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Solar and Heliospheric physics
The French Solar and Heliophysics community
has taken advantage during the last two years of the
continuation of the SOHO and STEREO missions as well
as the results from various opportunity missions such as
RHESSI, WIND and ULYSSES. In addition French scientists
are also involved in analysing data from NASA’s Solar
Dynamic Observatory (SDO) which is studying Solar
Magnetism and Sun activity (Fig.1).

 etection of interplanetary
D
nano dust with STEREO
A major discovery was made with the S/WAVES
instrument on the STEREO spacecraft in orbit at 1 AU
from the Sun with the detection of a large flux of interplanetary dust particles of nanometer size. This discovery was made possible by the observation, with the
S/WAVES radio receivers, of large electric pulses induced
by the dust impacts on the spacecraft and the ionization of the released material. The observed intensity and
fluxes of these impacts enabled scientists to determine
that they were in fact due to dust a few nanometers in
size, accelerated by the interplanetary convection field
to velocities close to that of the solar wind.

S olar neutrinos, helioseismology
and solar internal dynamics
Measurements of the global solar acoustic oscillations
detected by the GOLF instrument on the SOHO spacecraft in the frequency range between 1 and 4.5 MHz
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enable investigation of phenomena that are sensitive
to the Sun’s surface magnetic variability and stable
modes that are connected to the solar interior. In addition to these observations a global solar ‘seismic’ model
has been developed to derive new constraints on the
solar neutrinos, WIMPS (Weakly Interacting Massive
Particles) which may be trapped in the solar core and
dipolar gravity modes. In addition to the space missions
mentioned above, the French community is heavily
involved in the ESA Solar Orbiter and the NASA Solar
Probe Plus missions scheduled to be launched in 2017
and 2018 respectively.
The Solar Orbiter mission (Fig. 2), selected and approved by ESA in October 2011, will provide unprecedented
close-up and high-latitude observations of the Sun with
a comprehensive suite of both remote-sensing and in
situ instruments. French laboratories, supported by
CNES, are playing a major role in providing this hardware,
with one Principal investigator for the Radio and Plasma
Waves (RPW) instrument and several Co-PIs and CoIs for
the SWA, EUI, SPICE, PHI and STIX contributions.
The Solar Probe Plus mission (Fig. 3) will explore what is
arguably the last region of the solar system to be visited
by a spacecraft, the Sun’s outer atmosphere or corona as
it extends out into space. By observing our Star from as
close as 8.5 solar radii from its surface, Solar Probe will
help answer two of the remaining major questions in solar
physics: Why is the solar corona so much hotter than the
photosphere? How is the solar wind accelerated? French
scientists and CNES are involved in the FIELDS (Electromagnetic waves and fluctuations) and SWEAP (Solar Wind
Electrons Alphas and Protons) investigations.

→ Sun, Heliosphere and Magnetospheres

[Fig. 4]

 hysics of the Earth
P
and planetary magnetospheres

S tatistical study of the propagation
characteristics of whistler waves
observed by Cluster
Very Low Frequency waves play a crucial role in the dynamics of radiation belts and are responsible for the loss
and the acceleration of energetic electrons in this environment. Modeling these waves-particle interactions
remains an important priority for investigation of the
inner magnetosphere. Using data from the STAFF Spectrum Analyser experiment, which spans the frequency
range from 8.8 Hz to 3.56 kHz, it has been shown that the
distribution of the wave normals and energy is a function
of the latitude, and that the most efficient particle diffusion due to wave-particle interactions should occur in
a limited region surrounding the geomagnetic equator.

The CNES Taranis mission
TARANIS (Fig. 5) is the major French nationally led
mission to have been decided in the field of magnetospheric physics over the past two years.

[Fig. 5]
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Earth and planetary magnetospheric physics is still
benefitting greatly from the Cluster and Cassini
missions which are still in operation. Cluster helped
increase our knowledge of the global structure of the
Earth’s magnetosphere as an astrophysical prototype
of the interaction between a low-collision supersonic plasma and a highly magnetized object with its
own internal source of plasma. The spatial distribution of the different regions of this magnetosphere
and their dynamics are on the whole understood, even
though fundamental questions remain about how
they interconnect. Further from the Sun, the Cassini
mission has enabled scientists to study comparative
magnetospheric physics by exploring Saturn’s plasma
and magnetic field environment and the way these
interact with its moons. Following the precursor role
of Cluster, the NASA multi-spacecraft THEMIS mission
(Fig. 4) has been launched and is still in operation. This
mission investigates the causes of auroras in the Earth’s
atmosphere and how they are related to the Earth’s
magnetotail dynamics. In addition the MMS (Magnetospheric Multiscale Mission), which is still being developed, will use the Earth’s magnetosphere as a laboratory
to study the microphysics of three fundamental plasma
processes: magnetic reconnection, energetic particle
acceleration, and turbulence. These processes occur in
all astrophysical plasma systems but can be studied in
situ only in our solar system. The French community is
involved both in the exploitation of the THEMIS data and
the provision of hardware for MMS.

The general objective of this spacecraft is to study
magnetosphere-ionosphere-atmosphere coupling via
transient processes. At the beginning of the project proposal, the transient processes under consideration were
essentially sprites and their related phenomena, hence
the name TARANIS (Tool for the Analysis of RAdiation
from lightNIng and Sprites). Nowadays, all the transient
optical phenomena observed at an altitude of between
20 and 100 km (blue jets, red sprites, halos, elves, etc.) are
covered by the mission. Furthermore, the science objectives have been extended to incorporate the transient
precipitations and accelerations of energy electrons and
the detection and study of gamma-ray and X-ray flashes
that are probably related to the TLEs.

[Fig. 1] - The Solar Dynamics Observatory (SDO)
captured this image of the solar flare
from November 3, 2011. © NASA/SDO
[Fig. 2] - Artist concept of the Solar Orbiter
spacecraft. © Southwest Research Institute
[Fig. 3] - Artist’s impression of the Solar Probe Plus
spacecraft, observing the Sun. © JHU/APL
[Fig. 4] - Artist’s concept of the THEMIS spacecraft
as it might appear in orbit. The THEMIS spacecraft
will line up at midnight over the United States every
four days. The distances range from about half
the distance to the moon to about sixth of the distance
to the moon. This position will help scientists pinpoint
exactly when and where substorms occur. © NASA
[Fig. 5] - Artist concept of the TARANIS (Tool for the
Analysis of RAdiations from light NIngs and Sprites)
microsatellite. © CNES/ill. David DUCROS
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Detection of interplanetary nanodust with STEREO
Détection de nanopoussières interplanétaires
avec les sondes STEREO
(1)
(2)
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Abstract
The S/WAVES instrument onboard the STEREO
spacecraft in orbit at 1 AU from the Sun has detected
a large flux of dust particles of nanometer size.
This serendipitous discovery was made possible
by the high speed of nanodust particles, which reach
nearly the solar wind speed. When they impact
the spacecraft, nanoparticles release ionized material,
which induces large electric pulses on the antenna.
In this way, the radio receiver serves as a sensitive
nanodust detector.

The solar system contains bodies and dust particles
of mass extending over more than 35 orders of magnitude, from asteroids to sub-micron dust grains (Fig. 1).
Nanoparticles lie near the low end of the mass distribution, at the frontier between macroscopic objects and
atomic structures; their small size gives them peculiar
properties and a privileged role for surface interactions.
Since nanoparticles lie outside the calibration range of
conventional dust detectors in space, it is not surprising
that their first in situ detection in the solar wind [1] was
performed serendipitously by a wave instrument, which
had been designed to study solar radio emissions.
A similar story happened nearly thirty years ago, when
the first in situ detection of micro dust in Saturn rings
[2] was performed by a wave instrument aboard the
spacecraft Voyager, which had been designed to study
planetary radio emissions. In both cases - the solar wind
and Saturn rings - the radio instrument served as a
dust detector, in the absence of a dedicated dust
instrument.
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Résumé
L’expérience “ondes” à bord des sondes Stereo
en orbite à 1 AU du Soleil a détecté un flux important
de nano poussières. Cette découverte inattendue
a été possible grâce à la grande vitesse de ces
particules qui atteint presque la vitesse du vent solaire.
Des impacts à cette vitesse sur une sonde spatiale
produisent du plasma dont les charges modifient
transitoirement le potentiel électrique des antennes.
Le récepteur radio devient ainsi un détecteur
de nanopoussières.

Interplanetary nanoparticles are thought to be produced in the inner Solar System, mainly by collisions
between larger particles. They are charged by photoelectron emission due to solar radiation, and then picked-up by the magnetized solar wind and accelerated
to about the solar wind speed [3].
This is so because their electric charge is proportional
to their size, making their charge-to-mass ratio increase
steeply with decreasing size, so that the Lorenz force
governs their dynamics and they move roughly at the
speed of solar wind ions. Their high-velocity impacts
on a spacecraft produce large craters.
The resulting material is vaporized and ionized, yielding
an expanding plasma cloud whose electric field destabilizes the photoelectrons surrounding the antenna [4].
This produces a transient pulse of potential and a steep
power spectrum, which are detected by the radio
receiver [1][5].
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[Fig. 1] - Cumulative flux of interplanetary dust and bodies at 1 AU. The dust measurements on STEREO from [1] and [5]
are superimposed on the models for dust from Grün et al. (1985) (continuous line), small bodies from Ceplecha et al. (1998)
(dashed), and collisional equilibrium ∝ m−5/6 (dotted). Reproduced from [6].
[Fig. 2] - Nano-dust flux (day-averages) given by two independent sub-systems of the instrument S/WAVES
on the spacecraft STEREO A in 2007-2010. Data from the time-domain sampler (in red) and the low-frequency receiver (in black)
show a similar intermittent flux. Adapted from [5].

This has enabled us to deduce the flux of interplanetary nanodust [1] [5]. The detected flux is highly variable
(Fig. 2), being made of streams whose flux can be as high
as several tens per square meter per second, for particles
of a few nanometers in size or larger. The average measured flux lies close to the extrapolation towards small
masses of the mean interplanetary dust flux model (Fig. 1).

detectors for in situ measurements in space is their large
detection cross-section, which is much greater than the
physical cross-section of the electric antennas [6]. These
instruments have measured in situ the electron density
and temperature via thermal noise spectroscopy on a
number of spacecraft in various space environments, as
well as microdust.

In addition to nanodust, the STEREO/WAVES instrument has also detected a much smaller flux of submicron interstellar dust, whose variation with the
spacecraft solar longitude reveals the interstellar dust
velocity direction [5][7]. The main advantage of radio
and plasma wave instruments over traditional particle

The recent detections of nanodust by wave instruments
aboard STEREO in the solar wind, and aboard Cassini
near Jupiter [8], broaden the perspectives for future
missions. In particular, the FIELDS instrument onboard
Solar Probe Plus, due to explore the solar corona as close
as 9.5 solar radii, will be able to measure nanodust, as a
by-product of dedicated plasma measurements.
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Abstract
This study presents combined observations of the Earth,
Jupiter and Uranus aurorae along the propagation path
of interplanetary shocks. This enabled us to re-detect
Uranus aurorae with the Hubble Space Telescope,
for the first time since their discovery by Voyager 2
in 1986. We analyze their characteristics and discuss
the implications for the asymmetric Uranian
magnetosphere and its variable interaction with
the solar wind flow from near-solstice (1986)
to near-equinox (2011) configurations.

Among the known planetary magnetospheres,
these magnetic cavities shaped by the solar wind flow
around magnetized planets, the unique case of Uranus
has been scarcely studied, essentially because of its large
distance from Earth (varying between 18 and 20 AU).
Its magnetosphere has been investigated in detail
only once, in January 1986 during the Voyager 2 flyby,
which discovered a highly tilted (60°and offset
(-0.3 Uranian radii) magnetic axis with respect to the
spin axis, itself pointing close to the ecliptic plane.
This results in an asymmetric and dynamical magnetosphere very different from the cases of the Earth,
Jupiter or Saturn, and only remotely comparable to
Neptune. Its configuration strongly varies at very
different timescales, from one single planetary rotation (~17 h) to seasons (Uranus achieves a revolution
around the Sun in 84 years).
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Résumé
Cette étude présente des observations combinées
des aurores de la Terre, Jupiter et Uranus au passage
d’une série de chocs interplanétaires. Cette approche
nous a permis de re-détecter avec succès les aurores
d’Uranus pour la première fois depuis leur découverte
en 1986. Nous analysons leurs caractéristiques
et discutons les implications pour la magnétosphère
asymétrique uranienne et son interaction variable
avec le vent solaire entre des conditions
de solstice (1986) et d’équinoxe (2011).

And while the Voyager 2 flyby occurred during solstice,
Uranus is now close to equinox, a radically different and
unknown situation. Planetary aurorae form a unique
diagnostic to investigate planetary magnetospheres
remotely. Such astrophysical objects indeed act as gigantous particle accelerators, then guided along magnetic
field lines toward auroral regions (near magnetic poles),
where the injected energy can eventually be dissipated
through powerful electromagnetic radiations. In the
1980’s, the UV spectrometers onboard the Voyager 1 and
2 spacecrafts identified UV auroral emissions around the
four giant planets (Jupiter, Saturn, Uranus and Neptune).
Since then, the Hubble Space Telescope (HST) intensively
observed the intense aurorae of Jupiter and Saturn in UV,
but failed to similarly detect the Uranus’ aurorae, in spite
of two attempts in 1998 and 2005.
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25 years after Voyager 2 and to image them for the
first time (Fig. 2), and subsequently to gather the first
informations on the exotic Uranian magnetosphere at
equinox. In addition, we could confirm these observations by re-analyzing the previous HST images of 1998,
where faint auroral signatures were already hidden.

The task is indeed more difficult, as Uranus is twice as
small as Saturn, twice as far from the Earth, with aurorae
twice as weak. Nonetheless, HST remains the most
powerful available UV observatory and we proposed to
attempt again to detect Uranus’ aurorae in late 2011.
This time, however, instead of observing randomly, we
chose to schedule the observations during the passage
of interplanetary shocks, known at other planets to ‘activate’ auroral emissions. This property is at the origin of
space wheather activities. In addition, we took advantage of a planetary alignment of the Earth, Jupiter and
Uranus with the Sun to investigate comparatively the
auroral response of these three planets to the same
interplanetary shocks (Fig. 1).
In early September 2011, we identified a series of solar
coronal mass ejections emitted toward the Earth at
~500 km/s. Two days later, we monitored their arrival
at Earth with solar wind (Wind spacecraft) and auroral
(NOAA polar satellites) measurements. Solar wind data
were then propagated with a sophisticated MHD code
toward Jupiter (5 AU) and Uranus (19 AU), where the
shocks’ arrival was predicted to occur respectively two
weeks and two months later. In October, we were able to
track the expected auroral signatures of Jupiter thanks
to remote radio measurements of the Stereo spacecraft.
HST observations of Uranus were finally scheduled over
3 weeks of November 2011.
The results of these observations are briefly summarized
below [1]. Beyond the positive detection of terrestrial
and jovian auroral responses, our predictive approach
enabled us to successfully re-detect the Uranus’ aurorae

Universe Sciences - Sciences de l’univers

Overall, the Uranus’ aurorae are weak and transient
emissions, differing from other well-known planetary
aurorae. Their morphology (hot spots in 2011, ringlike structures in 1998) contrasts with that observed by
Voyager 2 (localized Earth-like emission on the nightside
of the planet), and indicates variations of the solar wind/
magnetosphere interaction at very different timescales,
which we assign to changes of the magnetospheric
configuration from near-solstice (1986) to near-equinox
(2011).
These results open a wide field of investigations on this
unique and poorly understood magnetosphere. More
than a quarter of century after the Voyager 2 flyby, the
interest of a large community in ice giants in general,
and the Uranus system in particular, has recently been
renewed through a mission concept submitted to ESA
in 2011 [2]. But in the absence of any exploring probe
yet planned, and without considering the travel time
needed to reach the planet (12-15 years cruise), Earthbased UV observations remain a unique tool to remotely
probe Uranus’ unique aurorae and magnetosphere.
[Fig. 2]

[Fig. 1]
Planetary configuration
in late 2011.
[Fig. 2]
Composite images
of Uranus aurorae,
observed in 2011.
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Solar neutrinos, helioseismology and the solar internal
dynamics with SOHO/GOLF
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Abstract
The SoHO/GOLF space instrument has contributed
to predict properly the solar neutrino fluxes detected
in different ranges of energy where their flavour
transformation varies. This impressive agreement
between two independent probes reveals a solar core
that deviates from the theoretical standard solar core
description. GOLF/SoHO gravity mode detections enrich
this vision and show a strong increase of the rotation
in the solar core, apparently a relic of the early stage
of the Sun evolution.

T h e s o l a r n u c l e a r co re (25% in radius but
practically 50% of the mass of the Sun) produces the
energy that equilibrates its radiation haemorrhage at
the surface and consequently maintains a quiet life on
Earth. The access to this part of the Sun has been elusive
up to recently (200 neutrinos detected on 20 years in
the eighties…), and only a theoretical description of this
crucial region was possible since the main concepts given
by Bethe and Gamow in the early twentieth century.
Today the direct information on the solar core has tremendously increased. Two totally independent kinds
of probes reveal simultaneously the properties of the
solar core. The outgoing electronic neutrinos have been
detected in Homestake, Gallex, GNO and SAGE, Superkamiokande, SNO, Borexino; several thousand detections
per year have been analyzed since the nineties. Moreover the oscillation modes detected by GOLF/SoHO in the
atmosphere of the Sun represent complementary and
very detailed information on the core [1].
The measured frequencies of acoustic modes penetrating more or less deep in the solar interior have led to
a very precise (better than 10 -4) determination of the
sound speed and density profiles from 0.99 down to 0.06
solar radius using two instruments located on board the
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Résumé
L’instrument spatial SoHO/GOLF prédit correctement
les flux de neutrinos solaires détectés dans des bandes
d’énergie où leur transformation en une autre saveur varie.
Cet accord impressionnant, entre deux sondes
indépendantes, révèle un coeur solaire différent de celui
prédit par le modèle standard du Soleil. Les modes
de gravité détectés par SoHO/GOLF enrichissent cette
vision en montrant une forte augmentation de la rotation
dans ce cœur nucléaire qui est apparemment une relique
du stade précoce d’évolution du Soleil.

SoHO satellite [2]. The Global Oscillations at Low Frequency resonant spectrometer GOLF [3] looks globally
to the Sun and measures the low degree modes that
penetrate the nuclear core and the Michelson Doppler
Imager MDI [4] looks locally to the Sun and completes
the information in detecting also modes of high degree
(less penetrating modes). So even the acoustic modes
are largely sensitive to the solar subsurface, the quality
of the information on the core sound speed is determinant to check the microscopic physics included in the
stellar models. Basu et al. [5] have now confirmed this
core sound speed profile by using 30 years of the BiSON
network. We have in parallel built a ‘theoretical’ solar
model that reproduces correctly such observations [6].
This model, called ‘seismic’ model, differs from a pure
standard solar model that can be confronted to real
observations. Doing so, the differences between these
two models are easily quantified and discussed [1][7][8].
Moreover the seismic model predicts important observables: the frequencies of the gravity modes produced
in the radiative zone or the different electronic neutrino
fluxes emitted by the different reactions that produce
the solar energy and that are detected on Earth by five
different techniques corresponding to different ranges
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[Fig. 2] - Solar mass internal rotation evolution produced by two
stellar evolution codes CESAM and STAREVOL. Initially the rotation is
flat, one follows the effect of contraction (below 15 Myrs), the effect
of the transport of momentum by rotation before the arrival on main
sequence (45 Myrs) where the surface reaches 20 km/s, then there is
no clear evolution of the central rotation. From [8]

of the star from its disk (Fig. 2), see also [13]. Later one
notices a relative poor evolution of the solar core rotation during the main sequence and a very low meridional
circulation in the solar radiative zone, in contrast with
the greater velocity of the meridional circulation in the
convective zone. So, the dynamical role of the tachocline layers as turbulent layers with high horizontal
shear appear clearly [8]. Such result, already noticed
on other stars observed in asteroseismology, produces
a lot of questions on the formation of our solar system,
on the relationship between Sun and the neighboured
planets and on the role of a produced magnetic field in
this phase or of gravity wave effects on the erosion and
flattening of the rotation in the solar radiative interior.
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of neutrino energy. The detection can be complete like
in SNO (that detects distinctively all the flavours) or partially reduced due to the flavour transformation (in all
the other detectors). It is impressive to notice, after so
many years of efforts, how well all the predictions of
the ‘seismic’ model agree with the neutrino detections
within the error bars (even a small place is let to the
potential existence of sterile neutrinos). The agreement
is not so good with the standard solar model predictions.
Of course, one includes in the calculations the energy
dependence of the disappearance of electronic neutrinos through the Sun or between Sun and Earth, to generate muon or tau neutrinos.
Such results have evident consequences on the present
energetic of the Sun, on the place left for macroscopic
motions in the central region of the Sun and on the capability to put some constraints on WIMPs properties. On
the astronomical side, the most interesting subject is to
describe a more dynamical core. Once again, thanks to
SoHO, the detection of the first gravity modes has been
possible by GOLF which was specifically designed for
this very difficult detection (high solar noise where tiny
gravity modes are looked for). The search has begun two
years after the launch looking for to mixed modes, then
to the sum of twenty modes |9] and then to the identification of 6 mode splitting components [10]. This crucial
observation has revealed a central rotation a factor of
about 6 to 8 greater (Fig. 1) in comparison with the rest
of the radiative zone that turns like a rigid body [11]
contrary to the convective zone that rotates with a 30%
latitudinal dependence as observed at the surface [12].
So we follow the temporal transport of momentum due
to rotation through the lifetime of the Sun.
The discovered solar rotation profile in the core is certainly one of the best results of SOHO and also one of the
most puzzling. When compared to rotating models of the
Sun [8], one can identify different tendencies that must
deserve attention in the future. The solar core rotation
seems to appear rather early in the premainsequence,
first due to the strong contraction of the core then to
angular momentum transport just after the separation

[Fig. 1]
Solar rotation profile
obtained by SOHO thanks
to the detection of acoustic
modes (MDI+ GOLF) above
0.2 Rsol and of gravity
modes (GOLF)
in the solar core.
No latitudinal dependence
is visible in the radiative
region above 0.2 Rsol.
The central rotation
is found 6-8 times greater
and its axis could be
different than the rotation
of the rest of the Sun [9].
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