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Routes to p-nuts 

 In the  
Solar System 

35 p-nuts 
Arnould (2003)  



B2FH+Cameron (1957)  
 
 
H-rich layers of SNII 
(p,γ) and (γ,n) reactions operating on 

preexisting s- and r-seed nuclei 
Cameron called them ‘excluded isotopes’ 
Because of the dominant role of played by 

proton reactions, named these  
   ‘p-process’ nuclei 
They suggested temperature of the order 

of 2.5 109 K, and timescale of 10-100 s 



Audouze & Truran (1975)  
 
 
T optimum conditions for the synthesis of 

p-nuclei in SNII explosions: 1-2 109 K 
H-rich matter in postshock supernova 

envelope following the passage of the 
shock wave, and realized that required 
T are not acquired there 

Another possible site, novae associated 
with binary systems. In the accreted 
material T and ρ optimum conditions 
can be reached. Not sufficient matter 
can be produced in this site 



Arnould (1976)  
 
 
Synthesis of p-nuclei during hydrostatic 

oxygen burning 
A large enhancement of heavy elements, 

presumably by prior s-processing is 
required. Only s-seed nuclei should be 
enhanced and not r-process seeds 
(recognized to be not important seeds).  



Woosley & Howard (1978)  
They found that the (p,γ) 

chain may require physical 
conditions that cannot be 
easily realized in nature. 
(p,γ) and (p,n) play no role.  

Alternatively, they proposed γ-process. A 
distribution of heavy elements subjected to 
a ‘hot photon bath’ ((γ, n), (γ, p), (γ, α)) will 
be transformed on a timescale of 1s into a 
distribution of nuclei close to the solar 
distribution of p-nuclei  

T optimum conditions for the synthesis of p-
nuclei in explosive events: 2 - 3.2 109 K 

 

“One must still contend 
with disappointingly 
small synthesis of 
species like 92Mo, 94Mo, 
96Ru, 98Ru” 
 
 



Wanajo,Janka, 
Kubono 2011 

Thielemann et al., 2010 

p-nucleosynthesis in SNII: more recent results 
 

Arcones et al. 2012 



Howard, Meyer &  
Woosley (1991)  
 
A new site for the gamma-process: Type 

Ia supernovae. CO-WD that explodes 
by deflagration or detonation. 

They investigate chains to produce the 
light-p, and found that  

86Kr(p,γ) … 90Zr(p,γ)91Nb(p,γ)92Mo 
 is responsible for half of 92Mo (and 

important for 90Zr as well) and (p,γ) 
reactions produce also 96Ru. The other 
half of 92Mo, and 94Mo, come from (γ,n) 
reaction sequence 



Goriely et al. (2002, 2005)  

He accreting WD with sub-
Chandrasekhar mass  
p-process are produced in the 
accreting He-layers 
Tested different initial 
abundances of s-nuclei, up to 
100xsolar 
They found that most of the p-
nuclei are coproduced at level 
close to solar, but 
underproduced (except 78Kr) 
with respect to Fe 



Kusakabe,Iwamoto & 
Nomoto (2011) 

They used as SNIa 
model the W7 
(Nomoto et 
al.’84), pure 
deflagration 

They also examine 
the impact of 
different s-seed 
distributions 



Travaglio et al. 2011, ApJ 739,93 

 
C. Travaglio  
p-process nucleosynthesis 

 

F. Roepke &  
W.Hillebtandt  
SNIa models 

 

R. Gallino  
      s-process seeds 



“Accreting white dwarfs as an alternate 
or additional source of s-process 
isotopes” (Iben, ApJ 243, 1981) 

s-process  in accreted matter 



Cassisi, Iben, 
Tornambe’ 1998, 
ApJ, 496, 376 
 
Piersanti, Cassisi, 
Iben, Tornambe’ 
2000, ApJ, 535, 932  

H-accreting CO white 









113In, 115Sn are p-only isotopes?  
r-process contribution (Dillmann et al. 2008, Nemeth et al. 1994)? 

138La produced by neutrino  
(Woosley et al. 1990) 

152Gd and 164Er large s-process contribution  
at solar composition 
(Arlandini et al. 1999, Kaeppeler et al. 2011) 

180Ta at least 50% contribution  
from s-process at solar composition  
(Mohr et al. 2007) 

NO p-isotopes 



p-yields fixing 13C and changing metallicity 



p-yields changing 13C and fixing metallicity 



p-yields with only 208Pb as s-seed 



p-yields with only light s-seed 



   

   

    

    

   
   

   

   

 

   

   

    

    

   
   

   

   

 

Galactic chemical evolution code (Travaglio et al. 2004) 



Se 
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Sr 

Mo Ru 
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Galactic chemical evolution 
(Travaglio et al. 2014, ApJ submitted) 



Radiogenic p-isotopes 92Nb and 146Sm in SNIa 

Meteorite GCE 
92Nb/92Mo (2.8 ± 0.5)x10-5  3.3x10-5 

Uncertainties for 90Zr(p, ɣ)91Nb/2 , 91Nb(n, ɣ)92Nbx2 92Nb(n,ɣ)93Nb/2 

146Sm/144Sm (9.4 ± 0.5)x10-3  
 

1.7x10-2 

Rauscher et al. (2013), new 148Gd(ɣ,α)144Sm rate 

Travaglio et al. (2014,  ApJ in press) 



Future directions 

• Analysis of all p-isotopes production/destruction 
channels (in collaboration with K. Göbel, R. Reifarth) and 
related nuclear uncertainties (see this afternoon 
discussion for light p-nuclei analysis) 
 

• More detailed analysis on 3D models (in collaboration 
with I. Seitenzahl) 
 

• Different SNIa: mergers, sub-Ch (in collaboration with F. 
Röpke) 



 



Light-p production/destruction 
channels in SNIa and  
nuclear uncertainties 

(afternoon discussion) 

Travaglio C. (INAF-Astrophysical Observatory Turin,Italy) 

 
COLLABORATORS:  

Gallino R.,  
Röpke F., Seitenzahl I., Hillebrandt W.,  

Rauscher T., Reifarth R., Göbel K., 
Dauphas N. 

COMPUTER RESOURCES: 



Reaction libraries and codes comparison 
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Radiogenic p-isotopes 92Nb and 146Sm in SNIa 

Meteorite 
92Nb/92Mo (2.8 ± 0.5)x10-5  

146Sm/144Sm (9.4 ± 0.5)x10-3  
 



(Rauscher 2013) 

146Sm/144Sm in SNII:  
dependence on 144Sm(α,ɣ)148Gd rate 



Travaglio et al. 2014, ApJ in press 



Radiogenic p-isotopes 92Nb and 146Sm in SNIa 

Meteorite GCE 

146Sm/144Sm (9.4 ± 0.5)x10-3  
 

1.7x10-2 

Rauscher et al. (2013), new 148Gd(ɣ,α)144Sm rate 



92Nb 



Travaglio et al. 2014, ApJ in press 



Radiogenic p-isotopes 92Nb and 146Sm in SNIa 

Meteorite GCE 
92Nb/92Mo (2.8 ± 0.5)x10-5  3.3x10-5 

Uncertainties for 90Zr(p, ɣ)91Nb/2 , 91Nb(n, ɣ)92Nbx2 92Nb(n,ɣ)93Nb/2 

146Sm/144Sm (9.4 ± 0.5)x10-3  
 

1.7x10-2 

Rauscher et al. (2013), new 148Gd(ɣ,α)144Sm rate 

Travaglio et al. (2014,  ApJ in press) 
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