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purpose

• Existence of Nambu-Goldstone and Higgs collective 
modes of alpha cluster Bose-Einstein condensation in 
nuclei

• Develop new theory of condensation of finite systems 
that respects canonical commutation relation, zero mode. 
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• 原子核 集団運動         陽子 中性子 
 集      集団運動

• 3次元       空間R(3)
  回転運動  (order parameter:  deformation) 
  振動運動

•     空間 U(1) 超流動 粒子数空間 
  対回転          (order parameter: paring gap energy)
  対振動
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  粒子    空間 NGH空間   集団運動
     order parameter: density
    (新      原子核 集団運動 安定真空 存在 

  位相子 運動 (phason)  超流動
  振幅子 (amplitudon)
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VEV   真空期待値 ≠  
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Nambu Goldstone boson

Higgs  boson
Emergence of order parameter oscillation 
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 Uegaki et al     
12C gas-like alpha-cluster states ”new phase” 
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 粒子凝縮
No order parameter

 粒子  状態 存在



Dilute alpha particle gas structure   and alpha 
particle condensation in 12C:  Hoyle state  

:  

3  Hoyle state: alpha 
condensate

Energy level 
12C

    particle gas

Energy level of 12C  0+ states
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threshold  7.367 MeV

21
+
  (4.44 MeV)

01
+
  (0.0 MeV)

02
+
  (7.65 MeV,  =8.5 eV)

04
+
  (10.8 MeV, =0.4 MeV Itoh JOP chain)

31
-
  (9.64 MeV,  =34 keV)

41
+
  (13.3 MeV,  =1.7 MeV)

22
+
  (9.75 MeV, =0.750 MeV Itoh)

42
+
  (14.04 MeV,  =285 keV)

03
+
  (10.0 MeV, =  Itoh JOP hn)

 lowest 0s 
state

3    particle
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 all the   cluster 
states appear  above the 
threshold and the Hoyle 
state
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集団運動状態
回転運動    vs 振動運動    ?
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 Bose-Einstein condensation
• Spontaneous symmetry of the global phase due to 

Bose-Einstein
• All the cluster models, ab initio calculations and other 

theories don’t treat global phase U(1) symmetry   and 
particle number fluctuation

• Conventional BEC theory (Bogoliubov) based on field 
theory does not respect gauge invariance (C-number 
approximation): valid for macroscopic systems but not 
for small particle number systems

• Strict treatment of zero modes is necessary
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 1: Pauli matrix
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NG  mode sector is modified to  include 
higher  power terms of NG quantum 

coordinate p, q
20

Bogoliubov-de-
Genne mode
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| |
QP

uH E    
Modes due to SSB
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V  
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   –  nuclear  interaction 
 Ali-Bodmer potential  determined from  ―     scattering to fit the  s-wave phase shift fit potential 

   

   –  Coulomb interaction  
     ―  folding potential

 Number of   clusters: N0

 External field potential  harmonic oscillator

    

2
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Hoyle state: rms  and density 
distribution
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Cal. I 
   =2.14 MeV, Vr=422 MeV
 (rms radius=4.21 fm of the Hoyle state)
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Energy levels
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summary
1 Formulated effective field theory of Bose-Einstein condensation of  

finite number   particles.
Treated zero modes correctly.

  The energy levels of alpha cluster states of   Care reproduced 
well  and transition probabilities are predicted.

   Alpha  cluster    above the Hoyle states are Nambu-Goldstone 
and Higgs modes due to the phase locking of the condensate

  2 ,    above the Hoyle state are not a rotational band but a BdG 
excitation of the condensate
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