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Nuclear Physics Project 

 

HPCI Field5 Subjects 1,2 (2011-2015)  

1.Hadron int. from LQCD 
  S. Aoki (Tsukuba) 
  K. Sasaki (Tsukuba)  
  N. Ishii (Tsukuba) 
  H. Nemura (Tsukuba) 

4. Time dep. DFT 
  T. Nakatsukasa (RIKEN) 
  K. Sato (RIKEN) 
  K. Yabana (Tsukuba) 
 

5. Dense matter 
  A. Nakamura (Hiroshima) 
  K. Nagata (Hiroshima) 
  M. Takano (Waseda) 

3. Ab initio Many-Body Cal. 
  T. Otsuka (Tokyo) 
  T. Abe (Tokyo)  
  N. Shimizu (Tokyo) 
  S. Fujii (Tokyo)   
  T. Suzuki (Nihon) 

2. Ab initio Few-Body Cal.  
  E. Hiyama (RIKEN) 
  K. Murano (RIKEN) 

1.Hadron int. from LQCD 
  T. Hatsuda (RIKEN) 
  S. Ozaki (Tokyo)  
  Y. Ikeda (Tokyo/RIKEN) 
  S. Sasaki (Tokyo) 
 
  



1.  Lattice quantum chromodynamical approach to nuclear physics  
   HAL QCD Collaboration,   Prog. Theor. Exp. Phys. (2012) 01A105. 
 

2.  Gaussian expansion method for few-body systems and its applications  
   to atomic and nuclear physics  
      E. Hiyama, Prog. Theor. Exp. Phys. (2012) 01A204 
 
3. New-generation Monte Carlo shell model for the K computer era  
   N. Shimizu et al., Prog. Theor. Exp. Phys. (2012) 01A205 
 

4.  Density functional approaches to collective phenomena  in nuclei:  
     Time-dependent density functional theory for perturbative and  
     non-perturbative nuclear dynamics  
      T. Nakatsukasa, Prog. Theor. Exp. Phys. (2012) 01A207. 
 

5. Towards extremely dense matter on the lattice  
   XQCD-J Collaboration, Prog. Theor. Exp. Phys. (2012) 01A103. 

Summary of A02 achievements  

Progress of Theoretical and Experimental Physics, (2012) special volume 
 “Computational Approaches in Particle, Nuclear and Astrophysics”  
http://www.oxfordjournals.org/our_journals/ptep/special_issue_a.html 



Basic Strategy of research group A02  

  KEI Computer @ AICS (RIKEN) 
                     (10PFlops) 
 

BG/L -> PACS-CS -> T2K -> BG/Q -> KEI 
      (10TF -> 100TF -> 1PF -> 10PF) 

Neutron star:  
    max mass, cooling etc 
 

Supernova explosion 
 Neutron star merger 

  NN 

Nuclei 
NNN 

Hypernuclei 

YN,YY 

YNN 
YYN, YYY 

  J-PARC (KEK/JAEA) 
   

プレゼンター
プレゼンテーションのノート
２００６－２００７の論文は、その後の発展を拓く重要な第一ステップとなった。
２００８－２０１２は、理論形式と精密化の整備期間
２０１２より京コンピュータを用いた本格計算で原子核物理の基礎を与える
同時に、実験や観測との連携作業



BB & BBB force  
from lattice QCD 

“high precision” 
NN interactions 

# of 
parameters  

  CD Bonn          38 
  AV18                 40 
  EFT in N3LO    24 

QCD has only four parameters : 
          mu, md, ms, ΛQCD 

   HAL QCD method for 
hadron-hadron interactions 



BB potentials (flavor SU(3) limit) IHAL QCD Coll.  
Phys. Rev. Lett. 106 (2011) 162002 
Nucl. Phys. A881  (2012)  28 

Repulsive core in NN channel 

Attractive core in H channel Growing NN tensor force 

      1S0 channel 
 

3S1 – 3D1 channel 



NN phase shifts (flavor SU(3) limit) 

NN 

HAL QCD Coll., 
Phys. Rev. Lett. 106 (2011) 162002 
Nucl. Phys. A881  (2012)  28 
 

Attraction stonger in the deuteron channel 



       ・ basic concepts of the NN ineracition in LQCD 
                S. Aoki, T. Hatsuda & N. Ishii, PTP 123 (2010) 89 
                   N. Ishii et al. [HAL QCD Coll.], Phys.Lett. B712 (2012) 437 
 

       ・ central,  tensor,  LS forces              Doi (Fri.), Ishii, Murano (poster) 
 

       ・ SU(3) BB force, H-dibaryon & N☆                               Inoue (Fri.) 
                  T. Inoue et al. [HAL QCD Coll.], PRL 106 (2011) 162002 
                  T. Inoue et al. [HAL QCD Coll.], Nucl.Phys. A881 (2012) 28    
 

       ・ YN and YY forces                         K. Sasaki, Yamada, Nemura (poster) 
                H. Nemura et al. [HAL QCD Coll.], Phys.Lett. B673 (2009) 136 
 

       ・ NNN force and unified contraction algorithm         T. Doi (Fri.) 
                  T. Doi et al. [HAL QCD Coll.], PTP 127 (2012) 723 
 

       ・ meson-baryon interactions               Charron, Ikeda, Ozaki (poster) 
               T. Kawani and S. Sasaki, Phys. Rev. D82  (2010) 091501 ) 

Highlights (2008-2012) in Lattice Nuclear Force  

          LQCD:  964 lattice,  a=0.1fm, L=9.6fm, mπ=135MeV at K cmputer 



Ab initio  
nuclear few-body 

calculations 
 
Gaussian Expansion Method (GEM) 
  for N-body problems   (N=3,4,5,…)   by E. Hiyama   
 
    ・ nuclei 
    ・  hypernuclei 
    ・  cold atoms 



     i)  Applying Gaussian Expansion Method to N-body problems 

            N=5 became possible  by now  
      

・ any interactions such as  
  central force,  spin-orbit force, tensor force,  
  momentum dependent force,  quadratic spin-orbit force etc. 

・ particle conversion interactions such as 
  ΛN－ΣN,  ΛΛーΞN－ΣΣ etc. 

・ bound states, resonant states and continuum  states,  
   simultaneously 

ii) Establishing  the following frameworks 

Summary of progress（FY 2008-2012） 

プレゼンター
プレゼンテーションのノート
My research purpose is to apply our own method , namely, Gauissian Expansion Method to N-body problem. Especially, I am happy if I could perform up to 10-body calculation before my retirement.
In detail, I want to establish the following framework:
I want to develop my method to calculate..
Second, my method is applicable for the calculation of particle … and also, we want to apply our method for the calculation of bound states, resonant states as well as continuum states.




We succeeded in 
interpreting this 
event as an  
observation of the 
ground state of  11Be.  ΛΛ 

Also, we succeeded 
in performing 5-body  
problem. 



 

α 

p n 

Inconsistent with the data 

E. Hiyama et al., PRC 80,054321(2009). 
E. Hiyama and Y. Yamamoto,Prog. Theor. 
Phys., 128, 105, (2012). 

New data at Jlab in 2012. 

プレゼンター
プレゼンテーションのノート
This is our results with a phenomenological CSB interaction. The binding of Li7 with and without CSB is almost the same. Because, there is cancellation between ｎΛ and pΛ CSB interaction. On the other hand, in the case of Be7L, the energy of Be7L with CSB make deeper bound by 0.2 MeV comparing with this value. And in the case of He7L, the energy with CSB interaction make less bound by 0.2 MeV comparing with this. Then, we found that binding energies with CSB interaction of He7L and Be7L became inconsistent with the data. 



Ab initio  
nuclear many-body 

calculations 
 
Monte Carlo Shell Model (MCSM) by T. Otsuka et al. 
 

・a tool to go beyond the Lanczos  
  method 
・variational wave function +  
  energy-variance extrapolation  
・obtain a few lowest eigenstates  
・small I/O, good parallel computation 

Intrinsic Density from ab initio calc. 

  8Be 



Summary of progress（FY 2008-2012） 

• Monte Carlo Shell Model  
– Methodology developments : 
     Algorithm development (8 times accelerated)  
        Y. Utsuno et al., Comp. Phys. Comm. 184 102 (2013). 
     Energy-variance extrapolation for precise estimation of eigenenergies  
        N. Shimizu et al., Phys. Rev. C 82 061305R (2010),  ibid 85 054301(2012). 
– Applications： 
      No-core calculations in light-mass nuclei 
         T. Abe et al., Phys. Rev. C 86 054301 (2012),   
         L. Liu et al., Phys. Rev. C 86 014302 (2012) 
      Shell-model calc. in medium-heavy nuclei 
        Neutron-rich Ni, Cr isotopes and shell evolution (Y. Tsunoda et al. ),   
        Xe, Ba isotopes and shape “phase” transition (N. Shimizu et al. ) 
 

 For review: N. Shimizu, et al. Prog. Theor. Exp. Phys. 2012 01A205 (2012). 

N.B. SPIRE Field 5 launched since FY2011 

Abe (Fri.) 

Tsunoda (Fri.) 



Developments of the Monte Carlo shell Model towards “K computer” 

Algorithm tuning 
for computation 

Precise estimation of energy eigenvalue 
by variance extrapolation + reordering technique PC cluster 

100CPU parallel 

T. Otsuka, M. Honma, T. Mizusaki, N. 
Shimizu, and Y. Utsuno, Prog. Part. Nucl. 
Phys. 47, 319 (2001). 

Parallel efficiency 

Y. Utsuno, N. Shimizu, T. Otsuka, and T. Abe, 
  Comp. Phys. Comm. 184 102 (2013). 

N. Shimizu et al., Phys. Rev. C 85 
054301(2012). 

Improvement of the MCSM 
by Conjugate Gradient method 

OpenMP+MPI hybrid parallel  

100 CPUs 

8 times faster  
at maximum 

SPARC64 VIIIfx    705,024 cores 

N. Shimizu, Y. Utsuno, T. Mizusaki, T. Otsuka, T. Abe, 
and M. Honma, Phys. Rev. C 82, 061305(R) (2010). 

N. Shimizu, et al. Prog. Theor. Exp. Phys. 
2012 01A205 (2012). 



Performance improvement of the 
MCSM code in a single processor 

tim
e 

(s
ec

.) 

3.5 times speed up 
10 times speed up for no-core shell model calc.  

@ Xeon 5430 2.2GHz  

The performance improvement owes to the rewritten algorithm. 



Time Dependent 
Density Functional Theory 

Time-dependent Kohn-Sham-Bogoliubov (TDKSB) eq.  
by Nakatsukasa and Yabana 



• Developments in new DFT computer codes 
– Static DFT 

• DFT with the iso-rotational invariance (pn mixing) 
– Linear response in TDDFT 

• Real-time approach to E1 response 
• Systematic calculation of photonuclear reactions 

with the finite amplitude method 
– Beyond the linear regime 

• Shape fluctuation and shape transition with a 
microscopically-derived collective Hamiltonian 

• Real-time description of fusion dynamics 
 

Nuclear dynamics in the density 
functional theory (DFT) 



中務原子核理論研究室 

Shape coexistence phenomena are 
being recognized as a kind of 
universal feature in nuclei. Quantum 
shape fluctuation and mixing are 
described by the quantized collective 
Hamiltonian obtained through the 
TDDFT. 

TDDFT description of microscopic nuclear dynamics 

Large amplitude shape dynamics 

Hinohara et al., PRC 82, 064313 
(2010) ; PPC 84, 061302(R) (2011) 

Sato et al, PRC 86, 024316 (2012) 

New TDDFT method with time-dependent 
pairing dynamics was developed, which reduces 
the computational cost by several orders of 
magnitude. This may allow a full microscopic 
description of nuclear fission in future. 

New approach to superfluid nuclear systems 

Ebata et al., PRC 82, 034306 (2010); 
JPCS 312, 092023 (2011)  



Pygmy dipole states are one of typical modes of excitation in 
exotic nuclei. We show that they may provide valuable 
information on the neutron-skin thickness and density 
dependence of the symmetry energy. 

Inakura et al., PRC 80, 044301 (2009); PRC 84, 021302(R) (2011)  

A computer program of a new nuclear DFT has been 
developed based on a “iso-rotational” invariant energy 
density functional. This will be further utilized in study the 
isoscalar (T=0) pairing and charge-exchange reaction. 

Pygmy dipole states and constraints on symmetry energy 

14O 

14N 

14C 

xT

zT (excited 0+; T=1) 

(ground 0+) 

(ground 0+) 

   

=> K. Sato    

  (Thurs.) 

Proton-neutron-mixing density functional theory 



Nuclear and SN EOS 

 Variational Method  by Takano et al. 
   ・ finite T 
   ・ asymmetric matter 



Progress of the Research  (2008-2012) 

Construction of a nuclear EOS for supernovae (SNe)  
     with the cluster variational method (In progress) 

The cluster variational method with AV18+UIX for uniform matter.  
The Thomas-Fermi method for non-uniform matter. 

Method 

Collaboration with A03-group Yamamuro, Nakazato, Suzuki 

Numerical calculations of the free energies for various densities, 
temperature and proton fractions:    ~ 107 points 

Supported by A04-group  Matsufuru(KEK) 

A part of the energy is calculated with GPU:  ~100 times faster!  

(Tokyo Univ. Sci.) 

プレゼンター
プレゼンテーションのノート
研究進展その１です。
新学術関連では変分法で核物質状態方程式を研究し、宇宙物理学への応用を目指しました。
１番目はクラスター変分法による超新星爆発用EOSの作成です。
まだEOSテーブルは完成していません。
この内容は２日目に富樫君に、鈴木さんとの共同研究部分も含め口頭発表してもらいます。
EOS作成方法としては、一様核物質をAV18+UIXから出発したクラスター変分法で計算し、
非一様相をTF計算で求めます。
TF計算は、A03班、理科大鈴木さんのM２の学生さんの山室早智子さんが主に進めています。
理科大助教の中里さんも協力してくれています。
TF計算用データも含め、自由エネルギーを様々な密度、温度、陽子混在度で計算する必要があり、
およそ１０＾７個のデータが必要です。
これだけの自由エネルギーの計算を行うために、A04班、松古さんにご協力いただいています。
例えばエネルギーの一部（具体的には３体力部分）は、GPUを使ったコードにチューンして、普通のワークステーションの100倍程度のスピードアップになりました。




The SN-EOS with the cluster variational method 

The free energy of hot asymmetric nuclear matter is calculated  
with the method by Schmidt and Pandharipande, toward a SN-EOS.   

AM: A. Mukherjee, PRC79(2009)045811. 

 Togashi (Fri.) 

プレゼンター
プレゼンテーションのノート
ハイライト研究の紹介

１）SN-EOS用クラスター変分法での自由エネルギーの計算結果です。
有限温度核物質に対する変分計算はSchmidt and Pandharipande（SP)の方法を使いました。
任意の密度ρ、温度T、陽子混在度xに対して妥当な自由エネルギーが出来るようになりました。

なお、AMはMukherjeeさんが行ったSPによるAPRの有限温度拡張版です（対称核物質、中性子物質のみ）。

＊その他、TF計算で非一様相のEOSを作る作業を進めていますが、
そこは鈴木さんがお話になるかもしれないと思い、
このシートからは外しました。



Variational method with the explicit energy functional 

Pure Neutron Matter  Symmetric Nuclear Matter 
(Preliminary) 

Reasonable energies are obtained 

The v6’ potential 

 Takano (poster) 

プレゼンター
プレゼンテーションのノート
ハイライト研究の紹介

エネルギー汎関数による、v6’を用いた中性子物質と対称核物質の計算結果です。
EEFが今回の結果（規格化条件であるMayer条件を考慮しています）、EEF(No Mayer)はMayer条件を課さない場合の結果です。
対称核物質は計算の収束性が不十分な点があるのでpreliminaryとしました。
なお、他の多体計算例の中でAFDMC、GFMCはモンテカルロ計算、CBF(Correlated Basis Function)はJastrow波動関数（非直交規定）を使った“変分＋摂動”計算です。
また、FHNC/SOC（Single Operator Chain)はFHNCで足し上げるクラスター項が最も簡単な場合です。


＊A02班全体の発表時間との関連で、このシートは省略いただいても結構です。



Dense LQCD 



Summary (2008-2012) 
• Lattice Study of Finite Density QCD 

– Wilson Fermions with improved Gauge and Fermion action 
• Fugacity Expansion Formula, 2010 

[PRD82,094027(2010)] 
  
 
 
 
– Fermion matrix size reduction (CPU time reduction) 
– Useful  

• in the Multi-Parameter Reweighting 
• to Lee-Yang zeros study 
• to calculate higher order Taylor coefficients 



Summary continued 
• Imaginary Chemical Potential approach, 

2011[PRD83,114507(2011)] 
– Continuation of the Imaginary chemical potential Phase 

Boundary to Real chemical potential  
• Equation of State, 2012[JHEP1204,092,(2012) ] 

– Comparison of the Multi-Parameter Reweighting and 
Taylor Expansion 

• Lee-Yang Zeros and Canonical approach, 
2012[PTEP01A103(2012)] 

• Towards Low Temperature and finite density,2012 
– To study  Fermion Matrix behavior (eigenvalue behavior) of 

the reduction fermion matrix  
– To analyze how to take the limit towards Low temperature, 

Finite density and Thermo-dynamical state  
 



Highlights (2008-2012) 
• Lee-Yang Zero [PTEP01A103(2012)] 

–  Zeros in Complex Fugacity plane 
– Reflects Phase Structure 

 
 

At low T, two circles (baryon and anti-baryon)  
At high T, they merge into one unit circle. 

 Nagata (Sat.)  



○  Lattice quantum chromodynamical approach to nuclear physics  
   HAL QCD Collaboration,   Prog. Theor. Exp. Phys. (2012) 01A105. 
 
○ Towards extremely dense matter on the lattice  
   XQCD-J Collaboration, Prog. Theor. Exp. Phys. (2012) 01A103. 
 
○  Gaussian expansion method for few-body systems and its applications  
   to atomic and nuclear physics  
      E. Hiyama, Prog. Theor. Exp. Phys. (2012) 01A204 
 
○ New-generation Monte Carlo shell model for the K computer era  
   N. Shimizu et al., Prog. Theor. Exp. Phys. (2012) 01A205 
 
○  Density functional approaches to collective phenomena in nuclei:  
     Time-dependent density functional theory for perturbative and  
     non-perturbative nuclear dynamics  
      T. Nakatsukasa, Prog. Theor. Exp. Phys. (2012) 01A207. 
     

Summary of A02 achievements  

Progress of Theoretical and Experimental Physics, (2012) special volume 
 “Computational Approaches in Particle, Nuclear and Astrophysics”  
http://www.oxfordjournals.org/our_journals/ptep/special_issue_a.html 



Advanced Institute for Computational Science (AICS), RIKEN 
       10 PFlops supercomputer KEI  “京”  (full operation started on Sep.28, 2012) 

http://www.aics.riken.jp/en/ 

                  Five “strategic” programs (FY 2011-2015)  
 

           1.  Life and Medicine     2.  New Materials        3.  Environment              
           4.  Engineering              5.  Particle, Nuclear and Astrophysics 

Project 1:  Lattice QCD    Project 2:  ab initio Nuclei 
Project 3:  Supernovae    Project 4:  First stars and  galaxies  

          LQCD:  964 lattice,  a=0.1fm, L=9.6fm, mπ=135MeV   Yamazaki (fri.) 





Highlights of the MCSM studies 

Talk by T. Abe 
Benchmark calc. in light nuclei 

Intrinsic Density from ab initio calc. 

Energy-variance extrapolation 

Talk by Y. Tsunoda 

Level scheme of 68Ni (a doubly magic nucleus) 

β ~ -0.2 β ~ 0.4 (superdeformed) β ~ 0.0 

  8Be 



List of related works（FY 2008-2012） 
• Shape transition in exotic  Si & S isotopes, Y. Utsuno, T. Otsuka, B. A. Brown, M. Honma, 

T. Mizusaki, and N. Shimizu, Phys.Rev. C86, 051301 (2012) 
• VMU in p-shell nuclei  C. Yuan, T. Suzuki, T. Otsuka, F. Xu, and N. Tsunoda, Phys. Rev. 

C85, 064324 (2012) 
• Beta decay for astrophysics  T. Suzuki, T. Yoshida, T. Kajino, and T. Otsuka, Phys.Rev. C85, 

015802 (2012)  
• Renormalization persistency of tensor force in nuclei, N. Tsunoda, T. Otsuka, K. 

Tsukiyama, and M. Hjorth-Jensen, Phys.Rev. C84, 044322 (2011) 
• Electron capture from astrophysical interest  T. Suzuki, M. Honma, H. Mao, and T.  

Otsuka, Phys.Rev. C83, 044619 (2011) 
• Novel features of nuclear forces and shell evolution in exotic nuclei, T. Otsuka, T. Suzuki, 

M. Honma, Y. Utsuno, N. Tsunoda, K. Tsukiyama, and M. Hjorth-Jensen, Phys. Rev. Lett. 
104 , 012501 (2010) 

• Three-body forces and the limit of oxygen isotopes, T. Otsuka, T. Suzuki, J. D. Holt, A. 
Schwenk, and Y. Akaishi, Phys.Rev.Lett. 105, 032501 (2010) 

• Neutrino-induced reaction for stellar process  T. Suzuki, M. Honma, K. Higashiyama, T. 
Yoshida, T. Kajino, T. Otsuka, H. Umeda, and K. Nomoto, Phys.Rev. C79, 061603 (2009) 

• Exotic Magnetic Properties in 17C T. Suzuki, and T. Otsuka, Phys.Rev. C78, 061301 (2008) 
 



Talk by T. Abe 

Benchmark calc. in light nuclei 
- ready for systematic calcs. - 

Energy-variance extrapolation 
-  precise estimate of  
exact eigenvalues  - 

Highlights of the MCSM studies  I 



Highlights of the MCSM studies  II 

β ~ -0.2 β ~ 0.4 (superdeformed) β ~ 0.0 

Level scheme of 68Ni (a doubly magic nucleus) Talk by Y. Tsunoda 

  8Be 

Intrinsic Density from ab initio calc. 

three phases within 3 MeV  



Highlights continued 

Phase of Fermion Determinant 
-- The Origin of the Sign Problem 

At low temperature, 
Fermion Determinants are  
insensitive to the chemical  
potential up to 
This corresponds to 
(Silver-Blaze phenomena) 
This can be understood from Eigen Value 
behavior.   

very sever just below Tc 
not sever at low T and  

[PTEP01A103(2012)] 



Variational Method with the Energy Functional 

Extension to the spin-orbit force 
v8’ pot. + phenomenological TBF 

Two-body part: the tensor and spin-
orbit correlations are constrained. 

Further refinement is in progress NUFRA2011 

The central + tensor forces  

JPS2011 

Moderately constrained VM 

Uniform nuclear matter at zero temperature 

+ 
All the three-body cluster terms 

(M. Takano) 

V6’ pot.  

Three-body part: tuned so as to 
reproduce the saturation point 



Extension of the cluster variational method to Λ hyperon matter: 
Collaboration with Hiyama (RIKEN: A02)  

Progress of the Research (A02: Takano) 

In progress 

2) Variational method with an explicit energy functional 
Poster by Takano 

Energy functional for nuclear matter with the v6’ potential 
Explicit functional of two-body distribution functions 

・Necessary conditions on structure functions are guaranteed. 
・A main part of the higher-order cluster terms are included.   

The results are reasonable as compared with those  
with other many-body calculations. 

Extensions to the LS force and three-body force are in progress.  

Full minimization 

プレゼンター
プレゼンテーションのノート
研究進展その２です。
クラスター変分法でΛハイペロンの混合を考慮する拡張は、肥山さんから指導をいただきながらいくつかテスト計算をしましたが、
現在も計算進行中です。

２番目の、エネルギー汎関数を用いた変分法は、私がポスター発表で内容をご報告する予定です。
V６’ポテンシャル（中心力＋テンソル力）に対して、エネルギー汎関数の目処を立てました。
特徴は、２体分布関数の陽な汎関数なので、十分な最小化が出来ること、
構造関数の必要条件を保証する汎関数になっていること、
主要な高次クラスター項（波動関数をJastrow型に仮定して、エネルギー期待値をクラスター展開したときの高次クラスター項）の主要部分は汎関数に入っていること、等です。
中性子物質と対称核物質で、他の多体計算と比べて妥当な解が得られました。
LS力を取り入れる拡張、３体力を扱うような拡張等を進行中です。

＊トークの時間との関連で、このシートは省略いただいても結構です。
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