
Nuclear Astrophysics and Stellar Plasmas 

DSM/DAPNIA/SERVICE D'ASTROPHYSIQUE   15/10/2001
Nuclear astrophysics © CEA 2001 - Tous droits réservés 

 

   
   

NUCLEAR ASTROPHYSICS AND STELLAR 
PLASMAS  

   
Introduction  

History of elements  
Nuclei of cosmological origin  (D, 3He, 4He, 7Li)  
Nuclei originating from spallation (Li, Be, B) 
Gamma-ray line astronomy as a probe of thermal and non thermal nucleosynthesis 

High-energy laser experiments based on plasma physics applied to 
astrophysics  

ASTROLABE I experiment  
Study of spectral opacities  
Experiments concerning shock physics  
Modelling laser experiments   

Probing stellar plasmas by seismology: towards a dynamical and 
multidimensional view of the stars  

GOLF on board the SOHO satellite 
Study of solar acoustic modes 
The solar model 
Evolution of young stars  
Asteroseismology and other stars 

Scale invariance and statistical properties of turbulence  
Turbulence Modelling 
Application to Geophysics and Astrophysics 

Magnetohydrodynamics and applications to the solar corona  
General properties of magnetostatic equilibria 
Quasi-static evolution of magnetostatic equilibria  
Numerical simulation of the evolution of a magnetic field 

  
 



Nuclear Astrophysics and Stellar Plasmas 

DSM/DAPNIA/SERVICE D'ASTROPHYSIQUE   15/10/2001
Nuclear astrophysics © CEA 2001 - Tous droits réservés 

 

Introduction 
Over these four years, Nuclear Astrophysics in SAp has been principally marked by the 
impressive development of helioseismology with the satellite SOHO, which has transformed our vision 
of stars. This field of Astrophysics has been globally enriched by different activities, which prepare a 
renewal of this discipline in SAp:  

1. Progress on the light elements and activities to prepare some INTEGRAL programs.  
2. Start-up of accompanying fundamental laboratory activities for Astrophysics on the Phebus 

laser (CEA-DAM) and the LULI nanosecond laser (Palaiseau).   
3. Processing and interpretation of seismic measurements of the solar interior through the GOLF 

and MDI experiments on board the SOHO satellite. The detailed investigation of the physical 
processes at work in a solar-type star has led to three fundamental results:   

o The ingredients of microscopic physics have been validated within a few percent, 
even for processes that cannot be tested in the laboratory as the properties of the 
solar core plasma.  

o As a result, neutrino fluxes are deduced, especially the 8B neutrino type, which is very 
sensitive to core physics and plasma properties. These fluxes, coupled with new 
neutrino detection data from ground-based facilities: Sudbury and Superkamiokande 
experiments, are, for the first time, in perfect agreement and constitutes a first step 
toward the properties of the electron neutrino, its mass and its magnetic moment.  

o The external dynamical regions of the Sun have been fully recorded and start to be 
computed with multidimensional models, opening the door to the understanding of the 
erupted phenomena and the influence of the Sun on the earth environment.  

4. Properties of the turbulence with applications to geophysics and astrophysical applications 
which show fundamental progresses in numerical simulations.  

5. Magnetohydrodynamics applied to the solar corona.  
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HISTORY OF ELEMENTS 

 
Nuclei of cosmological origin  (D, 3He,4He, 7Li)  
   

Big bang nucleosynthesis calculations have been updated at IAP and CSNSM on the basis of revised 
reaction rates. On the other hand, considerable progress has been made on measurements of the 
abundance of light elements in the most primitive environments (slightly affected by stellar 
nucleosynthesis) thanks to the development of excellent telescopes (HST, VLT, KECK, FUSE). 
Confronting the calculation to observations, we deduce the baryon density of the Universe (Vangioni-
Flam et al. 2000). 

Precise measurements of D concerns only a handful of cosmological objects, mainly three clouds on 
the line of sight of distant quasars. Furthermore, D is so fragile that it can be deteriorated, even 
outside of the stars, by cosmic and gamma rays, as we have been able to show. This suspicion is 
corroborated by the discovery of considerable variations in abundance in the local environment by the 
FUSE satellite (Vidal Madjar et al. 1998). 

As for lithium, measured in stars in the halo, we need to know whether it has remained intact or 
whether it has been partially consumed. The detection of  6Li in a few stars has been performed in the 
halo (Cayrel et al., 1999; Vangioni-Flam et al. 1999). Its presence, in the calculated proportions, 
indicates that it is essentially intact in the atmosphere of the stars concerned, and a fortiori in the case 
of 7Li which is more robust. This study confirms lithium as a good baryon density indicator.  
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Nuclei originating from spallation (Li, Be, B)  
The work entailed for these nuclei firstly consisted in identifying the main sources of light elements and 
qualifying the effect of the metallicity of the interstellar medium on the relevant production 
mechanisms. Three processes were identified: one secondary process and two primary processes 
with the following agents, respectively: i) galactic cosmic radiation (Lemoine et al. 1998), ii) neutrinos 
emitted by supernovas bringing about the production of 7Li and 11B only in those objects, iii) low-
energy nuclei originating from superbubbles and enriched with He, C and O in relation to galactic 
radiation. It appears that iii) dominates in the initial phases of evolution of the galaxy, i) increases in 
the disc phase as the abundances of CNO rise in the interstellar medium, whereas ii) has only a 
limited top-up role with regard to 11B (Vangioni-Flam et al. 1998; Vangioni-Flam and Cassé, 1998; 
Vangioni-Flam, 2000, Fields et al. 2000). A model of the propagation-spallation injection-acceleration 
nucleosynthesis system has been developed and this allows the synthesis of light nuclei and 
accompanying nuclear gamma emission (nuclear excitation) to be calculated together (Parizot et al. 
1997). It is applicable to superbubbles and other regions of the formation of massive stars and leads to 
various predictions suitable as input for INTEGRAL observation proposals. 

A recent analysis leads us to think that hypernovae (very powerful explosions of stars) generate great 
quantities of LiBeB by fragmentation of oxygen nuclei violently expulsedby the neighbouring 
environment. So the sources of LiBeB are numerous, the difficulty is to perform a comparative analysis 
of their efficiency along the galaxy evolution, this justifies a detailed analysis of supernovae, 
hypernovae and superbubbles. 
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Gamma-ray line astronomy as a probe of thermal 
and non thermal nucleosynthesis  
   

Production of radioactive nuclei in supernova explosions. 

The gamma ray line emission of the different supernova types, sustained by the radioactivity of freshly 
synthesized species has been estimated, as well as its temporal variations (light curves). The Monte-
Carlo model initially developed in Saclay has been refined to include the escape of the positrons 
emitted by the decay of  44Ti (Ruiz Lapuente, 2000). The averaged gamma ray spectra have been 
used to derive the contribution of supernovae, and particularly SNIa, to the extragalactic gamma ray 
background and derive the evolution of their explosion rate in the past gigayears. The SNIa rate 
history obtained indicates that the star formation rate beyond redshift one, has remained almost 
constant. 

Gamma ray lines from superbubbles. 

The production of gamma-ray lines through nuclear excitation of C and O by fast particles accelerated 
by shock waves in superbubbles and OB associations has been performed (Parizot, 1997, Cassé et 
al. 1997, Parizot et al. 1997, Cassé, Vangioni-Flam and Paul 1999, Ramaty et al. 1999, Vangioni-
Flam, 2000). The alpha + alpha reaction giving rise to 7Be and 7Li in their excited states, followed by 
specific line emission has been carefully modeled (Tatischeff et al. 2000). Detailed calculations on the 
intensity and the line profiles serve to define different targets of opportunity for the forthcoming 
INTEGRAL mission, which is considered as an exceptional opportunity to obtain key data on these 
processes. The correlation between gamma ray line emission and LiBeB production will allow, in the 
best case, to get a quantitative estimate of the production rate of light elements in the nearest OB 
associations and in the Goult Belt.  
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HIGH-ENERGY LASER EXPERIMENTS BASED ON 
PLASMA PHYSICS APPLIED TO ASTROPHYSICS 

   

A group known as GIAS (Groupe d'Investigation des Applications Scientifiques du Laser Megajoule) 
was formed by CEA/DSM under the responsibility of J.P. Chièze to examine civil scientific applications 
of this installation. This investigation covered the following three topics:  

• a number of scientific prospecting actions,  
• development of experiments on the plasma physics created by laser,  
• numerical modeling of laser experiments.  

Aspects concerning scientific prospecting are recorded in four GIAS documents: 1 - High energy 
density material, 2 - Material under extreme laser lighting, 3 - Nuclear physics of plasmas, and 4 - 
Astrophysical plasmas. They showed that the Megajoule laser conditions could allow experiments on 
astrophysical nuclear reaction rates, measurement of opacities and equation of state for astrophysical 
sites, and studies of instabilities in expanded envelopes. 

To prepare the experimental campaigns that will be conducted on the Laser Integration Line (LIL), A. 
Benuzzi, J.P. Chièze, R. A. García, R. Teyssier and F. Thais took part in three experiments of plasma 
physics oriented to the astrophysical field in the course of these years. These experiments were 
conducted on the PHEBUS laser of the Direction des Applications Militaires (Military Applications 
Department) and on the nanosecond laser of the laboratory for the utilization of intense lasers (LULI: 
Laboratoire pour l'Utilisation des Lasers Intenses). They are recorded in detail in the GIAS report for 
2001 (Chièze et al. 2001).  
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ASTROLABE I experiment   
   

The ASTROLABE experiment, led by SAp (Baclet et al., IFSA 1999) was conducted on the DAM 
PHEBUS laser. It provided the means of preparing the experimental device and the physical 
diagnostic tools (x-ray radiography at 4.7 keV, imaging by a Wolter microscope coupled with a CCD 
camera) and digital diagnostic tools (1D and 2D hydrodynamic codes) suitable for the study of the 
development of Richtmyer-Meshkov and Rayleigh-Taylor hydrodynamic instabilities in the nonlinear 
state. It is now widely accepted that this type of instability is at the origin of the early mixing, during the 
explosion, of the elements of a supernova synthesized at different depths. The existence of 
determined scale laws allows us to establish the equivalence between the physical conditions found in 
supernovas and those created in the laboratory.  

The experimental device consists of a pellet made up of a double layer of copper and plastic, with an 
interface perturbed by a sine mode.  

 

 The respective density of 
the copper and plastic 
reproduces the Atwood 
number characterizing a 
contact discontinuity 
between the helium and 
hydrogen layers of the 
envelope of a supernova. 
The shock wave is produced 
by the so called indirect 
attack method. The energy 
from a PHEBUS laser beam 
(2.8 kJ) is converted, in a 
small gold chamber, into a 
thermalized x-ray radiation 
at a temperature of 170 keV. 
This radiation causes a 
rapid ablation of the rear 
face of the copper pellet 
which, via the rocket effect, 
generates a powerful shock 
(15 km/s) in the double 
layer. Two images of the 
developed instabilities 
obtained for perturbations 
with wavelengths of 30 µm 
and 125 µm are shown in 
Figure 1. An important 
objective of this type of 
experiment concerns the 
validation of hydrodynamic 
models used in 
astrophysics, by comparison 
with experimental results. 
The sequencing of the 
experiment was successfully 
interpreted using the 2D 
HYDREL eularian code 
developed by our team.  
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Study of spectral opacities  
   

A third type of experiment concerns the direct measurement of the physical properties of various 
materials, such as their equations of state or their opacities. We took part in three experiment 
campaigns carried out at LULI with the purpose of determining the opacity of a mixture of aluminium 
and nickel. The experimental conditions of the measurements were in the vicinity of T = 20 eV and rho 
= 0.01 g cm-3. The spectra measured were compared with theoretical models (figure 2a,b). The results 
are reported in Chenais-Popovics et al. (2000) (submitted to Phys. Rev. E). 

Figure 2a : View of the inside of the experimental chamber 
(LULI, room 2). The spectrograph entrancet window can be 
seen at the back.  

Figure 2b : Measurement of the opacity of nickel at T = 20 
eV and rho = 0.01 g cm -3. Spectrum overlaid on the SCO 
theoretical predictions where the plasma is assumed to be 
at ETL 
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Experiments concerning shock physics  
   

This type of experiment, directed by the Michel Koenig team at LULI, concerns in particular the 
deformation and acceleration of shocks propagating in decreasing density profiles, like those found in 
stellar atmospheres. The acceleration of a shock can take that shock into the radiative state and 
causes for example, x-ray/UV bursts at the discharge of a supernova shock. The deformation of a 
shock which propagates in a supernova can be the cause of perturbations amplified by Rayleigh-
Taylor instability. The experiment conducted at LULI (Koenig et al., 1999) was based on an original 
experimental method using an aluminium and foam target in "dual operation" with a density ratio 
between 0.4 and 0.01. The measured acceleration of the shock reached a factor of 2.1 in the latter 
case. The pressure condition of 0.1-2.5 Mbar was reached for the first time with a laser.   



Nuclear Astrophysics and Stellar Plasmas 

DSM/DAPNIA/SERVICE D'ASTROPHYSIQUE   15/10/2001
Nuclear astrophysics © CEA 2001 - Tous droits réservés 

 

Modelling laser experiments  
   

A set of simulation codes for laser experiments have been developed at SAp by R.Teyssier and JP 
Chièze. They are described in the GIAS reports, 2001. A first complete set deals with one-dimensional 
phenomena. It comprises an equation of state module, an opacity module, a module for the laser 
energy deposit and a Lagrangian radiative hydrodynamic module based on the model of multi-group 
diffusion with flux limiter. A radiative transfer module using the moments of the transfer equation with 
entropy closure, ensuring the transition between the diffusion state and the optically thin state, is 
currently being developed with the Bordeaux applied mathematics laboratory (Laboratoire de 
Mathématiques Appliquées de Bordeaux), (P. Charrier and colleagues). Two multi-dimensional 
hydrodynamic codes have also been developed. The 2D HYDREL eularian code includes modules of 
equations of state and opacities. The RAMSES code is of the non-structured AMR type. The 
hydrodynamic equations are solved by a second order Godunov method. The processing of several 
coexisting materials is currently being introduced in cooperation with the team of R. Abgral (MAB).   
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PROBING STELLAR PLASMAS BY SEISMOLOGY: 
TOWARDS A DYNAMICAL AND MULTIDIMENSIONAL 

VIEW OF THE STARS 
   

Stellar evolution describes the major phases of the evolution of stars on the basis of their mass and 
their luminosity but does not, at present, correctly describe the effect of convection, rotation and 
magnetic field. This is crucial for the accretion-ejection phase of young stars, for achieving knowledge 
on mass losses and galactic enrichment for the advanced phases of stellar evolution, where eruptive 
phenomena become important. 

This is also essential in order to define the stages of the Sun on a small scale (cycle of 11 years and 
other short time cycles not yet properly known). We now have a new tool: stellar seismology, which 
allows us to extract thermodynamic quantities by using the profile of the speed of sound, density or 
composition and dynamical quantities by using the profile of rotation and magnetic field. The Sun 
provides today the best case. We are able to perform a detailed study of the different processes, on 
the basis of extended stellar evolution, solving several hard points. Moreover we also achieve a better 
understanding of the tool and the acoustic mode properties (Toutain, Appourchaux, Baudin et al. 
1997, Thiery, Boumier, Gabriel, et al. 2000, Basu, Turck-Chièze, Berthomieu et al., 2000). This is due 
to the excellent observations done aboard the SOHO satellite with the GOLF, MDI and VIRGO 
instruments after 20 years of collecting data on the ground by means of dedicated instrument networks 
(IRIS, BiSON, GONG). 
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GOLF on board the SOHO satellite  
   

GOLF (Global Oscillations at Low Frequencies) is a Franco-Spanish helioseismic experiment (PI: Alan 
Gabriel IAS) that measures the oscillation modes of the Sun by observing the star globally. This 
resonance spectrometer actually measures the Doppler velocity between the satellite and the Sun 
along the sodium absorption line. In this way, we detect the most penetrating modes: radial, dipolar 
and quadripolar modes. These modes provide a wealth of information on the nuclear region of the 
Sun. This instrument, in combination with the American Doppler imaging instrument, has the purpose 
of testing stellar modelling in the first phase of evolution by introducing dynamic phenomena that are 
absent in classic stellar evolution. The role of SAp in the construction of the instrument was described 
in the previous activity report. 

The SOHO satellite, the fruit of cooperation between ESA and NASA, was launched in December 
1995. On board were 12 instruments to investigate the internal and external structure of the Sun. Very 
quickly at the Lagrange point L1, data were gathered by the GOLF instrument as from January 1996 
during their transfer. Since then, the continuity and quality of data have been excellent with the 
exception of the period during which communication with the satellite was interrupted, between June 
and November 1998. This interruption was due to a handling error and, as a result, the satellite was 
set into rotation, entailing loss of data exchange, and shutdown of experiments and overall cooling. 
The fact that this satellite was recovered demonstrates the expertise and determination of the space 
agencies involved. They succeeded to locate this satellite, to stabilize it and set the experiments back 
into operation. The deferred launching of CLUSTER (the purpose of which is to study relations 
between the Sun and the Earth in correlation with SOHO) was finally successfully achieved in July 
2000 so we will begin a new program which will connect the dynamo effect in the convective zone to 
the evolution of external magnetic flux and its influence on the terrestrial magnetosphere. 

After five years in operation, apart from a problem with a mechanism which limits data gathering to 
one mode only, the overall operation of the GOLF instrument is satisfactory. Overall ageing (nominal 
counting rate of 1.2 107 photons/s) is very regular, at approximately 10% per year, which is 
reasonably compatible with the photocathode ageing of the photomultipliers. As the detection system 
is redundant, it would be possible to use the redundant detector if the statistical uncertainty appeared 
to be a handicap for determining low-amplitude oscillation modes after five years in operation. This 
should ensure that data will continue to be gathered beyond the scheduled period of seven years 
(more than half a solar cycle). 

Once the extraction of Doppler velocity has been achieved, we look at the velocity fluctuation which 
indicates the presence of oscillations. A Fourier transform of that signal can be used to extract the 
characteristics of the detected acoustic or gravity modes. By integrating four years of measurement, 
the lowest amplitude velocity detected are in the region of 3±2 mm, which means that practically all 
global acoustic modes have been measured so far.   
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Study of solar acoustic modes  
   

Apart from the calibration of data, several scientific studies have been conducted on the GOLF 
instrument at CEA Saclay. A study of the integrated global magnetic field on the surface of the Sun 
provided a mean value during the minimum solar activity of 0.120± 0.002 G, with a precision that was 
improved by several orders of magnitude compared with previous measurements. Then, for the first 
time, we deduced the Fourier spectrum of the magnetic field up to 12 mHz, which revealed signals that 
are not compatible with the expected noise statistics. (García, Boumier, Charra et al., 1999). This 
study is to be continued with a new generation of instruments: see in the instrumental section: R &T 
helioseismology.  
GOLF has also revealed, for the first time, the existence of signals beyond the acoustic cutoff 
frequency (about 5.7 mHz). This modal structure known as HIPS (High Frequency Peak Structure) 
was interpreted as being interference produced by an output wave and a wave travelling inside the 
Sun which reflects from the other side and returns to the visible surface after covering four solar radii; 
it may also reveal chromospherical waves (García, Pallé, Turck-Chièze et al. 1998). The use of these 
modes is yet to come in the context of other methods of investigating the Sun (acoustic lenses, 
tomography, etc.). 
 
The main objective of GOLF remains the study of the internal structure of the Sun. In this context, we 
have studied the nature of the excitation of pressure modes, by studying possible correlations 
between modes, which appear to be present during periods of high activity (IPHIR instrument) but not 
during periods of minimum activity with GOLF (Foglizzo, García, Boumier 1998). This study reveals 
the possibility of excitation sources other than surface granulation. Furthermore, we have developed 
new analysis techniques to extract weak signals from a high solar noise. A method known as ISCS 
(Interleaved Shift Cross Spectrum) can be used to reduce the fraction of non-correlated noise from the 
measurement (García, Jefferies, Toner and Pallé, 1999). This method is a means of reducing, for 
example, the atmospheric noise for ground-based experiments, so that extremely long series of 
observations can be established for some frequency regions. In addition, we have been able to extract 
low-frequency acoustic modes (lower than 1.5 mHz) with velocities as low as 3 mm/s, where surface 
effects do not interfere with the information that we extract from the nuclear core (García, Régulo, 
Turck-Chièze et al. 2001).  

  

Furthermore, we have developed a new 
strategy for searching for gravity modes 
(Turck-Chièze, Brun , Chièze, García, 1998) 
and a statistical method which makes it 
possible to look for multiplets or individual 
peaks with velocities in the region of a few 
mm/s (which represents progress by a 
factor of 20 compared with what could be 
done on the ground) and at least of factor 2 
compared with all the methods used on 
board SOHO in the frequency range of 
those modes (10-300 µHz). We have found 
several spectral structures compatible with 
candidate gravity modes as well as an 
acoustic mode in the frequency range 
between 150-400 µHz.   

 
A publication, currently under preparation, 
describes this analysis and the evolution of 
candidates with respect to time (Turck-
Chièze, García, Couvdat et al.). We have 
high hopes of seeing some of these modes 
with SOHO by coupling several instruments, 
but the scientific impact of these modes will 
necessitate the development of a new 
instrument (see new generation R&T GOLF) 

Figure 3: One of the most promising regions for gravity 
mode candidates. In this figure, several methods 
showing the presence of persistent structures are 
compared. A statistical study can be used to obtain 
confidence levels of more than 90% that the signal is 
not noise: horizontal line (pdet =0.1l) for isolated peak, 
grey-shaded for doublets and darker grey for triplets. 
This study is continuing with more and more data being 
accumulated 
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with higher perdormances in the low 
frequency region where the solar noise itself 
is important in the present generation of 
instruments. 
These modes will make it possible to define 
the radiative region (98% of the star's mass) 
with a better resolution and to make 
progress of the dynamics with respect to 
time for that region. 
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Solar model and the determination of emitted solar 
neutrinos 
The Sun is the archetype of the first phase of evolution. It contains the most precise physics existing in 
the field of nuclear, atomic and plasma physics which is required to solve stellar structure equations 
expressed in a one-dimensional space and where rotation and magnetic field are not explicitly 
included. The Sun is almost a training study case as we know its precise mass, radius and age. This 
time and space model can be used to predict neutrino fluxes emitted by the nuclear region and the 
frequencies of modes by means of an oscillation code.  

The neutrino fluxes detected on the ground is reduced by 30% to a factor of 2 according to the 
neutrino sources compared with those predicted by the model. The interpretation of this deficit may be 
partly due to uncertainties on the model or to incorrect knowledge of the properties of the neutrinos 
which avoid any treatment of the neutrino transport. The measurement of acoustic oscillations do not 
perturb the star and can be used to test the hypotheses of this model and help to improve it. At Saclay, 
we worked on this improvement since 1988 and have particularly focused on the rates of nuclear 
reaction, especially the extrapolation effects of laboratory measurements to astrophysical energies 
and the neighbour plasma effects. This is particularly useful in order to determine the cross section  
7Be(p, gamma) which produce the neutrinos measured in the high statistical experiments as 
Superkamiokande and SNO experiments. This work led to a review carried out in the context of 
international cooperation (Adelberger et al., 1998) to redefine the nuclear interaction cross sections for 
the combustion of hydrogen. At Saclay, the CESAM code was enriched with the updated physics and 
the opacities and equations of state from the Livermore group. Indeed, this group ensured the 
completeness of the elements (21 elements) considered to be necessary to achieve the precision 
offered by helioseismology (a few percent on opacity coefficients). A standard model, including the 
microscopic diffusion of elements (Brun, Turck-Chièze and Morel 1998) was used to show the 
sensitivity of seismic variables (acoustics and gravity). It was also compared with the first SOHO data 
(Turck-Chièze, Basu, Brun et al., 1997) and hypotheses were proposed to interpret the 
model/observation difference through the profile and the speed of sound.   

By simultaneous extraction of the rotation profile, it was possible to introduce a turbulent term which 
represents the hydrodynamic instability at the base of the convective zone. This term is the first step 
towards including rotation in structure equations. This results in a model that is much closer to reality 
and which has the advantage of being compatible with all the photospheric measurements of 
abundance, for the first time, including lithium (Brun, Turck-Chièze, Zahn 1999). This is a first step to 
the understanding of this region of transition between radiation and convection called the tachocline 
which has never been treated properly. 

In fact, SOHO has revealed the internal dynamics of a star, illustrated in Figure 4, which shows that 
our vision of the stars is changing, revealing for the first time the meridional circulation of the 
convective region and the probable evolutions of rotation at the base of the convective zone which is 
potentially at the origin of the solar dynamo and, perhaps, of time-related stochastic variations.  
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Figure 4: On Top: profil e of internal rotation and 
of its evolution in time, as a sectional view
(Howe et al., Science, March 2000). On the 
right: evolution of the matter movements 
observed by the MDI instrument aboard the 
SOHO spacecraft. 
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The residual differences between model 
and observation were studied in details 
(figure 5) and we demonstrate their 
incompatibility with any error on the 
distribution of the velocity of ions or the 
presence of turbulent diffusion at the centre 
of the Sun (Turck-Chièze, Nghiem, 
Couvidat, Turcotte 2001a). We now 
interpret the residual difference as simple 
uncertainties regarding the fundamental 
ingredients (pp cross section, composition 
regarding heavy elements, radius) and we 
construct a seismic model accompanied by 
seismically compatible emitted neutrino 
fluxes (Turck-Chièze, Couvidat, Kosovichev 
et al. 2001b). For this purpose, we take the 
lowest frequencies extracted from GOLF 
and MDI (see above) which are the least 
perturbed by the magnetic field. Only the 
very turbulent surface region is not yet 
under control (see Figure 5). Helioseismic 
measurements of these 20 last years have 
allowed solar model improvements and 
allow a complete check of the classical 
central structure.  

In consequence, the neutrino fluxes 
deduced from seismic studies are known 
with much greater precision than was 
previously the case. Seismology also 
involves major constraints, especially 
regarding the flux of neutrinos associated 
with 8B which is very sensitive to the 
physics of the Sun. This flux remains 
significantly higher than the detection 
observed by the Superkamiokande neutrino 
experiment which favoured the presence of 
neutrino oscillations. This prediction, 
combined with very recent results from the 
SNO experiment (Sudbury Neutrino 
Observatory) measuring charged currents 
(sensitive to electronic neutrinos) and 
elastic diffusion (measuring the various 
flavours of neutrinos) shows that, after 
nearly 30 years of research, compatibility 
between astrophysical predictions and the 
ground-based detection of neutrinos has 
now been achieved for the first time (Turck-
Chièze, Couvidat, Kosovichev et al., 2001). 

We must now specify the parameters 
associated with the oscillation of neutrinos 
which could depend on, among other 
things, the magnetic field crossed by the 
neutrinos. This opens a new field of 
investigation between astrophysics and 
particle physics. 
It should also be noted that with 
experiments on Doppler velocity 
measurements, we have at our disposal a 
means of investigating the radiative zone of 
a star which will enable us to study the 
evolution of this region in time as well as 
the regeneration of the magnetic field at the 
base of the convective zone. This could be 
of great help in understanding the influence 

Figure 5 : Difference between the square of the velocity of 
sound extracted from acoustic modes and that of a solar 
model. This difference has been improved by a factor of 20 
over the last ten years thanks to a combined improvement in 
models and observations (Models:Turck-Chièze et al. Phys. 
Rep. 230 (2-4), 57 (1993 ; Turk-Chièze et al. 2001, ApJlett, 
555, L69; Observations: Bertello et al. 2000a,b, García et al. 
2001). This study has allowed us to reject phenomena put 
forward to solve the enigma of solar neutrinos, such as the 
presence of WIMPS (Weak Interactive Massive Particles), 
strong turbulence in the radiative or very central region, or a 
very great mass in the initial phases of evolution. It has 
allowed us to introduce the effect of microscopic diffusion, the 
presence of very localized turbulence in the radiation-
convection transition region generated by rapid variation in 
central rotation (source of the solar dynamo?) and to apply 



Nuclear Astrophysics and Stellar Plasmas 

DSM/DAPNIA/SERVICE D'ASTROPHYSIQUE   15/10/2001
Nuclear astrophysics © CEA 2001 - Tous droits réservés 

 

of the Sun on the evolution of our planet, 
i.e. the study of variations with respect to 
time on the human scale which may be due 
to the evolution of the magnetic flux 
produced. This is a natural study subject to 
interpret SOHO-CLUSTER results and then 
the American " Living with a star" project 
which consists in a float of 15 satellites 
including Solar Dynamical Observatory 
(new generation MDI), and maybe our new 
generation European GOLF project. To 
progress on the internal organized 
magnetic field, we need to use 
magnetohydrodynamical 3-D codes that S. 
Brun has learned to use during his 
postdoctoral position in Colorado. 

strong constraints on the p-p cross section (1%) which has 
never been measured in the laboratory and the internal 
composition (better than 3%). The model including the 
observational error bars is the seismic model which can be 
used to validate the fluxes of neutrinos emitted. Figure 5b: 
Difference in density profile between observation and model 
allowing finer testing of nuclear reactions and notching effects. 
The various curves correspond to modifications made to the 
model by introducing the adjustments shown above, or by 
modifying the reaction (3He, 3He) by 10% or the reactions of 
the CNO cycle by 70%..  
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Evolution of young stars 
The improvement in the solar model and stars of the solar type thanks to helioseismic information has 
restarted the study of lithium, an element which burns in the region of transition between radiative and 
convective transport. This has led us to pursue our investigations regarding young stars (or young 
Suns) where a major portion of the lithium is burned. In this case, this element currently provides the 
only means of testing the internal structure of these stars pending the development of 
asteroseismology. The evolution in time of the destruction of lithium is shown in Figure 6 for a solar 
composition.   

Figure 6 : Evolution of the destruction of lithium 
for a star of solar composition. We observe two 
major stages in this destruction: nuclear 
destruction of the early phases (before 10 Myrs) 
where the velocity at which the convection 
leaves the central region depends on the time 
taken for uncoupling the star from its disc (in this 
case, we assume the case of a young sun 
rotating relatively slowly), and a second phase of 
slower destruction depending on the tachocline 
mixing with gradual slowdown of the star in the 
main sequence. 

 
The study, conducted at Saclay also illustrates the theoretical importance of correctly understanding 
the O/Fe ratio for modelled stars, as these two elements determine the radiation-convection transition 
owing to their major contribution to the opacity of that region. We note that, for the Sun and Hyades, 
where the composition of these major elements is known, the destruction of lithium appears to be 
reasonably under control for stars with approximately the mass of the Sun, provided that those stars 
have shed the disc that surrounds them at a relatively late stage (Piau and Turck-Chièze 2000). The 
crucial period for these stars is before 10 Myrs when modelling must take a great number of processes 
into account. In this study, we also show the role of the late accretion disc. Other tests have to be 
undertaken to study the role of the initial conditions or of the magnetic field. This study is to continue 
by showing a certain number of seismic observables which will be studied with the EDDINGTON 
space mission.  
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Asteroseismology and other stars 
Many stars have more spectacular dynamical phenomena than the Sun. The development of 
asteroseismology calls for major theoretical efforts in order to make the most of the limited information 
obtained in global modes (where, at best, we will measure only about 100 modes to be compared with 
3,000 multiplets observed in the case of the Sun). I. Lopes and S. Turck-Chièze have developed a 
second order asymptotic formalism to extract observables that are useful for the interpretation of 
frequencies that will be measured in future space experiments: COROT, MONS, EDDINGTON. They 
showed, in particular, that stars of 1.4-1.5 Mo were good targets for the extraction of helium from the 
adiabatic index (c2= gamma P/rho) (Lopes, Turck-Chièze, Michel, Goupil 1997). Indeed, often little is 
known about helium which governs the evolution of stars and this is not compatible with a good 
theoretical representation of stars in clusters. The formalism developed will make it possible to 
separate surface effects from core effects and to make optimal use of global modes, where the stellar 
disc is unresolved. 

P. Nghiem is studying another approach based on the propagation of "locally" planar waves. This 
approach simplifies the concepts and mathematical equations. The fact of remaining in actual physical 
space makes it possible to obtain well known results, such as Duvall's law which allows us to extract 
the speed of sound from acoustic modes or unknown results such as the utilization of the radial 
number to describe the radial density of kinetic energy. This approach is aimed at achieving progress 
on inversion techniques, especially near the surface where the physics is complex due to turbulence 
and magnetic tubes. This effort could be also of great value for the identification of the modes of stars 
other than the Sun. This identification is generally complicated by higher rotation speeds. To assess 
the method's accuracy, calculated natural frequencies are compared with the results of more complete 
digital calculations (Nghiem 2000). The Sun remains an ideal means of demonstrating the 
development of all these techniques. 

Microscopic diffusion can change the ratios of abundance of elements on which galactic evolution 
models are based. In the course of his post-doctorate visit, Sylvain Turcotte undertook the study of 
these processes for very slightly metallic stars. This study, coupled with turbulent processes, should 
be pursued with the following objectives: the cosmological study of primordial lithium and population 
syntheses. 

All these studies encourage to introduce dynamical phenomena such as turbulence or accretion and 
ejection of mater, which depend on phenomena of rotation and magnetic field in the computation of 
stars. This new progress passes through multidimensional hydrodynamical studies of some regions of 
the stars. We hope to be able to develop this new activity in Saclay in a very near future to prepare the 
harvest of results from future missions such as EDDINGTON and GAIA, but also to participate to the 
understanding of the connection between the Sun and the Earth (SOHO-CLUSTER and ILWS) and 
may be to help to determine the real transport of neutrinos in the external layers of the Sun.  
 
Some specific studies on turbulence have been already developed during these years. 
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SCALE INVARIANCE AND STATISTICAL 
PROPERTIES OF TURBULENCE 

Scale invariance is thought to be a fundamental property of turbulence. Real systems are finite size, 
and this is bound to introduce additional corrections to the scale symmetry outcomes. Therefore, B. 
Dubrulle has developed a theory of scale invariance in finite size systems. This theory generalizes the 
finite size scaling, and enables prediction of the behavior of bounded critical systems near and further 
from the transition. The theory has been applied to turbulence, and found to reproduce successfully 
some yet unexplained statistical properties of the velocity field [Dubrulle, 2000], provided the finite size 
effect is due to the existence of a maximal velocity. This finding has some important consequences on 
the turbulence properties. It shows that, contrarily to the classical Kolmogorov-Richardson picture of 
turbulence, small-scale behavior is not dominated by local interactions between velocities of 
comparable scale, but rather by non-local interactions with the large scale flow. Laval et al, (1999, 
2001 have explored and confirmed numerically this scenario in both 2 and 3 dimensions. It leads to a 
new formulation of the small-scale dynamics in term of a stochastic Langevin equation. From the 
theoretical point of view, this new formulation allows a complete qualitative understanding of the 
mechanisms of intermittency. From a practical point of view, this leads to a new turbulence sub-grid 
modeling.   

Turbulence Modelling 
Dubrulle and Nazarenko (1996] have developed a new model of turbulence, based on an estimation of 
the subgrid velocities, rather than velocity correlations, as is traditionally done. The estimation of the 
subgrid velocities is done via a Langevin equation, which is coupled to the large scale equations, and 
which is directly derived from the Navier-Stokes equations using the non-locality hypothesis. In this 
equation, the non-local interactions with the large scales are exactly taken into account via the 
coupling with the large scale. The non-local interactions with the smallest scale is parametrized by a 
turbulent viscosity, which can be computed exactly using for example methods borrowed for the 
Renormalization Group theory. The method leads to a parameter-free subgrid model which can be 
used in any type of flow (rotating, stratified, with or without magnetic field). It has been numerically 
implemented in 2D turbulence, and led to a new and efficient LES method, replacing the hyper-
viscosity methods, which has known pitfalls [Laval, Dubrulle, Nazarenko, 2000]. The model also leads 
to accelerated Direct Numerical Simulation by a factor 100.   

Application to Geophysics and Astrophysics 
From a theoretical point of view, the new Langevin model of turbulence can be used to derive 
analytically the mean equilibrium profiles in flows of geophysical interest, such as channel flows and 
boundary layers [Nazarenko, Kevlahan, Dubrulle, 1999; Dubrulle, Laval, Nazarenko, Kevlahan, 1999]. 
In collaboration with P. Sullivan, these authors have used it to compute temperature and velocity mean 
profiles and variances in the Planetray Surface layer [Dubrulle, Laval, Sullivan, 2000]. The analytical 
predictions deviate from the traditional free-convective scaling, but are in agreement with 
measurements from field campaigns. More generally, B. Dubrulle (2000, 2001) have used the 
Langevin model to derive scaling laws in turbulent convection and shown that finite viscosity effects 
lead to logarithmic corrections to the classical law governing the heat transport, which perfectly 
explains the puzzling so-called hard turbulence regime. The model has also been used to compute the 
turbulent viscosity and diffusivity in 2D MHD flows. Work is in progress to implement it numerically in a 
GCM and to generalize it so as to compute chemical reactions in the PSL. 
 
These methods could be applied to simulations of turbulence in outer layers of stars, Application to the 
formation of the solar system is described in the section: "From Galaxies to Planets: Structuring the 
Universe". 
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MAGNETOHYDRODYNAMICS AND APPLICATIONS 
TO THE SOLAR CORONA 

General properties of magnetostatic equilibria 
J.J. Aly has pursued his study of the general properties of the three-dimensional magnetostatic 
equilibria occupying unbounded regions of space. He has now extended most of his previous results 
on the force-free magnetic fields to the case where the thermal pressure of the plasma and an external 
gravitational field are no longer negligeable. In particular, he has derived a series of integral 
constraints which have to be satisfied by any finite energy equilibrium and shown that a quantity he 
called the virial energy cannot exceed a limit which depends only on the geometry of the region and 
the value of the normal component of the magnetic field on its boundary. Up to now, these results 
have been used: (i) to discuss the role of plasma pressure and gravity in the biggest eruptive 
processes taking place in the solar corona (coronal mass ejections and large flares); (ii) to derive 
some constraints whom the data provided by solar photospheric measurements have to satisfy for a 
coronal equilibrium to be possibly reconstructed from them.  

Quasi-static evolution of magnetostatic equilibria 
J.J. Aly has shown by general arguments that a current sheet develops in a two-dimensional 
equilibrium which evolves quasi-statically because of a continuous heating of the plasma, and he has 
provided an explicit analytic example of this phenomenon. This mechanism has been claimed by 
several authors to play an important role in the onset of the magnetic substorms of the earth 
magnetotail. 
He has also pursued his study of "Parker's model", which describes in a simplified way the three-
dimensional evolution of a coronal structure whose footpoints on the photosphere are submitted to 
given motions. He has obtained in particular the first uniqueness result for a force-free equilibrium 
subject to a topological constraint.  

Numerical simulation of the evolution of a magnetic 
field 
The three-dimensional numerical code METEOSOL developed by T. Amari has been used to study 
the behaviour of a flux rope embedded in a coronal arcade (Amari et al. 1999a). They have shown in 
particular that it is possible to create configurations in which a high density of electric current is 
confined inside the rope, which thus develops dips able to support cold matter against a gravitational 
field. This provides quite realistic models for magnetic support of prominences (Amari et al. 1999b). 
Moreover, they have proved that the rope may be destabilized either if its twist is sufficiently high 
(Amari et al. 1999a) or if there is an emergence of new magnetic flux accross the photosphere (Amari 
et al. 2000). In either case, the loss of equilibrium leads to a fast expansion of the magnetic structure 
and to the release of a large amount of energy, a result that could be a possible explanation of the 
onset of the eruptive processes taking place in the solar corona on various scales, including the 
coronal mass ejections and associated two-ribbon flares. An interesting feature of this catastrophic 
evolution of the field is the conservation of the magnetic helicity. The final state is however very far 
from the "constant-alpha" state predicted by the well known Taylor's relaxation theory (Amari et al. 
2000).   

 


