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Element Genesis from Nuclear Processes in Cosmos 

X(Big-Bang)     PP-Chain &  

Early Universe     CNO-Cycle  SUN 

GCR 

Burbidge2, Fowler & Hoyle, Rev. Mod. Phys. 29 (1957), 547-650. 

Alpher, Bethe & Gamow, Phys. Rev. 73 (1958), 803. 

Z (Proton Number) 

N (Neutron Number) 

Fe 

U 

H 

238U (t1/2 = 4.47 Gy) 

232Th (t1/2 = 14.05 Gy) 

Origin of HEAVY Elements ? 
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  Neutron Number N 

MHD-Jet Supernova 



Important Reaction Flows, affecting R-Process 

Utsunomiya et al. PR C92 

(2015), 064323 

30-50% (2s), uncertain 

Kontos et al., PR C87 (2013), 065804. 

20% (2s), uncertain 

Das et al., PR C95 (2017), 055805.  

100-300% (2s), uncertain 

Factor x2 change could lead to 101-2 difference in r-elements ! 
Kim et al., (2017), on-going project at RAON/RISP/IBS. 



  

•    

11B* 

11Bgr+ n     

   

8Li+a  

7Li(n,g)8Li(a,n)11B  
               Discrepancy 

Inclusive > Exclusive Sum ? 

   Boyd et al. Phys. Rev. Lett. 68 (1992), 1283. 

△ LaCognata et al., Phys. Lett. B664 (2008), 157. 

□  Gu et al., Phys. Lett. B343 (1995), 31. 

＊  Ishiyama et al., Phys. Lett. B640 (2006), 82. 

   Hashimoto et al., Phys. Lett. B674 (2009), 276.  

100-300% (2s), uncertain ! 

                Inclusive 

 

 

 
   

 
 Exclusive Sum 

●  Das, et al., Phys. Rev. C95 (2017), 055805.  



  
  

  

             

Eth(n+2a)=1.573MeV 

Eth(n+8Be)=1.665MeV 

Utsunomiya et al.,  

PRC92 (2015), 064323. 

1/2+ resonance is not expected 
 from nucl. structure theory ! 

30-50% (2s), uncertain ! 

9Be(g,n)2a 

Gamow window 



  

  

A. Kontos et al., PRC87 (2013), 065804. 

4He(3He,g)7Be 
5% (1s), uncertain ! 

E.G. Adelberger, Rev. Mod. Phys. 83 (2011), 195.  

20% (2s), uncertain ! 

Gamow window 

Charge Conjugation 

       7Be and 7Li  
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4He(3H,g)7Li 

7Li(e,e’) 



Possible Solutions 

S. Nishimura, et al., ApJ , 642, 410 (2006) ; T. Takiwaki, K.Kotake and K. Sato, ApJ 691, 

1360 (2009);  C. Winteler, et al., ApJ 750, L22 (2012). 

FRDM 

   Mass A    
 

Underproduction   
      PROBLEM ! 

Nucl. Phys. - Shell Quenching ? 
               or 
Another Site (NSM) ? 

  
Magneto-Hydrodynamic Jets (MHDJ-SN) 

ETFSI model (Extended Thomas- 

Fermi + Strutinsky; Goriely 2003) 

n-Driven Wind SN 

MHD Jet SN 



  

  

130Cd 

126Pd (N=80) 

RIKEN-RIBF : Decay Spectroscopy around A = 100-145 

 

H. Watanabe et al., PRL111 (2013) 
   

   No clear evidence  
   for shell quenching on N=82 ! 
    

82 

 

A.Jungclaus, PRL99, (2007) 
   

No clear evidence for 
shell quenching on N=82! 
    

128Pd 

    

128Pd is the progenitor parent of 
the 2nd r-peak element 128Te 
     

G. Lorusso et al., PRL 114 (2015), 192501.  

130Cd 

126Pd 

128Pd 

128Pd (N=82) 82    



◎ Fission Recycling could operate! 
  

    Fission Fragment Mass Distribution 

  
236U 

M. Ohta et al., Proc. Int. Conf. on NDST, Nice, France, (2007) 

S. Chiba et al., AIP Conf. Proc. 1016, 162 (2008). 

Bimordial or Trimodal FFD: 

Binary Neutron Star Mergers 

Neutron Star Mergers 

MHD-Jet SNe & 
CC Supernovae 

  

  

 Fission Region 



  

  

Solar System r-Process Abundance   Present  t = 13.8Gy 

n-Driven 
Wind SN 

     Shibagaki, Kajino, Chiba, Mathews, Nishimura & Lorusso (2016), ApJ 816, 79. 

Magneto-Hydrodynam. 
Jet Supernovae 

Asymmetric Fission Recycling 

Neutron Star Mergers 
 

(0.1 Gy = 100 My < t) 

● Solar System-r 

n-DW : MHDJet : NSM = 79% : 18% : 3% 



  

  

          Ejected Mass [Msun]  x  Event Rate [/Galaxy/Century] 
  
   
    

   nSN (Weak r)  =     7.4 x 10-4      x       (1.9±1.1) a 

  

   MHD Jet SNe    =     0.6 x 10-2      x  ((0.03±0.02) x (1.9±1.1)) b 
    

   Binary NSMs     =    (2±1) x 10-2 x      (1-28)x10-3 c 

 

  Observations      a   1.9±1.1        Diehl, et al., Nature 439, 45 (2006). 
    

                    b   0.03±0.02   Winteler, et al., ApJ 750, L22 (2012). 
    

  Obs. Estimate      c  (1-28) x 10-3   Kalogera, et al., ApJ 614, L137 (2004). 
    

Observed Galactic event rates ! 

Event rates 
including Binary Evolution 
    

Kajino & Mathews, Rep. Prog. 

Phys. 80 (2017) 08490; 

Mathews & Kajino, (1987). 

Time Scale Problem in 

Neutron Star Mergers 

SNe 
                 solar system 
 
 
 
 

       NSMs 

  No contribution 

in the early Galaxy !     
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tc = 100 My      Merger R-Process (Theory) 

   
                                 
            

  1My     10My    100My     ・・・    10Gy 

Sun 
(obs.) 

  
Argast, et al., A&A 416 (2004), 997, 

Wehmeyer et al., MNRAS, 452 (2015), 1970. 

[B
a_

r/
Fe

] 
Binary merger process, too slow 

for GW radiation;  100My<tC 

tc 

x 

Lorimer, Living Rev. Rel. 11(2008), 8. 

EMP Stars 

 Time Scale Problem  

   －4        －3        －2         －1           0 
                              [Fe/H] 

tlife (10-30M  ) 

Yoon suggested Hypernova! 

              GRB, MHDJ-SN 



  

  

Mtot = 7x108Msun, Ni = 5x105 particles,  

M★ = 100Msun 

Mathews et al., MPL A29 (2014), 1430012-118. 

SUPERCOMPUTING of Galactic Chemo-Dynamical Evolution 

 Komiya & Shigeyama, ApJ 830, 10 (2016).    
    

 Mixing of r-elements between neighboring  
 Dwarf Galaxies is limited to only 0.001-0.1% 
 for[Fe/H] < -3.5. 

Hirai et al., ApJ 814 (2015), 41; MNRAS  
466 (2017)  2474. 

Gas Particles 

y
 [

k
p

c
] 

x [kpc] 

Dwarf Galaxies are 
the building Blocks of MW. 

 Evolution of Single Dwarf Galaxy 
   

 N-Body/SPH Simulation DM + GAS + Star  
 Particles with GAS-MIXING in the star  
 forming region. 



  

  Argast, Samland, Thielemann, 

Qian, A&A 416 (2004), 997. 
   

 

 

tc = 100My 

[Fe/H]                   Galactic Time 
   

Hirai, Ishimaru, Saitoh, Fujii, Hidaka and Kajino, 
ApJ 814 (2015), 41; MNRAS 466 (2017), 2474. 
   

 

 

 

               tc = 100My 

Without GAS MIXING With GAS MIXING 

[Fe/H]                   Galactic Time 

SUPERCOMPUTING of Galactic Chemo-Dynamical Evolution of 
Dwarf Galaxies 

Sun 
(obs.) 

N-Body/SPH Simulation of DM+GAS+Star Particles with GAS MIXING in star forming region. 
SNe = Metals  ;   NSM(tc=100My)= r-process elements.   (nH >100 cm-3 → ～10-100pc) 

NSM(r) 
              SN II +SN Ia(Fe) 

NSMs have arrived 
still too late ! 

Sun 
(obs.) 

SNe 



  

  

Sneden, Cowan, Gallino, ARAA 46 (2008) 241. 

Sr-Y-Zr                Ba        Eu                  Au  Pb       Th  U  

Solar system 

Six EMPs 
In the early 

Galaxy 

UNIVERSALITY ! 

[Fe/H] 

－3.1 
   

－3.0 
   

－2.1 
   

－2.9 
    

－2.2 
   

－3.0 

Te 

HST-obs., Roederer et al., ApJ 747 (2012) L8. Log 
Fe/H 
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128Pd 

134 In 

Lorusso, Nishimura, Kajino et al. (2015), 

PRL 114, 192501.  

46 

Less abundant         Abundant 

   We don’t care 

   in Elemental ! 

Many contributors 

128,130Te(r) 

Sn(50) Nd(60) 

Astron. Obs. cannot separate 

ISOTOPES in EMPS ! 



  
  Te(52) 

Without NSM 

ELEMENTAL (Z) 

Early Galaxy ! 

             Atomic Number Z Astron. Obs. cannot separate ISOTOPES ! 

Sn(50) 

 UNIVERSALITY ! 

UNIVERSALITY is explained by ONLY MHDJ-SNe !    

Nd(60) 

Shibagaki et al., ApJ. 816 (2016),79; Mathews & Kajino & Mathews, ROPP 80 (2017) 08490. 
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      Element (Z) 

Astron. Observation 
    
Ian U. Roederer et al., ApJ. 151 (2016), 82; 

P. Ji Alexander, Anna Frebel, Anirudh Chiti, 

Joshua D. Simon, Nature 531 (2016), 610. Carbon   Silicon 

Ultra-Faint warf Galaxy:  Ret. II 

Wanajo et al., ApJ. 789 (2014), L39. 

Shibagaki et al., ApJ. 816 (2016), 79; (2017) 

 
Goriely, et al., ApJ 738, L32  

(2011);  Korobkin, et al.,  

MNRAS 426, 1940 (2012);  

Bauswein, et al., ApJ 773, 78  

(2013); Rosswog, et al.,  

MNRAS 430, 2585 (2013);  

Goriely, et al., PRL 111, 242502 

(2013), (2015): Piran, et al.,  

MNRAS 430, 2121 (2013). 

Extended Universality 

Theor. Calculation 

NSM cannot produce A<80 enough ! 



  
   

244Pu/60Fe in Earth’s Deep Sea Sediments     NSM/MHDJ : SNe = 1 : 100 
   

     NSM, MHDJ       244Pu(80.8 My): Wallner et al., Nature Comm. 6 (2015), 1-9;  NPA8 (2017) 

     n-DW                60Fe(2.62 My): Wallner et al. Nature 532 (2016), 69. 

Actinide Boost EMP Stars needs “Fission-Recycling R-process in NSMs”.   

HE 2252-4225 

Deep Sea Sediments & EMPS points DUALITY of SN & NSM ! 

 Over 25 My 

HE 2252-4225 



◎ Supernova Grains  e.g. Murchison Meteorite 
   

                            SiC X-grains 

◎ Spectr. Astron. Obs. 

Direct detection of  

C, Si & r-elements 

simultaneously ! 

Courtesy of S. Amari 

    Pre-solar X-grains condense and form in SN ejecta. 
    

     ■ SiC X-grain including r-elements                  NSM ?   SN ! 

     ■ If extended Universality manifests in [r/C-Si-Fe]= 0           SN ! 

  - Enhanced 12C (12C/13C > Solar), Enhanced 28Si 

  - Deficient 14N (14N/15N < Solar)  

  - Decay of 26Al (t1/2=7x105yr), 44Ti (t1/2=60yr) 

  EMP                     SN          SN-remnant 

         + 
 indirect                  direct            direct 

SiC X-Grain including heavy “r-process” elements, 
HARD to form from NSM Ejecta ! 



    

  

Macronova (Kilonova) 

Tanvir, Levan, Fruchter, et al., Nature 500, 547 (2013) 
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Figure 1 HST imaging of the location of SGRB 130603B. The host is well resolved 

and displays a disturbed, late-type morphology.  The position (coordinates RAJ2000 = 11 

28 48.16, DecJ2000 = +17 04 18.2) at which the SGRB occurred (determined from 

ground-based imaging) is marked as a red circle, lying slightly off a tidally distorted 

spiral arm.  The left-hand panel shows the host and surrounding field from the higher 

resolution optical image. The next panels show in sequence the first epoch and second 

epoch imaging, and difference (upper row F606W/optical and lower row F160W/nIR).  

The difference images have been smoothed with a Gaussian of width similar to the psf, 

to enhance any point-source emission. Although the resolution of the nIR image is 

inferior to the optical, we clearly detect a transient point source, which is absent in the 

optical. 

 

 

Page 9 of 16 

 

Figure 2 Optical, near infrared (left axis) and X-ray (right axis) light curves of 

SGRB 130603B. Upper limits are 2s and error bars 1s. The optical data (gri bands) 

have been interpolated to the F606W band and the nIR data to the F160W band using an 

average spectral energy distribution at »0.6 days (see Supplementary Information). HST 

epoch 1 points are bold symbols. The optical afterglow decays steeply after the first 

»0.3 days, and is modelled here as a smoothly broken power-law (dashed blue line). We 

note that the complete absence of late-time optical emission also places a limit on any 

separate 
56

Ni driven decay component. The 0.3–10 keV X-ray data
29

 are also consistent 

with breaking to a similarly steep decay (the dashed black line shows the optical light 

curve simply rescaled to match the X-ray points in this time frame), although the source 

dropped below Swift sensitivity by ~48 hr post-burst. The key conclusion from this plot 

Another DIFFICULTY for Binary Neutron Star Mergers 

Takami, Nozawa & Ioka, ApJ 786, L5 (2014). 

Dust is hard to form for deficient C, Si 
and other lighter elements. 

Dust formation, even more difficult when one includes “modern 
better (complete) opacity” table for heavy actinide elements. 

  



  

  

Solar System r-Process Abundance     Solar Sys.  t = 13.8Gy 

n-Wind SN 

     Shibagaki, Kajino, Chiba, Mathews, Nishimura & Lorusso (2016), ApJ 816, 79. 

MHD-Jet SN 

ISOTOPIC ABUND. 

Neutron Star Mergers 
(0.1 Gy = 100 My < t) 

1st (As, Se, Br) 

2nd (Te, I, Cs) 3rd (Ir, Pt, Au) 

n-Wind SN 

New process, required ? 

● Solar System r-Process Abundance 
 
         s + r 

Collective n –Process      Balantekin’s talk   



  

  

SUMMARY 

Solar-system abundances of the r-process elements 
consists of both SNe and NSMs contributions. 
   

   - MHD-Jet SNe make the r-process peaks, but robust shell-closure effects  
      cause deficiency above and below the peaks. 
   

   - Asymmetric fission recycling in NSM r-process fills in the deficiency. 
  

   - Early Universe is dominated by SN r-process, and NSM arrives later. 
     

Abundant p-nuclei (92,94Mo, 96,98Ru) are produced in the 
proton-rich n-wind SNe. 
  

   - Charge-exchange (n,p) reaction like 64Ge(n,p)64Ga takes the key.   
  

   - n-collective oscillation in 3 flavor multi-angle Hamiltonian should be solved  
      exactly to verify this new process. 
  

   - Observational evidence in astronomy or meteorite is required. 


