
Jordi José 
Dept. Física, Univ. Politècnica de Catalunya (UPC),  

& Institut d’Estudis Espacials de Catalunya (IEEC), Barcelona  
Catalonia 

  

Stellar Pyrotechnics:  
Nucleosynthesis in Classical Nova Explosions 



M ≤ 10 MSun 

M > 10 MSun 



Type Ia (or thermonuclear) Supernovae [SN Ia]                
Classical Nova Outbursts [CN] 
 
X-Ray Bursts [XRBs]:  

WD 

NS 
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See Talks  A. Tumino, 12C + 12C 
                     A. Petrovici, rp-process 
                     S. Goriely, r-process 
                     A. Banu, p-process 



A nova is a thermonuclear explosion driven by mass transfer onto a 
WD that forms a binary system. They have been observed in all 
wavelengths (but detected in γ-rays only at E > 100 MeV)   
 
Moderate rise times (<1 – 2 days),  
            LPeak ~ 104 – 105 L  
 
 
WD + MS (often, K-M dwarfs),  
        WD + RG 
Mass ejected: 10-7 – 10-4 M   

                                  (~103 km s-1) 
Recurrence: ~ 1 - 100 yr (RNe) –  
                        105 yr (CNe) 
Frequency: 30 ± 10 yr-1    
                   [Obs. ~ 10 yr-1] 

Classical Novae in a Nutshell 

Nova Cygni 1975 
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T = 3.2×108 K 
ρ = 5.1×102 g cm-3 

εnuc = 4.3×1016 erg g-1 s-1 

ΔMenv = 5.4×10-6 M 

Endpoint ~ Ca 
 
 
No heavy metals 
     produced! 

Negligible contribution from any 
(n,γ) or (α,γ) reaction (that also 
applies to 15O(α,γ)!) 

Main nuclear path 
close to the valley of 
stability, and driven by 
(p,γ), (p,α) and β+ 
interactions 

Tpeak 

Fuel (H) is not fully consumed in 
the explosion 
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Solar [Fe/H] = -5.4 
       (metal  poor) 

JJ, García-Berro, Hernanz, & Gil-Pons, ApJL (2007)  

A new type of explosion, 
halfway between a Nova 
and a Supernova?     
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Primordial Novae: Nova-like, stellar explosions on white dwarfs evolved in 
a cataclysmic primordial binary (ZZAMS ~ 0)  



 

 

 

 

 

 
* 14,15O, 17F (13N):  Expansion and ejection  stages                          
* 13N, 18F: Early gamma-ray emission (511 keV plus continuum) 
* 7Be, 22Na, 26Al: Gamma-ray lines 

Isotope Lifetime Disintegration  Nova type 
17F 93 sec β+-decay CO & ONe 
14O 102 sec β+-decay CO & ONe 
15O 176 sec β+-decay CO & ONe 
13N 862 sec β+-decay CO & ONe 
18F 158 min β+-decay CO & ONe 
7Be  77 day e—capture CO 

22Na 3.75 yr β+-decay ONe 
26Al 1.0 Myr β+-decay ONe 

γ-Ray Emission from Classical Novae 
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* γ-ray signature: 18F decay (T1/2 ~ 110 min) provides a source of 
gamma-ray emission at 511 keV and below (related to electron-
positron annihilation).  
But!  Uncertainties  in the rates 
translate into a factor ∼ 5 - 10  
uncertainty in the expected fluxes! 1.15 Mo CO 

D= 1 kpc 
Gómez-Gomar, Hernanz, JJ, & 
Isern (1998), MNRAS 

 18F 
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 * γ-ray signature: Peak fluxes for the 478 keV γ-ray line    
(transition: 7Be to 7Li) might be detectable by gamma-ray satellites 
(i.e. INTEGRAL) at very short distances (i.e., <0.2 kpc)  

1.15 Mo CO 

D= 1 kpc 
Gómez-Gomar, Hernanz, JJ, & 
Isern (1998), MNRAS 

J. José Nucleosynthesis in Classical Nova Explosions 
Main Nuclear Path || Gamma Rays || Uncertainties || Observational Constraints || 12321 Models  

 7Li 



 

 

 

 

J. José 

          Observational evidence of 7Li production in novae 
 
* Li I doublet at 6708 A in the spectra of V382 Vel (Nova Velorum 
1999)  (Della Valle et al. 2002) and V1369 Cen (Nova Centauri 
2013) (Izzo et al. 2015) 
  but hard to disentangle from other features, like the doublet 
associated with N I (Shore et al. 2003) 
 
* Blueshifted 7Be II (doublet at 3130 A) absorption lines in V339 Del 
(Nova Delphini 2013), V5668 Sgr (Nova Sagittarii 2015 #2), V2944 
Oph (Nova Ophiuchi 2015) (Tajitsu et al. 2015, 2016; Molaro et al. 
2016), and V407 Lup (Nova Lupi 2016) (Izzo et al. 2018) 
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No significant excess for the 478 keV, the 511 keV, or the 1275 keV 
lines found   

M(7Be)   < 4.8×10−9  d(kpc)2 M   
M(22Na) < 2.4×10−8  d(kpc)2 M   

d ~ 1.6 kpc  (Banerjee et al. 2016) 



Novae: Nuclear Uncertainties 

Main nuclear uncertainties: [18F(p,α)15O, 25Al(p,γ)26Si, 30P(p,γ)31S] 
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From Coc & de Séréville  
           (June 2017) 

18F(p, α) 



30P(p, γ) 
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25Al(p, γ) 



In situ observations (highly risky...) 

Observational Constraints 
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Andrëa et al. 
(1994) 

                        PW Vul 1984 
 
                H      He        C        N        O         Ne        Na-Fe      Z  
Observation   0.47   0.23   0.073   0.14    0.083   0.0040   0.0048   0.30  
Theory   0.47   0.25   0.073   0.094  0.10     0.0036   0.0037   0.28 
(JJ & Hernanz 1998) 
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Presolar Grains  
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Recent updates on putative nova grains:  identification of 18 
presolar nova candidates among the inventory of grains 
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April 2019 



1D (Spherically Symmetric) Models have been successful in 
reproducing the gross observational features that characterize 
Classical Nova outbursts (e.g., light curves, nucleosynthesis...) 

J. José 

But the assumption of spherical symmetry excludes an entire 
sequence of events, such as the way a TNR initiates (point-like 
ignition) and propagates  
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“12321” Models 



Ex. The long-term evolution of a classical nova requires to address 
the interaction between the nova ejecta, the disk and the stellar 
companion 
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YZ 
Plane 

XY 
Plane 



Interest of multiD models: to improve state-of-the-art, 1-D models 
with large nuclear reaction networks  

J. José 

a) “123” (or 1 to 3) Models: 1D simulation of accretion and 
early stages of the TNR  mapping onto a 3D domain 

Outermost shell 

Innermost shell 

Nucleosynthesis in Classical Nova Explosions 
Main Nuclear Path || Gamma Rays || Uncertainties || Observational Constrains || 12321 Models  

b) “convection-in-a-box/cube” studies: multiD simulations 



2D Simulations 

J. José 

Multidimensional Models @ UPC Barcelona 
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Results are independent of the specific choice of the initial 
perturbation (duration, strength, location, and size), the resolution 
adopted, or the size of the computational domain  
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3D Models of Mixing 

Zmean ~ 0.2 – 0.3 
            + 
Intermittency 
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Kelvin-Helmholtz instabilities 

http://en.wikipedia.org/wiki/Shear_velocity
http://en.wikipedia.org/wiki/Continuum_mechanics


Casanova, JJ, García-Berro, Shore & Calder (2011), Nature 
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  MareNostrum II (BSC, 2006), 94.21 Tflops/s, 10,240 cores 
 
  MareNostrum III  (BSC, Jan. 2013), >1 Petaflop/s, 48,000 cores 
 
  MareNostrum IV  (BSC, Jun. 2017), >11 Petaflop/s, 165,888 cores 
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c) “321” (or 3 to 1) Models: prescriptions of 3D turbulent convection  
(vconv(t), mdredge-up(t), ...) are implemented in 1D simulations to  
follow the final stages of a nova (expansion and ejection) 

Outermost shell 

Innermost shell 
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Main Collaborators 

S. Amari (WUST St. Louis) 
J. Casanova (IEEC Barcelona) 
A. Coc (CSNSM-IN2P3 Orsay) 
P. Haenecour (U Arizona, Tucson)  
M. Hernanz (ICE Bellaterra) 
C. Iliadis (UNC Chapel Hill) 
S. Shore (U Pisa) 
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Thank you for your attention! 

Stellar Pyrotechnics: Nucleosynthesis in Classical Nova Explosions  
African Nuclear Physics Conference, Kruger National Park (South Africa), July 1-5, 2019 
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