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Type Ia (or thermonuclear) Supernovae [SN Ia]               

Classical Nova Outbursts [CN]

X-Ray Bursts [XRBs]: 

WD

NS
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WD+WD, WD+NS, NS+NS: 
Merging of two Compact Stars
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I. Compact Star Mergers
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NS+NS mergers

* On the astrophysical robustness of the neutron star merger r-process

Korobkin, O., Rosswog, S., Arcones, A., & Winteler, C. (2012), MNRAS 426, 1940

* r-process nucleosynthesis in dynamically ejected matter of neutron star mergers

Goriely, S., Bauswein, A., & Janka, H.-T. (2011), ApJL 738, L32  
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* Opacities and spectra of the r-process ejecta from neutron star mergers

Kasen, D., Badnell, N.R., & Barnes, J. (2013), ApJ, submitted

NS+WD mergers

* Nuclear-dominated accretion and subluminous supernovae from the merger of a white dwarf 

with a neutron star or black hole 

Metzger, B. D. (2012), MNRAS 419, 827 

* Merger of binary white dwarf-neutron stars: Simulations in full general relativity

Paschalidis, V., Liu, Y.T., Etienne, Z., Shapiro, S.L. (2011), Phys. Rev. D 84, 104032 
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Merging of two white dwarf stars 

Lorén-Aguilar, Isern & García-Berro (2009) 

Guerrero, García-Berro & Isern (2004) 
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* Can R Coronae Borealis stars form from the merger of two helium white dwarfs? 

Zhang, X., & Jeffery, C.S. (2012), MNRAS 426, L81 

Peculiar abundances in some H-deficient stars with high C 

abundances (e.g., HdC, RCB, and EHe stars).

* Do R Coronae Borealis stars Form from double white dwarf mergers? 

Staff, J.E., Menon, A., Herwig, F., Even, W., Fryer, C.L., Motl, P.M., Geballe, T., 

Pignatari, M., Clayton, G., Tohline, J.E. (2012) , ApJ 757, 76 

* The circumstellar environment of R Coronae Borealis: white dwarf merger or final-

helium-shell flash? 

Clayton, G.C., Sugerman, B.E.K., Stanford, S.A., Whitney, B.A., Honor, J., Babler, B., 

Barlow, M.J., Gordon, K.D., Andrews, J.E., Geballe, T.R., Bond, H.E., De Marco, O., 

Lawson, W.A., Sibthorpe, B., Olofsson, G., Polehampton, E., Gomez, H.L., Matsuura, 

M., Hargrave, P.C., Ivison, R.J., Wesson, R., Leeks, S.J., Swinyard, B.M., & Lim, T.L. 

ApJ (2011), 743, 44

* Double white dwarf mergers and elemental surface abundances in extreme helium and

R Coronae Borealis stars

Jeffery, C.S., Karakas, A.I., & Saio, H. (2011), MNRAS 414, 3599
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II. Classical Novae
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The Classical Nova ID Card
Moderate rise times (<1 – 2 days):

8 – 18 magnitude increase in brigthness

LPeak ~ 104 – 105 L


Stellar binary systems: WD + MS 

(often, K-M dwarfs)

Recurrence time: ~ 10 yr (RNe) –

105 yr (CNe)

Frequency: 30 10 yr-1 

[Observed frequency: ~ 5 yr-1]

E 1045 ergs

Mass ejected: 10-4 – 10-5 M


(~103 km s-1)

Novae have been observed in all wavelengths (but never detected so 

far in γ-rays)

Early TNR models: Starrfield et al. 1972; Prialnik, Shara & Shaviv 1978
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The Nova Nuclear Symphony

Classical Novae: ~100 relevant isotopes

(A<40) & a (few) hundred nuclear

reactions (Tpeak ~ 100 – 400 MK)

Nova Cygni 1992

Novae as unique stellar explosions for

which the nuclear physics input is (will

be) primarily based on experimental

information (JJ, Hernanz & Iliadis,

Nucl. Phys. A 2006)
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1.35 M


, 2 10-10 M


.yr-1, Z=Solar (+50% pre-enrichment)

Classical Novae: JJ, Hernanz, Coc & Iliadis (2013), in prep.

J. JoséStellar Beacons
Mergers || Classical Novae || Type Ia Supernovae || Type I X-Ray Bursts  

€€



H

He

Li

Be

B

C

0 1 2

3 4

5

6

7

8

9 10

11

N

O

F

Ne

Na

Mg

Al

Si

P

S

Cl

Ar

K

Ca

N

Z

12

13 14

15 16

17 18 2019

T = 1 x 107 K

Model 1.35 M


(50% ONe enrichment)

(p,γ)

(p,α) (β+)

Log (Reaction Fluxes)
: -2
: -3
: -4

: -6
: -5

: -7

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
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(n,γ) or (α,γ) reaction (that also
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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; burst halted by

envelope expansion



H

He

Li

B

C

N
O

F

Ne

Na

Mg

Al

Si

P

S
Cl

Ar

K

Ca
1.35 M


ONe

JJ, Hernanz, Coc & Iliadis

(2013), in preparation

1.15 M


ONe

H

He

Li

B

C

N
O

F

Ne

Na

Mg

Al
Si

P

S

Cl

Ar

K

Ca

1.15 M


CO 

H He

Li

B

C

N

O

F

Ne

Na

Mg
Al

Si

P

S

Cl

Ar

K

Ca

€€



Simulations performed with the new reaction rate

compilation of Iliadis et al. (2010)



Nuclear Uncertainties

Main nuclear uncertainties: [18F(p, )15O, 25Al(p, )26Si, 30P(p, )31S]
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MANY updates on reaction rates for nova nucleosynthesis

since then (and since May 2010...)
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Modeling the explosion: 1-D hydrodynamics
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Multidimensional Models

Z

Y

X
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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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Glasner, Livne & Truran (2012), MNRAS

2-D simulations for a wide range of possible compositions of the

layer underlying the accreted envelope: non-carbon cases

Computational domain: 0.1πrad, as in GLT97 

Resolution: 1.4×1.4 km2

15 isotope network [up to 17F]

All simulations involve a 1.147 Mo WD, with different substrates:

* CO * ONe pure 16O

* He [recurrent novae] * pure 24Mg
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Zmean ~ 0.2 – 0.3

3D Models of Mixing
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3D Model of mixing in an ONe nova.

Casanova et al. (2013), in preparation
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From the spherical cow to the... cubic cow!

Joke adapted

from T. O’Brien
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MareNostrum II (BSC, 2006), 94.21 Tflops/s, 10,240 processors

MareNostrum III  (BSC, Jan. 2013), >1 Petaflop/s, 48,000 processors

[6,000 Intel SandyBridge chips (2,6 GHz), each with 8 cores]



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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Observational constraints
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Presolar Grains
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* 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 +-decay CO & ONe

14O 102 sec +-decay CO & ONe

15O 176 sec +-decay CO & ONe

13N 862 sec +-decay CO & ONe

18F 158 min +-decay CO & ONe

7Be 77 day e—capture CO

22Na 3.75 yr +-decay ONe

26Al 1.0 Myr +-decay ONe

γ-Ray Emission from Classical Novae
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* -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
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18F
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Positron Emission Tomography (PET)
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III. Type Ia Supernovae
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Supernovae: the Mother of all Stellar Explosions

* Thermonuclear supernovae (SN Ia): exploding white dwarfs in 

binary systems (no remnant left)

* Core collapse supernovae (SN II, SN Ib/c): exploding massive

stars (M 10 M


) (neutron star or black hole remnant)

v 104 km/s, E 1051 erg, Mej M


SN 1994D (SNIa)
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Defined by the lack of H and the presence of a prominent,

blueshifted absorption Si II feature (around 6150) in the spectrum

* homogeneity: 70% of all SN Ia have similar spectra, light curves

and peak absolute magnitudes: unique progenitor????

thermonuclear disruption of mass-accreting white dwarfs

* Scenario: not fully understood

Thermonuclear Supernovae

- Single degenerate scenario: WD +  ‘Normal’ companion

(H or He accretion)

- Double degenerate scenario: WD + WD

(He or C-O accretion)
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Ignition Mechanism

MCO ~  1.4 M


Central C-ignition in 

Chandrasekhar-mass WDs

Detonation: supersonic flame

C,O Ni/
Deflagration: subsonic velocity

Deflagration detonation:

Delayed detonation
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Supernovae are crucial for life... But never get too close!

Thermonuclear Supernovae: Nucleosynthesis
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Parikh, JJ, Seitenzahl & Röpke, 

A&A (2013), submitted

443 isotopes (H − Kr); 5267 links
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IV. Type I X-Ray Bursts
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First discovered in 1975 (Grindlay , Heise, et al. 1976) with the ANS 

(also Belian, Conner & Evans 1976: Vela satellites)

Very fast rise times: 2 – 10 s

Short duration: 10 – 100 s 

Lpeak ~ 1038 erg s-1

Energy released: ~ 1039 erg 

Recurrence time: ~ hours – days

α [E(off)/ E(on)]: 40 – 100

Orbital periods: 1 – 15 hours
Haberl et al. (1987) 4U 1820-30

Ep = G·MNS/RNS ~ 200 MeV·nucleon-1

Eb ~ 5 MeV·nucleon-1

E(off)
E(on)

Phase OFF

Phase ON

First models: Woosley & Taam’76; Maraschi & Cavalieri’77; Joss’77

The Type I XRB ID Card
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The potential impact of XRB nucleosynthesis on Galactic

abundances is still a matter of debate:

Ejection from a NS unlikely because of its large gravitational

potential (ejection from the surface a NS of mass M and radius R

requires GMmp/R ~200 MeV/nucleon, whereas only a few

MeV/nucleon are released from thermonuclear fusion)

However, it has been suggested that radiation-driven winds

during photospheric radius expansion may lead to the ejection of a

tiny fraction of the envelope (Weinberg et al. 2006a). Indeed, it

has been suggested that XRBs might account for the Galactic

abundances of the problematic light p-nuclei (Schatz et al. 1998)
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High-resolution spectra (Cottam, Paerels, & Mendez 2002)

But no evidence for such spectral features was found neither in

GS 1826-24, from which 16 type I XRBs were detected (Kong et

al. 2007), nor after a 600 ks observation of the original source

EXO 0748-676 (Cottam et al. 2008; Rauch et al. 2008)
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Strohmeyer &

Bildsten (2002)

4U 1728 –34, 

RXTE

The diversity of shapes in XRB light curves (Galloway et al. 2007,

Lewin et al. 1993, Kuulkers et al. 2003) is also likely due to

different nuclear histories (Heger et al. 2007: interplay between

long bursts and the extension of the rp-process in XRBs)
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NS              Tpeak > 109 K, ρmax ~ 106 g.cm−3

Detailed nucleosynthesis studies require hundreds of isotopes, up to

SnSbTe mass region (Schatz et al. 2001) or beyond (the flow in

Koike et al. 2004 reaches 126Xe), and thousands of nuclear

interactions

Main nuclear reaction flow driven by the rp-process (rapid p-captures

and β+-decays), the 3α-reaction, and the αp-process (a sequence of

(α,p) and (p,γ) reactions), and proceeds away from the valley of

stability, merging with the proton drip-line beyond A = 38 (Schatz et

al. 1999), and fuel consumption halts the TNR.

Nucleosynthesis 

in Type I X-Ray Bursts
Santa Fe, NM
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Recent attempts to couple 1-D hydrodynamic calculations [No

realistic multi-D simulation performed to date!] and detailed

networks include Fisker et al. (2004, 2006, 2007, 2008) and Tan

et al. (2007) (using networks of ~300 isotopes, up to 107Te), JJ et

al. (2010) (using a network of 1400 nuclear reactions, and 325

isotopes, up to Te) and Woosley et al. (2004), Heger et al. (2007)

(using up to 1300 isotopes with an adaptive network)

Woosley et al. (2004)
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Type I XRB: JJ, Moreno, Parikh & Iliadis (2010), ApJS

1.4 M


, 1.8 10-9 M


.yr-1, Z=0.02

MODEL 1
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~ 50,000 post-processing calculations [21 CPU months!] 

606 isotopes (1H to 113Xe) and 3551 nuclear processes
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Role of 15O(α,γ)19Ne on type I XRB light curves (Fisker

et al. 2006). But see Davids, Cyburt, JJ & Mythili (2011)

Few attempts to analyze the impact of a single nuclear reaction 

rate (& uncertainty) into the overall nucleosynthesis

* 21Na(p, )22Mg: D’Auria et al (2004)
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Theoretical

Astrophysics

Observational

Astronomy

Nuclear & Atomic

Theory
Nuclear Experiments

Conservation eqs.
Hydrodynamics
Energy transport

Shell model
Optical potentials
Plasma properties

Reaction rates,

EOS, opacities...

Astrophysical 

Models

Cosmochemistry

Spectroscopy, photometry

Observables: 

light curves, spectra,

abundances...

~1 – 10 μm

~10 m
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Stellar Beacons: 

Classical Novae, Type Ia Supernovae, Type I X-Ray Bursts,              

& Stellar Mergers
The Origin of Cosmic Elements, Barcelona, June 12-15, 2013

Thank you for your attention!


