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OUTLINE
• Scenario of nova explosions: thermonuclear runaway – Mixing between 

core and envelope material
• Properties of the underlying white dwarf: CO and ONe 
• Theoretical models: general predictions as compared with observations
• Relevance of nucleosynthesis in classical novae:

chemical evolution of the Galaxy
presolar meteoritic grains
gamma-ray emission
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Mass transfer from the
companion star onto 

the white dwarf 
(cataclysmic variable)

Hydrogen burning in
degenerate conditions on

top of the white dwarf

Thermonuclear runaway

Explosive H-burning

Decay of short-lived radioactive 
nuclei in the outer envelope
(transported by convection)

Envelope expansion, L increase
and mass ejection

Scenario
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Nova Models: Thermonuclear Burning of 
Hydrogen. CNO cycle
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• Start: τβ+ < τ(p,γ)

CNO cycle operates in equ.
• T ~108 K:    τβ+ > τ(p,γ)

CNO cycle β+-limited
(bottle neck)

• Convection: 
fresh fuel brought to the burning 

shell
τconv < τβ+: β+-unstable nuclei to

external cooler regions where they 
are preserved from destruction
Later decay on the surface leads to  
expansion and luminosity increase

~

Z

N
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Novae observations: spectra -
abundances determinations

Expansion velocities ~ 102-103 km/s

Ejecta often enhanced in C, N, O, Ne

Metallicities >> Solar



JINA Workshop Novae and SNIa, 20-21 May 2005, KITP, UCSB M. Hernanz

0.73          3.1         9.7               2.4     SOLAR

C/N<1
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Abundance 
determinations

from IR 
observations

Gehrz et al 1998, PASP            
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Nova Models: need of core-envelope mixing  

• Z observed >> solar mixing CO or ONe core – solar envelope accreted

• Explosion itself (fast nova) initial overabundance of CNO mixing
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Nova Models: need of core-envelope mixing  

Shear instabilities of the transversal component of the convective flow induce mixing of 
CNO elements from the core.

Convective cells and convective velocities are bigger than those predicted by the 1D MLT. 

Logarithm of the 
burning rates close to 
the peak of the 
runaway

Glasner et al. 1997

Glasner & Livne 2002
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Flow dominated by small 
convective eddies

More limited dredge-up 
and mixing

Kercek et al. 1998, A&A            

Nova Models:
need of core-

envelope mixing  
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Glasner, Livne & Truran, 2005

Lagrangian Pure Eulerian

Nuclear energy
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Many classical nova ejecta are enriched in CNO and Ne. Rosner and coworkers recently 
suggested that the enrichment might originate in the resonant interaction between large-
scale shear flows in the accreted H/He envelope and gravity waves at the interface 
between the envelope and the underlying C/O white dwarf . The shear flow amplifies the 
waves, which eventually form cusps and break. This wave breaking injects a spray of C/O 
into the superincumbent H/He.

In the absence of enrichment prior to ignition, the base of the convective zone, does not 
reach the C/O interface. As a result, there is no additional mixing, and the runaway is 
slow. In contrast, the formation of a mixed layer during the accretion of H/He, prior to 
ignition, causes a more violent runaway. The envelope can be enriched by  ≤ 25% of C/O 
by mass (consistent with that observed in some ejecta) for shear velocities, over the 
surface, with Mach numbers  ≤ 0.4.

ApJ, 602 (2004)
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ApJ, 602 (2004)
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Alexakis et al., ApJ, 602 (2004)
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Alexakis et al., ApJ, 602 (2004)
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The underlying white dwarf

White dwarfs are the endpoints of the stellar evolution of stars with masses 
below 11-12 M .

M≤ 8-10 M CO white dwarfs (He burning)

8-10 M ≤M ≤ 12 M ONe white dwarfs (C burning)

10 M 1.2 M ONe core
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The underlying white dwarf

Ritossa, García-Berro & Iben, 1996, ApJ

see also Domínguez, Tornambè & Isern 1993

10M mass Population I 
star evolved from the H-
burning main sequence 
through carbon burning

1.2M ONe core

≠
ONeMg core predicted by 
hydrostatic C-burning 
(Arnett & Truran, 1969)
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The underlying white dwarf

Size of the CO core at the beginning of 
C burning, for single and binary 
evolution

Mass point at which C is ignited

Minimum mass required for C-ignition 
to take place (*): 8.1 M (single) and 
8.7 M (binary) 

Off-center C-ignition

Central C ignition: 

11 M for single evolution

12 M for binary evolution

*
*

Gil Pons, García-Berro, José, 
Hernanz & Truran, 2003, A&A
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The underlying white dwarf

Gil-Pons, García-Berro, José, 
Hernanz, Truran, 2003, A&A

Size of the final core for single and binary evolution: relevance of new Minitial-Mfinal
mass relation for the fraction of novae hosting ONe white dwarfs: smaller number but 
still around 30%

ONe core mass with a “CO 
buffer” (binary evolution)
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The underlying White Dwarf

MZMAS=9M MZMAS=10M

“CO buffer” on top of an ONe core  

(Gil-Pons et al., 2003, A&A)
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The underlying White Dwarf

José, Hernanz, García-Berro, Gil-Pons, 2003, ApJL

A

CO buffer on top of ONe core: weird nuclesoynthesis potentially leading to 
missclassification of novae
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The underlying 
White Dwarf

Relevance of CO buffer on top of 
ONe WD for nova nucleosynthesis: 
lack of Ne in the ejecta: 
misclassification of novae (non-Ne 
nova ≠ CO nova)

José, Hernanz, García-Berro, Gil-Pons, 2003, ApJL
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• Scenario of nova explosions: thermonuclear runaway – Mixing between 
core and envelope material

• Properties of the underlying white dwarf: CO and ONe
• Theoretical models: general predictions as compared with observations
• Relevance of nucleosynthesis in classical novae:

chemical evolution of the Galaxy
presolar meteoritic grains
gamma-ray emission
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Nova models : general properties

José & Hernanz, 1998, ApJ

José & Hernanz 1998
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Yaron, 
Prialnik, 
Shara & 
Kovetz, 2005

Nova models : general properties

CO novae



JINA Workshop Novae and SNIa, 20-21 May 2005, KITP, UCSB M. Hernanz

Ratio of ejected to accreted mass

Prialnik & Kovetz, 1995 Yaron, Prialnik, Shara & Kovetz, 2005
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Nova models: main nuclear reactions
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José & Hernanz, 1998, ApJ



JINA Workshop Novae and SNIa, 20-21 May 2005, KITP, UCSB M. Hernanz

• Scenario of nova explosions: thermonuclear runaway – Mixing between 
core and envelope material

• Properties of the underlying white dwarf: CO and ONe 
• Theoretical models: general predictions as compared with observations
• Relevance of nucleosynthesis in classical novae:

chemical evolution of the Galaxy
presolar meteoritic grains
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Nova Nucleosynthesis and chemical 
evolution of the Galaxy

Mejec(theor.) ~ 2x10-5 M /nova

R(novae) ~ 35 novae/yr

Age of the Galaxy ~ 1010 yrs

Mejec,total(novae) ~ 7x106 M = (7x10-4 M /yr) ≈ 1/3000 Mgal(gas+dust)

Novae can account for the galactic abundances of the isotopes 
they overproduce (w.r.t. sun) by factors ≥ 3000
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Novae nucleosynthesis: 
overproductions w.r.t. solar
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Novae nucleosynthesis: 
overproductions w.r.t. solar
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ONe

1.35M

Novae nucleosynthesis: 
overproductions w.r.t. solar
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MNRAS, 2004

7Li
CNO: 13C, 15N, 17O
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IR observations indicate that dust grains are formed in 
many novae

Dust in novae

Nova Cyg 1978
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IR observations: dust formation
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Novae and  presolar meteoritic  grains
Primitive meteorites contain presolar grains, which condensed 

in stellar atmospheres or in supernova or nova ejecta, and 
survived their “interstellar trip” and solar system formation

Isotopic abundances 
measurements in lab 

allow to ascertain 
their origin
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Five SiC and two graphite grains from the Murchison and Acfer 094 meteorites show 
isotopic compositions indicating a nova origin: Amari, Gao, Nittler, Zinner, José, 
Hernanz & Lewis (2001); José, Hernanz, Amari, Lodders & Zinner (2004)

Novae and  presolar meteoritic  grains
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Novae and  presolar meteoritic  grains

Amari et al. 2001
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Why novae emit gamma-rays? 
Explosive H-burning: synthesis of β+-unstable nuclei

13N    14O    15O    17F    18F

τ 862s 102s 176s  93s  158min.

crucial for enve-
lope expansion

crucial for γ-ray emission
(through e--e+ annihilation)

Other 
radioactive 
nuclei 
synthesized

7Be         22Na         26Al

τ 77days   3.75yrs    106yrs
line  478keV   1275keV  1809keV

e-capture          e+-emission
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Main radioactive isotopes 
synthesized in classical novae

Nucleus τ Type of emission Nova type

13N 862 s
511 keV line
continuum (E<511 keV)

CO and ONe

18F 158 min
511 keV line
continuum (E<511 keV)

CO and ONe

7Be 77 days 478 keV line CO mainly

22Na 3.75 yr 1275 keV line ONe

26Al 1.0X106 yr 1809 keV line ONe
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Spectra of CO novae
MWD = 1.15 M • e+ annihilation and 

Comptonization 
continuum and 511 keV
line; e+ from 13N and 18F

predicted theoretically by 
Clayton & Hoyle 1974; 
Leising & Clayton 1987

• photoelectric absorption       
cutoff at 20 keV

• 478 keV line from 7Be
decay 
• transparent at 48 h

d=1 kpc

Gómez-Gomar, Hernanz, José, Isern,1998, MNRAS
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Spectra of ONe novae

MWD = 1.15 M (solid)  
1.25 M (dotted)

• photoelectric absorption
cutoff at 30 keV
• continuum and 511 keV as in 
CO novae
• 1275 keV line from 22Na
decay 
• similar behaviour for the 2 
models, because of similar KE 
and yields 

d=1 kpc

Gómez-Gomar, Hernanz, José, Isern,1998, MNRAS
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Light curves: 1275 keV (22Na) line

Rise phase

Exponential
decline 

tmax: 20 days (1.15M ),12 days (1.25 M ), line width ∼ 20 keV; duration: months

Flux (max) ∼ 2x10-5 ph/cm2/s; Mejected(22Na) ~ (6-7)x10-9M

Only in 
ONe

novae

d=1 kpc

predicted theoretically by Clayton & Hoyle, 1974
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Light curves: 478 keV (7Be) line

Only in CO novae

tmax: 13 days (0.8M )

5 days (1.15 M )

duration: some weeks

Flux ∼ (1-2)x10-6 ph/cm2/s

Mejected(7Be) ~ (0.7-1.1)x10-10M

Line width: 3-7 keV

d=1 kpc

predicted theoretically by Clayton 1981
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Prospects for detectability with INTEGRAL/SPI

Width of the lines fully 
taken into account
Future missions: MAX (γ-
ray lens), ACT (Advanced 
Compton Telescope)
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Light curves: 511 keV line

• 511 keV line in ONe novae 
remains after 2 days until ∼
1 week because of e+ from
22Na
• Intense (but short duration)
• Very early appearence, 
before visual maximum (i.e, 
before discovery)

Model tmax
* (h) Fmax (ph/cm2/s)**

CO, 0.8 M - - - 2.6 x 10-5

CO, 1.15 M 6.5 5.3 x 10-4

ONe, 1.15 M 6 1.0 x 10-3

ONe, 1.25 M 5 1.9 x 10-3

In CO and ONe novae

d=1 kpc
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Gamma-ray and visual light curves

Visual maximum later
than 511 keV and 
continuum maxima
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The continuum and the 511 keV line, e--e+ 

annihilation, are the most intense γ-ray 
emissions, but their duration is very short
and they appear before visual discovery

detection requires “a posteriori” analyses 
with wide FOV instruments (BATSE, 
TGRS, RHESSI)

future hard X/soft γ-ray surveys like
EXIST can provide unique information 
about the Galactic nova distribution
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Galactic distribution of γ-ray emission from novae

Observations (upper limits): Leising et al. 1988, Harris et al 1991, 1996

Theoretical predictions:Jean, Hernanz, Gómez-Gomar, José, 2000, MNRAS
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26Al ejected masses by ONe novae
Nuclear uncertainties

WD mass Minimum Best Maximum

1.15 8.6·10-9 2.1·10-8 3.1·10-8

1.25 3.6·10-9 1.2·10-8 1.6·10-8

1.35 6.6·10-10 3.2·10-9 4.8·10-9

Max/Min

3.6

4.4

7.3

(all in M ) José, Coc and Hernanz 1999, ApJ 

Contribution of novae to Galactic 26Al:
M(26Al) ≈ 2.0 M * Mej(26Al)/(10-7 M ) * RN/(35 yr-1) * fONe/0.5 ∼ 0.4 M

< M(26Al) from CGRO/COMPTEL 1809 keV map
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Need of more sensitive intruments

Future missions

MAX (γ-ray lens), 
ACT (Advanced Compton Telescope)
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Why focusing γ-rays?

from Peter von Ballmoos, CESR, Toulouse
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How to focus γ-rays?

http://www.cesr.fr/~pvb/Claire/index.html



JINA Workshop Novae and SNIa, 20-21 May 2005, KITP, UCSB M. Hernanz

L E N S  
A gamma-ray lens for nuclear astrophysics

http://www.cesr.fr/~pvb/Claire/index.html
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Is the lens performing as expected for 
sources at infinity?

von Ballmoos et al. 2004.
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From CLAIRE to MAX (space mission)

www.cesr.fr/~pvb/MAX/
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www.cesr.fr/~pvb/MAX/
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Summary

White dwarf mass and chemical composition are not 
independent variables: CO (M<8-10 M ) and ONe
((8-10) M <M< 12 M ).

Need of core-envelope mixing to explain both the explosion 
itself and the observed ejecta abundances. Not self-consistent 
mechanism found to date.

Observational diagnostics of nova nucleosynthesis: particular 
novae, isotopic abundances in meteorites, chemical evolution 
of the Galaxy, gamma-ray emission. Gamma-rays could 
provide infomation about the distribution of novae in the 
Galaxy, avoiding the problem of interstellar extinction.
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