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Introduction 

The formation of stars and galaxies is an essential agent for structuring the universe. This major 
phenomenon is usually associated with "cold" regions, mainly observable in the infrared and 
millimeter/submillimeter domains [(sub)mm for short], since molecular clouds have typical 
temperatures of a few 10 K, and "dense cores" where stars form condense into protostellar envelopes 
having a few 100 K. Star formation has long been studied within our own galaxy only for reasons of 
sensitivity and spatial resolution, but it is now being studied in nearby galaxies, which are resolved on 
spatial scales of a few arcseconds.  

   

In our galaxy, the mass distribution of 
"pre-stellar cores" within molecular 
clouds has been studied in  
detail, and SAp has shown for the first 
time that this distribution is identical to 
the "Initial Mass Function"; the density 
structure of the envelopes has also been 
determined. These two new results bring 
strong constraints to models of star 
formation, in particular those developed 
at SAp. Once gravitational collapse is 
over, the so-called "T Tauri stars" (or 
young suns) remain, surrounded by 
accretion disks.  

As shown by SAp, "second-generation" 
disks are formed later, with spatial 
structures which may reveal the 
presence of planets. On a smaller scale, 
the SAp study of rings around giant 
planets allows a better  
understanding of the confinement and 
accretion mechanisms in such disks, for 
which they constitute nearby analogs 
which can be observed in detail.  

Finally, SAp has shown that all young 
stars, including protostars, are strong X-
ray emitters, observable very deep into 
molecular clouds. 

 In addition, this hard radiation interacts 
with the dense surrounding medium, 
giving rise to interesting irradiation 
phenomena. SAp has also studied the 
consequences on the interstellar medium 
of a passing shock wave, resulting, for 
instance, from the wind of a young star. 

Multi-wavelength image of the ρ Ophiuchi cloud. Contours: dense 
gas seen using the C18O molecule. Background: optical (Digital 
Sky Survey), and mid-IR (ISOCAM mosaic: large square area). 
Small squares: location of the X-ray sources detected with the 
ROSAT High Resolution Imager.  (Grosso et al. 2000). 

Turning to galaxies, IRAS observations demonstrated that the infrared domain is essential to 
understand the history of massive star formation. The ISO satellite, with its ISOCAM and ISOPHOT 
instruments, has much improved our understanding of galaxy evolution, up to high redshifts. A 
consistent observational program  has been devised in the framework of the ISOCAM guaranteed 
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time, SAp being co-I. This program has two parts: one, described below, about nearby galaxies, to 
better understand the IR emission mechanisms by interstellar dust grains in various individual regions; 
the other, descibed in the "cosmology" chapter, devoted to deep surveys, where galaxies are not 
resolved individually.  
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Prestellar condensations on the verge of collapse 
within molecular clouds   
The first steps of a star  
   

The mass of a star determines its evolution and in particular its lifetime. Whereas we now know the 
distribution of masses of stars arriving on the main sequence, its origin remains obscure. When do 
stars "decide" to be of a certain mass ? To answer this question, it is necessary to probe deeply into 
galactic molecular clouds, and study protostars and pre-stellar condensations, i.e., stars in the making. 
During the past decade, with the advent of highly efficient cameras in the IR and (sub)mm domains, 
important observational progress has been reported (see review by André, Ward-Thompson, and 
Barsony 2000). In particular, it is now possible to simultaneously observe pre-main sequence stars 
(age 106 to 107 years), protostars (age 104 to 105 years), and pre-stellar condensations in the 
nearest molecular clouds (Ph.D. Thesis by A. Bacmann; Bacmann et al. 2000). Such a study is 
possible only for stars of less than a few solar masses, so as not to disturb their parent molecular 
cloud by intense stellar winds and strong ionizing fluxes. This approach allows reconstituting the 
genealogy for the formation of "solar-like" stars in an empirical fashion. 

P. André and his colleagues have thus undertaken for several years to complete an ambitious 
program of wide-angle surveys (several square degrees) in the mid-IR (7 µm and 15 µm), and in the 
(sub)mm (850 µm and 1.3 mm), of several young stellar clusters, in particular ρ Ophiuchi, Serpent, 
Orion, and CrA. Seven- and 15-µm ISOCAM observations obtained within the Guaranteed Time 
program have been analyzed by Bontemps et al. Over 200 IR sources have been detected by 
ISOCAM. A small number are "infrared protostars", approaching the end of the accretion phase (their 
envelope mass, in a state of gravitational collapse, has been almost entirely used to build the central 
star). The vast majority of sources seen by ISO are T Tauri stars. The ISOCAM data allow the 
luminosity function of these pre-main sequence stars to be constructed with an unrivalled sensitivity. 
Figure 1 shows, for example, the luminosity function for about 120 T Tauri-type objects detected in the 
ρ Oph cloud (Bontemps et al. 2001). This sample, complete down to 0.03 Lsol, is twice as large as the 
one known before ISO. The resulting mass distribution (down to about 0.06 Msol, i.e.,  below the 
brown dwarf limit; see Figure 2) is compatible within statistical uncertainties with the "Initial Mass 
Function" (IMF) of galactic field stars. This means that the mass of solar-like stars is determined 
before the T Tauri stage, and barely evolves thereafter. 

Figure 1. Luminosity function for the 123 T Tauri-like stellar 
objects detected at 7 and 15 µm  with ISOCAM 
in the ρ Ophiuchi cloud, at d = 150 pc (Bontemps et al. 
2001). This luminosity function (light shading) is complete 
down to L* ~ 0.03 solar luminosity (Lo), whereas the 

Figure 2 : Mass distribution of the 60 pre-stellar 
condensations identified by Motte, André, & Neri (1998) 
in the 1.3 mm continuum mosaic of the ρ Ophiuchi cloud 
(blue). This distribution is similar to the mass 
spectrum of the 120 embedded T Tauri stars found by 
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luminosity function known before ISO (dark shading) was 
incomplete below L* ~ 2 Lo. ISOCAM has thus provided a 
10 times deeper census for T Tauri stars embedded in 
nearby molecular clouds. 

Bontemps et al. (2001) with ISOCAM in the same region 
(red curve), and to the Initial Mass Function for field stars 
(pink curve). In contrast, these three mass 
distributions differ significantly from the mass distribution of 
the dense cloud cores (green curve). 

Seven- and 15-µm ISOCAM observations obtained within the Guaranteed Time program have been 
analyzed by Bontemps et al. Over 200 IR sources have been detected by ISOCAM. A small number 
are "infrared protostars", approaching the end of the accretion phase (their envelope mass, in a state 
of gravitational collapse, has been almost entirely used to build the central star). The vast majority of 
sources seen by ISO are T Tauri stars. The ISOCAM data allow the luminosity function of these pre-
main sequence stars to be constructed with an unrivalled sensitivity. Figure 1 shows, for example, the 
luminosity function for about 120 T Tauri-type objects detected in the ρ Oph cloud (Bontemps et al. 
2001). This sample, complete down to 0.03 Lsol, is twice as large as the one known before ISO. The 
resulting mass distribution (down to about 0.06 Msol, i.e.,  below the brown dwarf limit; see Figure 2) is 
compatible within statistical uncertainties with the "Initial Mass Function" (IMF) of galactic field stars. 
This means that the mass of solar-like stars is determined before the T Tauri stage, and barely 
evolves thereafter. 

In parallel, the team has begun mapping the 
same regions in the (sub)mm continuum with 
bolometer cameras at  
the focus of the Granada IRAM 30-m and 
Hawaii JCMT telescopes. Figure 3 shows in 
particular a mosaic of the  
NGC 2068/2071 region in the Orion B 
complex, obtained at 850 µm with the JCMT 
(Motte et al. 2001). The images obtained at 
submm wavelengths reveal a large number 
of cold condensations, all visible in the near-
IR. Complementary observations obtained in 
molecular lines like N2H+(1-0) show that 
these condensations are cloud fragments 
dense enough that gravity will eventually 
dominate over internal thermal pressure, 
inescapably leading to gravitational collapse 
into protostars (Belloche, André and Motte 
2001).  

 Indications of rapid gravitational contraction 
have indeed been found towards some of 
these objects. As an example, Figure 2 
displays the mass spectrum obtained by 
Motte, André, and Neri (1998) for the 
condensations in the ρ Oph cloud, as part of 
F. Motte's Ph.D. thesis (1998).  

 This mass distribution is very similar to the 
galactic IMF, and to the mass distribution 
found by ISOCAM for T Tauri stars (Fig. 1). 
In contrast, it significantly differs from the 
mass distribution observed on a larger scale 
for clouds and dense cloud cores. These 
results demonstrate that the structure of the 
interstellar medium stops being self-similar or 
fractal on the scale of pre-stellar 

Figure 3 : Mosaic of the NGC 2068/2071 star forming region 
(d = 400 pc), in the Orion B molecular complex, 
seen in the cold dust continuum emission at 850 µm using 
the JCMT and the SCUBA bolometer camera (Motte et al. 
2001). This image yields a complete census of the pre-stellar 
condensations with masses down to ~ 0.6 solar mass 
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condensations..  

 Furthermore, this suggests that the values of stellar masses are frozen very early, as a result of the 
fragmentation of the parent cloud. Should this conclusion be confirmed, one may expect notable 
variations in the stellar IMF in other galaxies, depending on the local physical conditions 

Also, P. André and his collaborators have shown that the radial density law for protostellar envelopes 
depends on their environment. More specifically, even though the density structure of isolated 
protostellar envelopes is well described by the spontaneous gravitational collapse model developed by 
F. Shu et al. in 1987, that of protostellar envelopes in clusters like ρ  Oph is markedly different. This 
suggests a more dynamical collapse, induced by external perturbations such as those of neighboring 
stars. This show for the first time that the environment of forming stars may, at least in part, control the 
very process of star formation. 
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Modelling the collapse of protostellar clouds  
How to form the first core ?  
Along with the observational work described 
above, J.-P. Chièze and his colleagues have 
addressed the theory of the gravitational 
collapse of protostellar fragments by 
developing a very high-resolution numerical 
code which follows the dynamics of cloud 
collapse down to the formation of a star, taking 
into account the chemical and thermal 
evolution of the cloud. In addition to the 
evolution of minor molecules, which only 
enters the thermal balance of the collapsing 
envelope, the evolution of H2 
(formation, dissociation) and the gas ionization 
inside the protostellar core are treated out of 
equilibrium. The  
formation of the first and second cores is 
followed by a series of lighter collapses 
triggered by the successive stages of 
ionization of hydrogen and helium. Radiation is 
treated by following the temporal evolution of 
the first two moments of the transfer equation, 
and a variable Eddington factor is 
obtained using an entropic closure condition 
developed in close collaboration with the 
Laboratoire de Mathématiques Appliquées at 
Bordeaux. This method is capable of handling 
the strong radiation anisotropies, which 
take place in the vicinity of the accretion shock 
(supercritical shock).  

Convection and semi-convection are  
handled in a time-dependent fashion, following 
Kuhfuß's theory. The initial structure is a 
spherical cloud  
in thermal equilibrium (non-isothermal, with a 
positive temperature gradient), close to the 
threshold for  
gravitational instability (critical Ebert-Bonnor 
sphere). These natural initial conditions, very 
different  
from those adopted by F. Shu et al. in 1987, 
lead to a global evolution of a core-halo type 
structure until  
the first core forms (see Figure 4), which is 
markedly different from the collapse 
kinematics obtained by  
these authors.. 

Figure 4 : Numerical simulations of the collapse of a 1 solar 
mass spherical cloud. The cloud is initially on the 
threshold of gravitational instability and in thermal 
equilibrium with respect to heating and cooling 
processes of the dense interstellar gas. Here, more than 90 
% of the matter has been accreted in this phase 
following the formation of the first hydrostatic core. Density, 
gas and radiation temperature profiles, 
radiation and convective luminosities, are shown as a 
function of the cloud radius (in solar radii). 
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Planetary systems, disks and rings  
Rings and disks : a common feature arouind stars and planets  

Circumstellar disks surround about 13 % of main sequence stars. First detected indirectly from the 
excess emission in the IR spectra of these stars, these disks are now visible through direct imagery. 
P.-O. Lagage's team succeeded in revealing for the first time a 10-µm gap in such a disk, seen edge-
on, around the star β Pictoris, an A star several million years old, by using the TIMMI camera at the 
focus of the ESO 3.60-m telescope.  

At this wavelength, the stellar luminosity 
is very dimmed compared to that of the 
disk, so that the disk can be seen down to 
short distances from the star. A massive 
planet orbiting within the disk may cause 
this apparent gap in the vicinity of the star 
(Pantin, Lagage, and Artymowicz 1997; 
see Figure 5). Such disks are likely to be 
of "second generation", because younger 
stars of the same type do not (or not 
anymore) have them. Other disks, 
perhaps protoplanetary, have been seen 
at shorter wavelengths around younger 
stars (like the Herbig star HD 100546), 
using a coronographic method coupled to 
an adaptive optics device (ADONIS at the 
CFH telescope), to conceal the star.  

These results were obtained with the help 
of a  specific filtering and deconvolution 
software package, using multi-resolution 
techniques, written by E. Pantin and J.-L. 
Starck in 1996 (see Murthag and Starck 
1999). 

Figure 5  Observation with the TIMMI camera (10 ?m) 
of the circumstellar disk around β Pictoris, seen edge-
on. The IR emission is shown on the left; the image of 
the density distribution, reconstructed using a grain 
thermal emission model, is shown on the right 
(Pantin, Lagage, andArtymowicz 1997). 
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Disks are also present around the giant 
planets of the solar system. The 
numerical simulations which seek  
to reproduce the structure and dynamical 
evolution of planetary rings, or the 
observation and analysis  
tools used to study their physical 
properties, are the same as those for 
circumstellar disks.  

 The observation of Saturn's rings by C. 
Ferrari et al. with the CAMIRAS camera 
at the CFH telescope (Figure 6) led to the 
determination of the temperature 
distribution in the rings, from which of a 
very low thermal inertia for the grain 
surfaces was deduced (Ferrari et al. 
1999).   

Taking advantage of the Earth's passage 
in the plane of Saturn's rings in 1995, 
more than half a dozen of new Saturnian 
satellites have been discovered by A. 
Brahic and his colleagues (Roddier et al. 
1996, Charnoz et al. 2001). These new 
objects are like lumps in the F ring, and 
could be short-lived matter aggregates.  

A numerical code, first developed for 
planetary rings, has revealed the 
collisional diffusion phenomenon, by 
which the birth of a proto-Jupiter, even of 
low mass, could have inhibited planetary 
accretion at the location of the Asteroid 
belt (Charnoz et al. 2001). 

Figure 6 : Saturn's rings observed with CAMIRAS at 20.5 µm in 
Aug. 1999 with the CFH 3.60-m telescope. The particles orbit 
Saturn clockwise. When passing in the shadow of the planet (S.), 
the particles cool down, then heat up when they reappear in the 
Eastern cove. A very small thermal inertia of the grain surface 
can be deduced from the temperature variation, as would be the 
case if it were very porous or made of amorphous water ice 
(Ferrari et al. 1999). 

It is generally accepted that the Solar System formed from a protoplanetary gaseous disk. Observation 
of similar disks around distant TTauri stars also suggests that the primordial disk was turbulent. B. 
Dubrulle has built a new scenario of Solar System Formation, where turbulence is taken into account 
in a self-consistent way ( see the method in the section "Nuclear Physics". At large scale, the 
stabilizing influence of rotation influences the evolution of temperature and density within the 
primordial solar nebula and thus, grains coagulation and sedimentation. Also, large scale vortices act 
as traps for grains and dusts, and thus artificially enhance the dust local density. These vortices then 
become the preferred location of planets formation. At small scale, differential rotation induces the 
development of coherent structures, modifies the rate of chemical reactions (such as Deuterium 
enrichment, [Drouart et al, 1999, Robert et al, 2000]), and influences the large scale transport via the 
turbulent viscosity effect. Work is in progress to build a turbulent model of Langevin type of the 
protoplanetary disk, with no ajustable parameter, and enable to take into account time variability and 
spatial inhomogeneity.  
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High-energy phenomena in regions of star formation  
The X-ray emission of the young stars  

Inspection of the extinction cross section in the interstellar medium (gas, dust, and nuclei in cosmic 
proportions) shows an equal penetrating power at high energies (X and gamma-rays) as that at low 
energies (IR, mm). As a result, the access to the high-energy domain is a powerful tool to study star 
formation and pre-main sequence stellar evolution. T. Montmerle and his team have conducted their 
work in two main areas: (i) characterizing young stars as X-ray sources, extending it progressively 
towards protostars, and emphasizing the links between this emission and magnetic properties (review 
by Feigelson and Montmerle 1999; Ph.D. of N. Grosso, 1999), and also in the IR with ISOCAM (review 
by Montmerle and Nordh 1999); (ii) irradiation effects on various targets: dust grains (in the laboratory: 
Ph.D. thesis of S. Gougeon at ESRF in Grenoble; collaboration with DRECAM in Saclay), on 
circumstellar disks (review by Glassgold, Feigelson, and Montmerle 2000), and on the young solar 
system (review by Montmerle 2000).  

The team has used almost every available X-ray satellite (ROSAT, ASCA, SAX, and lately Chandra 
and XMM-Newton) to study a number of star-forming regions, distant (Rosette, 2 kpc: Grogorio-Hetem 
et al. 1998) as well as nearby (ρ Oph, 150 pc), in the 0.5-10 keV band.   

This last region has attracted a lot of 
attention by the high number (200-300) 
and the diversity of solar-mass stars it 
contains, at all evolutionary stages, from 
protostars to T Tauri stars. The first 
confirmed X-ray detection of a protostar 
came as a result (Grosso et al. 1997, 
Montmerle 1998).  

The conclusions of these studies are now 
quite clear: essentially all young stars 
emit X-rays, with LX ~ 10-4 Lbol (Grosso 
et al. 2000; cf. Figure 7), as shown by the 
excellent positional coincidence between 
X-ray sources and visible/IR sources. 
Note that almost all X-ray  
sources have optical and/or IR 
counterparts, which are identified with T 
Tauri stars. However, several  
bright IR sources have no X-ray 
counterpart: these are protostars, heavily 
embedded in the cloud (Grosso et  
al. 2000). In contrast, many of the 
ISOCAM sources (see above; Bontemps 
et al. 2000) are not detected in X-rays, 
which can be attributed to the insufficient 
sensitivity of the ROSAT satellite. The 
new generation of X-ray satellites, in 
particular XMM-Newton, should provide 
new identifications, in particular, of stars 
with masses lower than brown dwarfs 
(i.e., < 0.08 Msol).  

 Also, X-rays play a crucial role in 
characterizing embedded objects without 
IR excess (such as "weak-line" T Tauri 
stars) as young stars, for which the 

Figure 7 : Multi-wavelength image of the ρ Ophiuchi cloud. 
Contours: dense gas seen using the C18O molecule. 
Background: optical (Digital Sky Survey), and mid-IR (ISOCAM 
mosaic: large square area). Small squares: 



From galaxies to planets : Structuring the Universe 

 
 
DSM/DAPNIA/SERVICE D'ASTROPHYSIQUE   15/10/2001
Structuring the Universe © CEA 2001 - Tous droits réservés 

 

circumstellar disk has somehow 
disappeared (Grosso et al. 2000).. 

location of the X-ray sources detected with the ROSAT High 
Resolution Imager.  

The X-rays are mainly of flare origin, and are very similar, albeit with a thousandfold increase in 
intensity, to the magnetic activity of the Sun (reconnection of magnetic loops of opposite sign) 
(Montmerle 1997, Feigelson and Montmerle 1999). As for protostars, it seems necessary to invoke, in 
one case at least, a magnetic link between the forming star and its accretion disk, in analogy with 
neutron stars (Grosso et al. 1997). This idea has been supported for the first time, in the case of the 
YLW15 protostar in the ? Oph cloud, by the discovery of a quasi-periodic triple flare, likely tracing the 
fast rotation of the central star (Tsuboi et al. 2000, Montmerle et al. 2000; see Figure 8). More 
generally, X-ray flares may be used to measure the rotation of young stars, which is often impossible 
otherwise because of the high extinction  
(Stelzer et al. 1999). 

Magnetic fields probably play an important role, as well, in explaining the X-ray emission of some 
massive stars, which are more X-ray luminous than low-mass young stars (Babel and Montmerle 
1997a,b). In this case, the proposed model invokes a radiatively accelerated wind, field embedded in 
the wind of the O7 star θ1 Ori C (one of the Trapezium stars, exciting the Orion nebula), which has 
been discovered since then by Zeeman line-broadening observations. confined by a dipolar magnetic 
field, the X-rays resulting from the "self-collision" of the wind in the equatorial plane (Figure 9). This 
model has, in particular, predicted the existence of a magnetic field embedded in the wind of the 
O7star theta1 Ori C (one of the Trapezium stars, exciting the Orion nebula), which has been 
discovered since then by Zeeman line-broadening observations. 

Figure 8 : Model for the star-disk magnetic interaction 
proposed by Montmerle et al. (2000) to explain the 
quasi-periodic (P ~ 20 h) X-ray flares observed with the 
ASCA satellite (Tsuboi et al. 2000). At the center, the 
forming star rotates faster than the inner boundary of the 
accretion disk (marks 1 to 4), and induces a "magnetic 
short-circuit" (reconnexion), which releases the energy 
accumulated during each turn and triggers an X-ray flare 
(mark 5).. 

Figure 9: Model for the X-ray emission of magnetic Ap/Bp 
stars. The radiatively accelerated wind is confined 
within the magnetic field lines, and collides with itself, 
heating it downstream to temperatures of a few million 
degrees.  

The X-rays are emitted by a "magnetospheric" plasma: the 
matter cools and accumulates to form an equatorial disk 
(Babel & Montmerle 1997a, b) 
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Owing to their source location deep 
within molecular clouds, X-rays are hard 
photons irradiating the  
surrounding gas and dust, circumstellar 
disks as well as the cloud itself 
(Figure10). The main consequences  
are the ionization (weak but over large 
distances), which affects the coupling 
between the matter and the  
ambient magnetic field, and a number of 
effects on interstellar chemistry 
(Glassgold, Feigelson, and  
Montmerle 1999), as well as destruction 
and heating effects on dust grains (see 
the pioneering experimental  
Ph.D. thesis work by S. Gougeon at 
ESRF, 1998). This field is rather poorly 
developed at present, and will  
be further studied in collaboration with 
DRECAM at Saclay.  

Finally, it is noteworthy that the intense 
X-ray emission of young stars implies a 
correspondingly high activity of the very 
young Sun, and more  
particularly in energetic particles; a high 
level of early irradiation has been 
confirmed by studies of specific isotopic 
anomalies in meteorites (Montmerle 
2000). 

Figure 10 : X-ray irradiation of a circumstellar accretion disk 
around a young star. The X-ray emitting plasma is confined to a 
large magnetic loop (on the order of the stellar radius). As a 
result, the disk is weakly ionized, and is thus coupled to the 
ambient magnetic field; in turn, this may affect the accretion 
mechanism itself (see Montmerle 2000). 
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Interstellar shocks  
A model for the interstellar medium  

A program to develop interstellar shock modelling has started at SAp. The goal is to compute in a self-
similar, time-dependent fashion the hydrodynamical, chemical and thermal evolution of the interstellar 
gas shocked by the wind from a young star or by a supernova explosion. The numerical code being 
developed by J.-P. Chièze and his colleagues has high spatial resolution and is completely implicit 
with respect to the processes involved. It allows in particular to sample a shock wave front with a 
resolution equal to or better than the particle mean free path, and to handle the coupled dynamics 
between neutral and charged particles (ambipolar diffusion). The exchanges of mass, momentum and 
energy between these two components of the interstellar medium has been treated with special care, 
yielding different temperatures for the electrons, ions, and neutrals. The local thermodynamic balance 
takes into account the main sources of heating and cooling of the interstellar gas, which are strongly 
coupled to its chemical evolution. This evolution is treated out of equilibrium, by solving chemical 
kinetic equations involving an arbitrary number of molecules and molecular ions (typically 32 species 
coupled by 130 reactions). 

The team has also been able to demonstrate for the first time the non-stationary character of an 
interstellar shock with magnetic fields (Chièze et al. 1998). Shocks appear as a combination of "J-
type" shocks (quasi-discontinuous "jump" gas properties) and of "C-type" shocks ("continuous" gas 
properties, varying over large spatial scales). Therefore, two very different thermodynamical conditions 
co-exist in the same structure. This is the proposed interpretation for the strength of the rovibrational 
transitions of H2 observed by ISO in Herbig-Haro objects (shocks resulting from jets powered by 
young stars), showing that they can be explained by the existence of two regions at different 
temperatures (800 K and 10000 K). Also, the relative streaming between neutral and charged particles 
in a C-type shock can extract a significant fraction of silicon from the refractory core of dust grains, 
which can induce the formation of SiO molecules in the gaseous phase. A good qualitative agreement 
with observed SiO line profiles in molecular outflows like L1448 has been obtained (Pineau des Forêts 
et al. 1997).  

Magnetic fields also play a role in the structure of the interstellar material, which is a key factor in star 
formation. Franqueira, Tagger, & Gómez de Castro (2000) have done a 2-D, two fluid (ions and 
neutrals) simulation of the process in which a magnetized, weakly ionized plasma is stirred by 
turbulence in the ambipolar frequency range. The higher turbulent velocity of the neutrals in the most 
ionized regions gives rise to a non-linear force driving them out of these regions, so that the initial 
ionization inhomogeneities are strongly amplified. This effect, the " ambipolar filamentation ", causes 
the ions and the magnetic flux to condense and separate from the neutrals, resulting in a filamentary 
structure.  
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Projects  
The instruments in preparation to understand the star formation  

The systematic submillimeter surveys for pre/protostellar condensations will be generalized in the 
coming years, and will be an important scientific goal for the future ESA FIRST/Herschel satellite 
(launch planned in 2007). With the bolometer cameras PACS and SPIRE, we hope to map the 
majority of nearby galactic molecular clouds (up to ~ 1 kpc), between ~ 70 µm and ~ 500 µm. The goal 
is to obtain a complete census of pre-stellar condensations and collapsing protostars in nearby clouds, 
down to the proto-brown dwarf regime, with a threefold increase in rapidity compared with existing 
submm instruments like SCUBA on the JCMT.  

Substantial progress in our understanding of the earliest phases of star formation is therefore 
expected (see André and Motte 2000). On the theory side, collapse models will be adapted to the 
formation of primordial stars; in addition, the structure and evolution of ionization and 
photodissociation regions (PDR) around massive stars will be studied using high-resolution 1D and 3D 
numerical tools.  

The physics of disks, circumstellar as well as circumplanetary, will also be the subject of important 
developments at SAp with the impending availability of the VISIR camera on the VLT in 2002. 
Continuing the interpretation of ground-based observations is also an important phase in the 
preparation of observations with the CIRS instrument aboard CASSINI, which will orbit Saturn 
between 2004 and 2008. 

Dans le doIn the X-ray domain, the launch in 1999 of two new-generation X-ray satellites, Chandra 
(NASA) and XMM-Newton (ESA) opens new perspectives for the study of young stars: for example, 
running the clock  backwards (do protostars emit X-rays as soon as gravitational collapse begins ?), 
and extend the mass range downward (down to which limit, and why, do brown dwarfs exhibit solar-
like magnetic activity ?). These satellites should remain in operation for a decade, allowing numerous 
observations to be made, as well as novel statistical studies. 
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ISOCAM and IR emission from nearby spiral galaxies  
Emission from dust to indicate where the stars form  

From a sample of 69 spiral galaxies close enough to be resolved by ISOCAM, H. Roussel has shown 
in her Ph.D. thesis (Roussel et al. 2000, 2001a, b) that dust emission in spiral galaxies can be broken 
down into two main components: one linked to their disks, the other linked to circumnuclear regions. In 
disks, the emission is dominated by areas of hydrogen photodissociation corresponding to HII regions, 
excited by massive O and B stars, with effective temperatures above 8000 K. This emission is 
characterized by bands of aromatic carbon compounds. These bands have been known for a long 
time as "Unidentified Interstellar Bands" (UIB), and attributed to vibration modes of hydrogenated 
aromatic molecules (PAH : "polycyclic aromatic hydrocarbons"), impulsively heated by UV photons.   

 

The ISOCAM observations have essentially 
confirmed this model, but have also shown 
that these molecules must have a large size, 
of several hundred atoms, to  
explain the observed line profiles (Boulanger 
et al. 2000).   

PAH emission thus dominates the disks of 
spiral galaxies, but in circumnuclear regions, 
or in giant complexes of massive star 
formation, an additional thermal component 
due to very small dust grains, probably 
carbonaceous, is present (Tran, Ph.D. thesis, 
1998; Laurent et al. 2000).   

Contrary to the conventional interpretation of 
the IRAS data, the behavior of the 25 µm/12 
µm flux ratio is not caused by a decrease in 
the PAH bands, but to an increase in the 
small grain continuum, which peaks around 
25 µm. The two emission components, PAH 
and small grains, increase, but beyond a 
certain threshold the small grain emission 
dominates.  

In normal galaxies, PAH emission, as measured 
by the 7-µm flux, is an excellent tracer of star 
formation (Roussel et al. 2001a).   

This result has been confirmed by the detailed 
analysis of the M83 galaxy (Vogler et al. 2001; Fig. 
11), showing a very good correspondence 
between the spatial distribution of the various 
tracers of massive star formation: Ha, mid-IR 
emission, CII, and centimeter radio continuum (see 
Figure 12).  

Figure 11 : Image of the nearby spiral galaxy M83. On a B image 
obtained with the VLT are superimposed 7 µm 
contours from ISOCAM observations (Vogler et al, 2001). In the 
Northen arm, the peak 7 µm emission is very well correlated with 
thee star forming regions. There are no or very weak interarm 
emission, even on the dust lanes seen in absorption in the visible. 
In the more patchy southern arm, the peak 7 µm emission is 
associated with a large star formation complex, the star formation 
areas are on the edges of the 7 µm extended source. 
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The 7 µm flux density is dominated by aromatic 
bands  
emitted by Poly Aromatic Carboneous agregates 
(PAH). 15 µm flux density is the superposition of 
the long  
wavelength tails of PAH emission and of a 
thermal continuum due to very small grains 
(VSG).   

In the disks of spiral galaxies, the interstellar 
radiation field is not energetic enough to heat the 
VSG, and the 15 µm is due only to PAH emission. 
In these disks, the 7 and 15 µm emissions are 
proportional. In starburst regions, the thermal 
continuum of the VSG dominates the 15 µm 
emission. The break in the relation between 15 
µm and ionizing photons relation is due to this 
change of emission mechanism.   

The 7 µm fluxdensity, instead, exhibits a very 
good correlation with the ionizing flux density, 
which span 6 order of magnitude. It is still valid in 
strong starburst like NGC 7552 or NGC 253. The 
relation breaks only in the vicinity of active galaxy 
nuclei (Genzel et al, 1999).  

 

This results was totally unexpected, since before 
ISO the PAH bands were always associated with 
cirrus components. However, at the spatial 
resolution of ISOCAM, the PAH bands emission in 
galaxies is dominated by the emission photo 
dissociation regions, associated with star 
formation complexes (Roussel, PhD thesis, 2001) 

Figure 12 . Relationship between mid-infrared fluxes and 
ionizing photon fluxes. Stars correspond to starburst 
galaxies, circles to circum-nuclear regions of spiral galaxies, 
and black dots to disks of spiral galaxies. 
Abscissa is the flux of ionizing photons expressed in term of 
Ha luminosity normalized by the size of the emitting regions. 
Ordinates are the 15 µm continuum flux density of the emitting 
regions in he upper panel, and the 7 µm flux density in the 
lower panel.  
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Dwarf galaxies   
 The propreties of minute galaxies  

Dwarf galaxies are generally metal-poor, compared to spiral galaxies. Before ISO, it was assumed that 
these galaxies should contain little dust, and therefore be weak IR emitters. An extreme case is the 
low metallicity of the SBS 0335-052 galaxy, which is 1/40 solar. ISOCAM observations (Thuan et al., 
1999) have shown that this galaxy has in fact a strong IR emission, but its spectrum does not show 
PAH bands. This result demonstrates that even the youngest galaxies may emit a substantial fraction 
of their energy in the IR. This is probably due to dust grains formed by the earlier generations of 
supernovae. The energy balance of dwarf galaxies is however different from that of normal galaxies. 
Thanks to coordinated observations using various instruments (KAO, ISO-LWS, ISOCAM, SCUBA), S. 
Madden and her colleagues have shown that the cooling takes place mainly via CII emission, which is 
much more intense relatively to CO, and the dust much cooler (7 K), than in normal galaxies, PAHs 
being almost absent. The absence of PAH emission has been  
confirmed by the observations of N66, a major star-forming region in the Small Magellanic Cloud 
(Contursi et al., 1997, 2000).  

"Tidal" dwarf galaxies are a separate class of dwarf galaxies, identified as such by Mirabel and Duc 
(1995). They are found in the external regions of the tidal tails of interacting galaxies. Compared with 
normal dwarf galaxies, they have a normal metallicity, which shows that they formed from colliding 
galaxies. This is a rare case in which one can observe "live" the formation of a galaxy. The study of 
these tidal dwarf galaxies is now a full field of research (Duc et al. 2000, Braine et al. 2000). 
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« Starbursts » and interacting galaxies  
An infrared view of starburst galaxies  

In the most active galaxies, like "starburst galaxies", the same IR emission is present, but dominated 
by small grains compared to PAHs. In these galaxies, the tracer of the "burst" of massive star 
formation is the 15 ?m emission, as demonstrated by the excellent spatial correspondence between 
the ionic line emission regions and the distribution of OB stars in the M82, NGC 253, and NGC 1808 
galaxies (Forster-Schreiber et al. 2001). But the PAH flux can still be used as a tracer of star 
formation, albeit with a different law than in normal galaxies (Roussel, Ph.D. thesis, 2001).  

The relation between star formation and PAH emission breaks down for IR ultraluminous galaxies. As 
soon as they were discovered, a debate started as to the nature of these galaxies. Some authors 
considered them as active galactic nuclei (AGN) heavily embedded in the dust, others as starburst 
galaxies. From ISO Short Wavelength Spectrometer (SWS) observations, the Genzel group in Munich 
was the first to show, in 1998, that IR spectra held clues to the nature of these objects. In the 
environment of active nuclei, the photon flux is strong enough to destroy PAHs. The IR spectra of 
active nuclei are characterized by a thermal continuum, superimposed on fine-structure lines of the 
ionized gas, and PAH bands are absent. This result has been confirmed by O. Laurent in his Ph.D. 
thesis (Laurent et al., 2000). Using spectral tracers for the PAH bands and for the thermal continuum, 
he found criteria constraining the presence of an active nucleus in an  
IR ultraluminous galaxy. Out of 14 galaxies observed, only one shows the unambiguous presence of 
an active nucleus. The others are dominated by a starburst emission. These results however concern 
only spatially integrated emissions. In Seyfert galaxies close enough that mapping was possible using 
ISOCAM, a circumnuclear starburst region is always found to be associated with the active nucleus, 
as is the case for NGC 1365 or NGC 1068. This last case is particularly interesting since a ring of 
molecular gas and intense star formation surrounds the nucleus at a radius of 1 kpc. The 
deconvolution of spectral images obtained with ISOCAM clearly shows the two components, the active 
nucleus and the starburst, with their respective characteristic spectral features (Le Floch et al., 2000).  


