energy densities

Spin-orbit densities

T≠0

Nucleon densities

 

fj : occupation number
ϵj : single-particle energy
β=1/T
λ: chemical potential
Ωj=j+1/2
Φj(r)=Rj/r : radial wave function

 

 

 

Occupation number

F

0<fj<0.5

0<fj<1
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T

Finite temperature Hartree-
Fock

BSk17* t0 t1 t2 t3 x0 x1 x2 x3 W0 α J2

Values -1837.33 389.102 -3.1742 11523.8 0.411377 -0.832102 49.4875 0.654962 145.885 0.3 1

* S Goriely et al, Phys. Rev. Lett. 102 (24), 242501 (2009)



Finite temperature BCS

 

 

 

 

 

 
Where:

Quasi-occupation number

Quasi-particle energy

Pairing gap

Occupation 
number

Particle number

BCS equations



Exact pairing (EP)

where

and

Diagonal 
elements

Off – 
diagonal 
elements



Exact pairing at finite 
temperature

 

 

  

 

Partition function

Pairing energy

Occupation number

Pairing gap where

d(s) is the degeneracy of basic states.
G: pairing strength.
 are the eigenvalues of EP Hamiltonian.
 are the EP occupation number.
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Nucleon densities
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*A. Mutschler et al, Nature 13, 152 (2017)



Results
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Bubble in 34Si
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Neutron density
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Occupation number
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The contribution of 2s1/2 orbital wave function

Bubble in 34Si



Proton density

Bubble in 28Si
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Neutron density

Bubble in 28Si
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Conclusion
 The bubble structures of 28,34Si are investigated at finite temperature by using 

three theoretical models: FTHF, FTBCS and EP. 

 The bubbles in these nuclei, which are caused by very low s-orbitals 

occupancies, exit at T=0, reduce with increasing T and disappear when T≥2 

MeV. 

 The pairing (FTBCS and EP) models predict the bubble structure shallower 

than non-pairing (FTHF) model at T=0. The bubble structure, which is 

predicted by EP, disappear slower than FTHF and FTBCS prediction at finite 

temperature.

 The increasing of 2s1/2 occupancy (2fj=2s1/2 = 0,17 at T = 0) in 28,34Si is the main 

reason which quenches the bubble with increasing temperature. The bubbles 

disappear at T ≥ 2 MeV → fj ≥ 0.4.
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