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Future ESA space science missions

Euclid
SPICA (with JAXA)
JUICE
EChO
LOFT
Marco Polo-R
STE-QUEST

Missions under study
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Gaia
LISA Path!nder
BepiColombo (with JAXA)
ASTRO-H (with JAXA)
Solar Orbiter (with NASA)
JWST (with NASA, CSA)

Missions in implementation

2016 Trace Gas Orbiter + EDL
2018 Rover mission

ExoMars robotic exploration 
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Solar maximum approaching: more sunspots
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Continuum image at 450nm, NASA SDO, October 30, 2011
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Luc Rouppe van der Voort / Swedish 1m Solar Telescope, La Palma, Royal Swedish Academy of Sciences



30° east of the central meridian. Soon after the
start of emergence, the magnetic flux rate steeply
increased and had a strong peak on 27 October at
about 08:00 UT. A travel-time map, computed
from an 8-hour data set and centered at 03:30 UT,
26 October, about 28.5 hours before the peak in
flux rate, shows a strong negative travel-time
perturbation at the same solar coordinates but
deep inside the convection zone. This feature,
with maximum travel-time anomaly of 16.3 s
(relative to the quiet Sun), was initially observed
in the travel-time maps centered at 23:30 UT,
25 October, 10 hours before the start of the active
region emergence. During the next 4 to 5 hours

(20), the perturbation increased in size and strength
and then gradually weakened over the next 3 to
4 hours (Fig. 2D). No other strong perturbations
were detected at the same location before or
after the appearance of this perturbation.

ARs 8164 and 8171 emerged in the north-
ern and southern hemispheres at 04:00 UT,
23 February 1998 and 09:30 UT, 27 February
1998, respectively. They were both smaller and
less active than AR 10488. The total unsigned
magnetic flux and the flux rate of AR 8164 reveal
that most of the flux emerged during a period
of 2 days, with a strong peak in the flux rate
around 08:00 UT, 24 February (Fig. 3D). The

travel-time map of Fig. 3A, computed from an
8-hour data set centered at 00:00 UT, 23 February,
shows a strong signature of the emerging flux,
with the maximum travel-time anomaly of 14.0 s.
A similar signature, with the peak value of 12.5 s,
appeared in the travel-time map of AR 8171 for
a data set centered at 04:30 UT, 27 February (fig.
S2). These signatures first appeared several hours
before the start of magnetic field emergence in
the photosphere and at least 30 hours before
the corresponding peaks in the flux rate.

Active Region 7978 emerged in the southern
hemisphere at 17:00 UT, 06 July 1996. It contin-
ued to grow for the next 3 days, even though the
magnetic flux rate (Fig. 4D) was not as steep as in
the previous cases. The travel-timemap of Fig. 4A,
centered at 11:30 UT, 06 July, displays a strong
perturbation at the location of the emergence with
a maximum travel-time anomaly of 11.9 s.

All of our measurements were carried out
either in quiet-Sun regions, before the start of
emergence, or in emerging flux regions where
magnetic fields higher than 300 G had been
masked. The travel-time anomalies of Figs. 2 to 4
were all detected before the start of emergence,
and therefore they could not have been caused by
surface magnetism effects (21, 22). The sample
of four emerging flux events includes sunspot
regions of different size and total magnetic flux,
which were observed at different locations on the
solar disc during different phases of the solar
cycle. In all of these cases, the perturbation index
shows high peaks only for a narrow time interval
of the pre-emergence phase, but it stays very low
after the start of emergence (Figs. 2D, 3D, and
4D and fig. S2D). This indicates that strong emerg-
ing flux events are detectable by our method. In-
deed, our results show that 1 to 2 days after the
detected anomalies, the magnetic structures asso-
ciated with these anomalies reach the surface and
cause high peaks in the photospheric magnetic
flux rates. An emerging time of ~2 days from a
depth of ~60Mm is also consistent with numerical
simulation models of emerging flux [figure 18 of
(2)]. Our results also show an anticorrelation be-
tween the height of the perturbation index peak and
the time lag between this peak and the peak in the
flux rate. Thus, higher peaks in the perturbation
index may be caused by stronger magnetic fields
that are more buoyant and rise to the surface faster.

In order to test the statistical significance of
our results, we used the same method to analyze
nine data sets of quiet-Sun regions, with no
emerging flux events. The sample of nine regions
was selected from three different phases of the
solar cycle and covers several locations of the solar
disc up to 45° away from the disc center. These
regions did not show substantial travel-time
anomalies. The measured travel-time perturbations
follow a Gaussian distribution with a SD of ~3.3
s (fig. S3), which is 3.6 to 4.9 times smaller than
the peak signal of emerging flux regions. Such
perturbations can be caused by realization noise,
thermal variations, and weaker magnetic field struc-
tures that did not emerge soon in the photosphere.

Fig. 1. Acoustic ray
paths with lower turning
points between 42 and
75 Mm crossing a region
of emerging flux. For sim-
plicity, only four out of a
total of 31 ray paths used
in this study are shown
here.

Emerging Flux

A B

C D

Fig. 2. (A) Mean travel-time perturbation map (in seconds) of AR 10488 at a depth of 42 to 75 Mm,
obtained from an 8-hour data set centered at 03:30 UT, 26 October 2003. (B) Photospheric magnetic field
(in gauss) at the same time as (A). The whole map corresponds to the region where the computations were
carried out, whereas the squared area at the center corresponds to the region shown in (A). (C) Photospheric
magnetic field (in gauss) at the same location as (A) but 24 hours later. (D) Total unsignedmagnetic flux (red
line) and magnetic flux rate (green line) of AR 10488. The vertical blue line marks the start of emergence.
The pink line shows the temporal evolution of the perturbation index (in units of 125 s Mm2), which is
defined as the sum of travel-time perturbations with values lower than –5.4 s, within the signature of (A).
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Detecting sunspots before they emerge
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Ilonidis et al. (2011, Science, 333, 993) 

Turbulent convection caused by rising magnetic "ux leads to acoustic
perturbations in Sun which can be detected in helioseismology data

Solar
surface

Magnetic "ux rises 
from >60,000 km 
below surface at 

~0.3–0.6 km/s
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Solar dopplergram
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NASA SDO, October 30, 2011
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SOHO

ESA-NASA heliophysics observatory, launched 1995
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Detecting sunspots before they emerge
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ESA-NASA SOHO MDI data / Ilonidis et al. (2011, Science, 333, 993) 
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Time-distance
helioseismology 
technique detects 
rising sunspots up 
to 65,000 km 
below surface 

1–2 days later, they 
emerge on surface

Can help improve 
space weather 
forecast
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Cassini-Huygens

NASA-ESA-ASI mission to the Saturnian system and Titan in particular, launched October 1997
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Rub’ al-Khali, Arabian peninsula

Rub’ al-Khali, Arabian peninsula

25 km
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Dunes on Earth and Titan
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Right: Landsat imagery, USGS / Left: Cassini radar 2.2cm SAR imagery of Titan, NASA/JPL/ESA/ASI 

50 km

Belet, Titan

Fensal, Titan

50 km
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Properties of Titan’s dunes
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Belet, Titan

Fensal, Titan

50 km

Dunes cover ~ 13% of Titan surface
Important surface-atmosphere interface
“Sand” is ~ 1mm hydrocarbon particles
Main dune !elds in equatorial lowlands

Properties change with increasing 
elevation and northerly latitude

Dunes become narrower, smaller
Space between grows larger, less sand cover

Elevation dependence:
Wind-blown sand collects at lower elevations
Less sand to build dunes at high elevations

Northerly latitude dependence:
Saturn’s orbit around Sun is elliptical
Summer in Titan’s south shorter, but hotter
Soil in north moister: harder to build dunes

Le Gall et al. 2012, Icarus 212, 231 
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Mars Express

ESA Mars planetary physics mission, launched 2003
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Eberswalde crater river delta
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MEX HRSC image release / ESA, DLR, FU Berlin (G. Neukum)
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Elevation dichotomy on Mars
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NASA Mars Global Surveyor MOLA
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Surface dielectric constant radar mapping
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ESA MEX MARSIS / Mouginot et al. 2012, GRL, in press

>11

7

< 3

High in south: high-density volcanic materials
Low in north: low-density sediments, subsurface ice, or mixture of both
Result of massive and likely brief inundation ~ 3 Gyr ago: “Oceanus Borealis”

Coloured lines 
delineate paleo-shorelines
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Herschel Space Observatory

 ESA-NASA far-infrared astrophysics observatory, launched 2009
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Optical image of the Orion Nebula / Rob GendlerNear-infrared image of the Orion Nebula / VISTA, ESOMid-infrared image of the Orion Nebula / Spitzer IRAC + MIPS, NASAMid- and far-infrared image of the Orion Nebula / Spitzer MIPS, NASA + Herschel PACS, ESA 
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Dust, gas, and protostars in Orion
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Comet 103P/Hartley 2
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Open clusters M46 (left) and M47 (right) / Rolando Ligustri, CARA Project, CAST 
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Comet 103P/Hartley 2 close-up
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Image taken at 700 km during EPOXI "y-by, November 4, 2010 / NASA, JPL, Caltech, UMD
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Diagnosing out"ows from Hartley 2

Data taken during EPOXI "y-by, November 4, 2010 / NASA, JPL, Caltech, UMD



Young Earth too hot to retain primordial water; must have been later delivery
Comets obvious candidates, but all measured previously have too high D/H

HIFI data for Hartley 2: !rst comet with Earth ocean-like D/H ratio
Jupiter-family comet: formed in outer solar system, migrated in 
Rest are Oort Cloud comets: formed in inner solar system, scattered out
However, current models predict increase in D/H at larger radii: problem?
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Did comets provide Earth’s ocean water?

Hartogh et al. (2011, Nature, 478, 4638)

509GHz
548GHz
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Planck

 ESA cosmic microwave background experiment, launched 2009
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Planck all-sky image
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HFI & LFI consortia, ESA; released July 2010
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Planck survey of galactic carbon monoxide
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Planck HFI CO map; released February 13, 2012
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Carbon monoxide comparison
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Combined Dame et al. CfA + Planck HFI CO map; released February 13, 2012



SCIENCE AND ROBOTIC EXPLORATION

École Internationale Daniel Chalonge
Observatoire de Paris, May 2012

GAIA

ESA precision astrometry mission, scheduled launch 2013

29



SCIENCE AND ROBOTIC EXPLORATION

École Internationale Daniel Chalonge
Observatoire de Paris, May 2012

LISA Path!nder

ESA gravitational wave detection technology testbed, scheduled launch 2014
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BepiColombo

ESA-Japan Mercury planetary science mission, scheduled launch 2015
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Solar Orbiter
Cosmic Vision M1 mission

ESA-NASA inner heliosphere mission, launch 2017
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James Webb Space Telescope

Background: ESO/S. Guisard

NASA-ESA-CSA optical-infrared astrophysics observatory, scheduled launch 2018
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Euclid
Cosmic Vision M-mission

ESA dark Universe astrophysics survey mission, launch 2019

34



SCIENCE AND ROBOTIC EXPLORATION

École Internationale Daniel Chalonge
Observatoire de Paris, May 2012

Jupiter Icy Moons Explorer
Cosmic Vision L1 mission

ESA mission to Jupiter, Callisto, Europa, and Ganymede, launch 2022
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