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This is the update to theASTRONET Science Vision for European Astronomy report that
was published in 2007. The update is current as &kbruary 2013. One of its key roles is
to feed into the ASTRONET Infrastructure Roadmap update that will be published in
late 2014.

ASTRONET was created by a group of European funding agefcierder to establish a strategic
planning mechanism for all of European astronoltnyovers the whole astronomical domain, from
the Sun and Solar System to the limits of the olzd#e Universe, and from radioastronomy to
gamma-rays and particles, on the ground as wétl gggace; but also theory and computing, outreach,
training and recruitment of the vital human resesrdAnd, importantly, ASTRONET aims to engage
all astronomical communities and relevant fundiggrecies on the new map of Europe.
http://www.astronet-eu.org/

ASTRONET has been supported by the EC since 2005 as anNERIA-Despite the formidable
challenges of establishing such a comprehensive AIBTRONET reached that goal with the
publication of its Infrastructure Roadmap in NovemB008. Building on this remarkable
achievement, the present project will proceed ¢atiplementation stage, a very significant new step
towards the coordination and integration of Europesources in the field.
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ASTRONET: Science Vision Update 2012

Executive Summary

The Science Vision (SV) document was published0@72and as a relatively short time has
passed since then it is of little surprise that kieg issues and questions remain mostly
unchanged, but make no mistakelot of progress has been made in tackling these big
guestions and there have been a number of changd®etSV that merit updating at a
secondary level. These are described in this papethe key points are presented here in the
Executive Summary.

While the essence of the big questions in all leashas not changed significantly since the
publication of the SV, nevertheless, exciting resiiave emerged across many fields,
especially as a result of new facilities such asskleel, Planck, Kepler, Hinode, STEREO,
Solar Dynamics Observatory, Pierre Auger Obseryatbe first phase of ALMA, as well as
ongoing programmes using existing facilities. Thecavery of the filamentary structure of
the interstellar medium in our Galaxy by Herschas bhanged our views of the nature of star
formation, while the spectacular spatial and terapbrgh-resolution images from the solar
observatories have produced a whole new drive dergtanding our Sun and how it interacts
with the Earth and other planets through spaceheeat

Arguably, the most eye-catching new discoveriel@me in the field of exoplanets, where
the number has jumped from around 200 at the tiftbeopublication of Science Vision to
over 840 today. Not to be outdone, the fields aheology and the evolution of galaxies have
made tremendous strides and the key aspect oftoéa&dis now fully recognised (although
not understood). Dark Energy is now an acceptech¢hand there is a plethora of new and
future instruments/surveys/missions to tackle tHimdoubtedly, the most significant
development since 2007 in this area is ESA’s adopdif the Euclid mission, which will set
the standard and context for much of ground-bassmology over the next decade. It should
also be recognized that the first major releasBlaick results are expected in March 2013,
and the timescale for SV revision and implicatishsuld allow for the main results from this
event to be appreciated.

While not a part of the Science Vision, the hugecsss of the International Year of
Astronomy 2009 (IYA2009 — by far the largest singleience outreach project ever
undertaken) created a major impetus for outreagarmesion and citizen science. This has
been followed up by the creation of the Office oftdnomy Development by the

International Astronomical Union (IAU) along withiriding to support outreach globally. A

good example of the power of citizen science is b expansion of web-sites allowing
members of the public to work on science data anchdake important contributions to the
field. A recent example, also in the exoplanet domaomes from the Planethunters.org
project and the discovery of a planet in a quadrgpdr system.

For the most part the original Chairs/co-Chairsthed four SV Panels have produced the
updates, with additional inputs from others and Mem at Large. These individuals are
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listed in Appendix 1 and this updating exercisel wded into the updating of the
Infrastructure Roadmap that will begin in 2013.

Panel A: Do we understand the extremes of the universe?

Following the success of the Planck satellite, tirest of CMB studies will move to the

polarization domain to address the density and qmdiml gravitational wave signals.

Gravitational wave astronomy suffered a setback #ie non-selection of a large mission in
the near future and it is likely that further foousl need to await the outcome of the LISA
Pathfinder mission in 2014.

The search for the signatures of Dark Energy caenwith an increasingly open acceptance
that such work also needs to consider modificatimntgheories of gravity as an alternative
explanation for an accelerating universe. Thisdfiehs been promoted to a new level of
importance with ESA’s adoption of the Euclid missiecheduled for a 2020 launch. In the
meantime, a range of new dark-energy experiments haen proposed — focusing on what
can be achieved from the ground prior to Euclide Tlatest observations from deep
spectroscopic surveys (BOSS) have conclusively shtvat acceleration took over from
contraction of the Universe some 5-7 billion yeags. The search for Dark Matter continues
but no conclusive results have yet been obtainau filirect detection experiments. Indirect
astrophysical detection via gamma-ray productioe thu WIMP annihilation has been an
active area, yielding intriguing results from therii satellite.

Progress continues in studying the regions arobadtack hole at the Centre of the Milky
Way Galaxy and the latest millimetre VLBI experingeare starting to reveal details on the
scale of the event horizon. These experimentsaaititinue as long as the facilities remain
and in due course may be taken on-board by an dedeALMA.

Panel B: How do galaxies form and evolve?

Impressive progress has taken place in the fieldtaf formation in galaxies over the past
five years thanks to extensive ground-based surgeysbined with Spitzer, Herschel and
HST data. It has been recognized that the vastritya@d star-forming galaxies follow a tight
star formation rate-to-stellar mass relation (thebbed the Main Sequence of star-forming
galaxies). Furthermore, they do so from the localvErse up to at least redshift ~2.5.
Outliers to the main sequence do exist as statibgrgalaxies, but only in small number and
appear to provide only a marginal contributionhe global star formation density. Sub-mm
observations at IRAM have revealed that star-fogngalaxies at high redshifts are
substantially more gas rich than their local corpads, in accord with their higher star
formation rates. Adaptive optics and integral fisfiectroscopy at the VLT have revealed that
large rotating disks are common at redshifts ar@jrahd are characterized by a much higher
velocity dispersion compared to local spirals.

The topic of star formation history from the daidea to the present day requires different
experimental techniques for investigation. Obséowat of the molecular gas and warm dust
allow the star formation rate to be related to glas content of galaxies, requiring infrared



through radio studies. Access to surveys in thegames will be important as it is expected
that using ALMA for surveys will not be an efficiense of such a valuable facility and that
this should be the remit of less oversubscribeditias such as IRAM and/or single-dish
telescopes. ALMA will then focus on detailed follayp of smaller sub-sets of objects
offering an unbiased sampling of the galaxy paransace.

Co-evolution of galaxies and their central supeswasblack hole is now a central theme in
galaxy evolution, together with the still debatedqesses that lead to the quenching of star
formation in galaxies and the progressive emergefidhe passively evolving population.
The fraction of quenched galaxies appears to iser@ath both the stellar mass and with the
local overdensity in which such galaxies residaystipointing to the existence of two
(independent) quenching processes. AGN feedbacklbeayne of such processes but this
connection remains largely conjectural and how uld affect star formation and
termination of further growth is still poorly und¢ood and merits much more future study.
Larger samples at each redshift are needed toeddfendemographics and hence further this
topic. This requires 4 and 8m telescopes with dada surveys (and instruments such as
multi-object spectrometers) with the necessary irsg time to build-up the statistics, along
with X-ray and radio data to identify those galaxdmsting an AGN.

Large photometric and spectroscopic surveys hase @émonstrated to be very powerful
tools for constraining the formation process of Mitky Way and of its various components,

triggering N-body simulations to appreciate theatigk effects of various scenarios. For
example, it has been shown that several kinematicchemical components are present in
the Galactic Bulge and are associated with theouarstellar populations present in the thin
and thick disks. The two main scenarios for thegbudbrmation, a bulge component shaped
by mergers and a population issued from the se@walution of the Galactic disc, most

probably co-exist, with the latter being predominafinother example is the formation

process of the thick disk and the respective wsiglmd interactions between radial
migration, disc instabilities driven by the bar atie spiral arms, and minor or major

mergers, not to mention the still debated existaidbe thick disk itself as an entity distinct

from the thin disk. Finally, many streams have béisoovered in the Galactic Halo, relics of
past mergers in the Local Group, and a vast pdtactsire consisting of satellite galaxies of
the Milky Way, globular clusters and streams hageently been discovered. A similar

structure has been revealed surrounding Andromeé&bair interpretation may have far-

reaching consequences on our understanding ofdbal IGroup formation.

The need for Europe to maintain a competitive eilg&aia follow-up means that it is
extremely important that at least one of the predasultiplex spectrometers is approved in
the near future.

Panel C: What isthe origin and fate of stars and planetary systems?

The overview is that all the considerations in SKa@ter 6 are still valid today, with the
exception of the contribution expected from (suljmetre single dish telescopes. However,
in terms of the details, there are a number of tgedéo be included, especially due to



Herschel, that has begun to produce transformdtresalts in star formation. A new result is
that for low-mass star forming regions the molecul@ud fragmentation process defines
some of the major outcomes of the star formati@tess: the mass and spatial distribution of
stars. This strongly suggests that in this modstarf formation dynamical interactions and
feedback are secondary mechanisms.

Herschel has also shown the extreme filamentaugtstre of the interstellar medium, which
implies that the processes leading to the fragnientaf clouds and production of cores
seems to be mediated by the formation of filamémas become unstable and subsequently
fragment into clumps. This will undoubtedly leadfédlow-up campaigns with ground-based
mm/submm telescopes.

A key question for the future is how much this viean also fit the high-mass star formation
regime. It is clear that dynamical interactionscinsters have to play a significant role and
exploring these systems at the same linear reealtr better) as the nearby (low-mass)
regions is a high requirement. This requires higbolution millimetre and submillimetre
interferometry together with dynamical studiesegalved stellar populations.

While Kepler has made spectacular inroads intaltbeovery of exoplanets, with over 2,000
candidate systems now being discovered, this ifdan the be-all-and-end-all of the subject
of exoplanets and astrobiology. It remains the ¢hae most of the Kepler discoveries are
currently too faint for follow-up (and in many caseven confirmation). So while Kepler is
giving us the sample statistics, brighter targe¢sreeeded for the follow-up to determine the
key parameters of exoplanets. The search for Hi&ghplanets in the Habitable Zone
remains the Holy Grail and recently Kepler has aisced the first example. Another
discovery is that planets can exist in multipletsyss (four parent stars being the current
record) and from ground-based studies, the veretdBRPS instrument on ESO’s La Silla
observatory has just discovered a planet orbitingh& Centauri B, our closest stellar
neighbour. Indeed, ground-based studies usingityiaméng and micro-lensing have proved
to be very successful for detecting exoplanetseviallial velocity studies have made large
inroads in the characterising of the exoplanetss Itonfidently expected that continued
operation of current or the development of futumeilities/instruments will remain a high
priority. The possible selection of CHEOPS by ESAHe next step in this direction. Gaia
will bring an important contribution to the staiistt knowledge of exoplanets by a systematic
and unbiased astrometric monitoring of hundredfi@fisands of main-sequence stars within
about 200 pc, looking for the presence of gianh@ilary companions.

Panel D: How do wefitin?

The observations from Hinode, the two STEREO spafie@nd the Solar Dynamics
Observatory have provided a new insight into thekimgs of our Sun; perhaps the most eye-
catching new capabilities being the imaging of sejacta impacting the Earth and the high-
resolution (spatial and temporal) imaging of théas@atmosphere. The data from these
missions are still streaming in and this will kete field fully occupied for a number of
years. A natural next step is the study of the togetween the Sun and the interplanetary



space from a distance sufficiently close to folline consequences of solar surface processes
in the Heliosphere. This is the main focus of tIBABENASA Solar Orbiter mission (planned
launch in 2017). The interplay between simulatiand high (spatial and temporal) resolution
studies of solar events is also making excellemgmss and will be a key topic of
consideration.

Significant progress has been made in the developofenumerical simulations of the early
history of the Solar System. Dynamical models gjlpisuggest that some migration of the
giant planets has taken place in the early stafjéiseo history, and we see traces of it, in
particular, in the Late Heavy Bombardment. Thessulte also illustrate the strong link
between dynamical models of the Solar System amdhrdical simulations of extrasolar
planetary systems, where migration is believedeta belatively common process.

The exploration of the terrestrial planets has seeontinuous progression with Messenger to
Mercury, Venus Express to Venus, and numerous speggions to Mars. We should also
remember that the Saturnian system continues texpmred by Cassini. In the future, the
JUICE mission, recently selected by ESA for a ldune 2022, is designed for the
exploration of the Jupiter system and will address,particular, the question of its
habitability. Our knowledge of comets should stigrigenefit from the exploration of Comet
Churyumov-Gerasimenko in 2014.

Astrobiology itself has made notable strides siStg with wider cross-disciplinary attacks
now being made. Indeed, the idea that we live ‘ibaaterial Universe’ is now almost taken
for granted, but the step from this to complex fidlems and the conditions and timescales
that are needed to achieve this are now a focgtudl using real data and better modelling.
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Chapter 1: Introduction

This section has not been updated as such exceptdédhat notable progress has been made
on facilities and instrumentation. Indeed, in Fig &tn p9, many of the ‘observatories under
construction’ are now completed and operating (efeek Planck, Sofia, GTC, ALMA,
VISTA, VST, LOFAR, Pierre Auger Observatory) andethmest are mostly close to
completion or launch. The changes are listed bedmd current facilities/missions now
operating/launched since the Science Vision putdinanclude:

In space:Herschel, Planck, Hinode, STEREO, Solar Dynamiosedvatory,
Airborne platforms: SOFIA

Ground-based:LOFAR, ALMA (now in reduced mode but fully opematial in 2013),
VISTA, VST, GTC, GREGOR (a German 1.5m solar tedscinaugurated in 2012 at Izana)

Current major instrumentation now includes:
X-Shooter (VLT); KMOS (VLT); SCUBA-2 (JCMT);
Funded Future Facilities can be updated by:

IRAM PdB upgrade to NOEMA, the LSST is now moretagr in the USA, the Dark Energy
Survey (DES) led by the USA but including Europe h&gun construction; in Europe the
Next Generation Transit Telescope is now well undery although not fully funded,;
eROSITA (medium-energy X-ray all-sky survey telgseoon the Spectrum-Roentgen-
Gamma satellite) is due for launch in 2014.

Funded Future ESA Facilities can be updated by:

The selection of the next M-class missionsSofar Orbiterand EUCLID with launches in
2017 and 2019 respectively, and the L missilidlCE, to be launched in 2022. This has
ramification for the three missions not selecteel, RLATO for the M-class and the two L-
class missions oNGO (the New Gravitational wave Observatory) aAdHENA the
Advanced Telescope for High Energy Astrophysics n- previous incarnations as
Xeus/IXUS).Cheops(Characterising ExOPlanet Satellite) is now fun@edh Switzerland)
as an ESA Small Mission.

The situation foSPICAas a special mission with Japan remains unclear.

ESA'’s pool for the following M-class mission due lve launched in 2020-2022 contains:
EcHO - the Exoplanet Characterisation Observatb@FT - the Large Observatory for X-
ray Timing; Marco-Polo-Rfor an asteroid sample-return; aBHE-QUEST the Space-Time
Explorer and Quantum Equivalence Principle Spa mession andPLATO —to complete a
census of exoplanets around neaahy bright stars.



Chapter 2: Panel A - Do we Understand the Extrensof the Universe?

2.1: How did the Universe begin?

On p19 the latest data from WMAP have indeed himtexte towards a tilt of the power
spectrum as a result of inflation with the modifibeé value of the spectral index now being
n= 0.968 +/- 0.012 rather than 0.95+/-0.02. Witlia past few days, data from the SPT has
improved this to an amazing figure of 0.9538 +3081 and Planck will soon do better still.

On p20 the comments about the CMB now point moangly to the need for Planck to be
followed up by an all-sky polarisation mapping maeh

2.2: What is dark matter and dark energy?

This topic remains at the forefront of current s and forms the basis for a number of
upcoming or planned experiments/missions.

On p21, we should note for completeness that whaerecent observations have led to the
amazing conclusion that the Universe is dominated bniformly distributed form of (dark)
energy that behaves as Einstein’s cosmologicaltanh4, this does assume that Einstein’s
theory of gravity applies on the largest scaleds Then flows into p22 where it would be
better to say that ‘One of the most pleasing dgraknts in modern cosmology is, therefore,
a new focus on testing Einstein's theory of graviigther than simply assuming its
correctness. The hypothesis that dark energy isrtgfact of using the wrong theory of
gravity can be distinguished by measuring the dgnovates of supercluster-scale density
perturbations, and so far these are consistent witttandard gravity
(http://arxiv.org/abs/1106.2476). Neverthelessrdeag for modifications of gravity will be
perhaps the most important goal for future cosmoldgexperiments, in particular ESA’s
Euclid satellite’.

Regarding the section on experimental signatutes)auld be noted that the Fermi Gamma-
ray Space Telescope has recently announced thevabea of an intriguing signal at around
130GeV from the Galactic Centre thatight be the result of dark matter annihilation
(http://arxiv.org/abs/1206.1616). It is clear tkia¢ search for dark matter signatures remains
high on the wish list of experiments.

In the section on Future Strategy it should be dhtta@t Planck has now measured the pattern
of the CMB to effectively perfect precision as &8 the temperature pattern is concerned
(page23). Additionally, regarding gravitational $emg, this will be a central part of the
programme of ESA’s Euclid satellite, although grétbased colours will still be required.
Possible approaches to obtaining this informationtioue to be to construct a very large
CCD imager (or to collaborate in a US-led experitreaerch as the forthcoming LSST).

In terms of the large-scale structure and clustérgalaxies constraint on dark energy, the
notion of addressing the mass function of clusii their baryon fraction as determined for
> 100,000 clusters, best selected from an all-skyaysurvey (eROSITA?) has a double
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impact as such surveys can also give importantrnmtion on peculiar velocities from
redshift-space distortions of clustering, whichaiglirect route to detecting modifications of
gravity. Again, ESA's Euclid satellite will makedwy use of this method.

2.3: Can we observe strong gravity in action?

More data now point to the mass of the black holéhe centre of our Galaxy to be greater
than 4 million rather than 3 million solar masse27) and in fig 2.5 on p28, these data have
allowed an updated orbit of the S2 star plus tlghllgieccentric gas cloud falling in towards
the Centre to be observed (i.e. Fig. 1 of Gilleseal, Nature 481, 51-54, 2012).

In section 2.3.2 on p28, good progress with VLB$ baen made and new observations using
mm VLBI (1.3 mm) of the Galactic Centre have beehieved and these reveal structure on
scales comparable to the event horizon (see eshy.dtial 2011, ApJ 727, L36). Furthermore,
in regard to Sgr A*, flaring activity is observea both X-rays, infrared and radio on time-
scales of less than hours, thereby probing actwitlgin 10’s of Schwarzschild radii.

Also on p28 and elsewhere in SV, the mention of %nt collecting area radio telescope’
should now just be changed to SKA.

Fig. 2.6 on p29 could now also be updated usingdhized iron L and K emissions peak
spectrum from the Seyfert 1 galaxy 0FA07-495 from Fabiamt al Nature459 540-542
(2009). The standard view is that this featureectiogr with the time variability, provides
strong evidence that we are witnessing emissiam frwatter within a gravitational radius, or
a fraction of a light minute from the event horizoina rapidly spinning, massive black hole.
However, recently this classical argument has libsswn into some doubt by questions as
to the origin of the red-tail, and that rather thiis being an indicator of strong-gravity near
to a black hole, it may be a result of incorrece.(too simplistic) assumptions about the
smoothness of the absorbing column (e.g. httpiX/amwg/abs/0907.3114).

Also on p29 the ESA decisions regarding the progaosissions XEUS and Constellation-X’
needs to be noted and carried forward into thestfucture Roadmap.

2.4: How do supernovae and gamma-ray bursts work?

On p30 we need to change the statement ‘No singlelation has so far provided the
required explosion energies from first principlex feither class, and many questions
regarding the explosion mechanisms remain operuf€ig.7)’ to ‘Although simulations can
reproduce many of the basic features of both typegxplosion, no single simulation
including both the necessary three dimensionaktffand fully consistent physics has been
presented. For core collapse supernovae the neyphgsics and interactions are crucial,
while the detailed physics of the flame propagaaod detonation is not yet understood for
the thermonuclear supernovae’.

Also, instead of ‘The lack of any secure progenggstem for thermonuclear supernovae is
one of the most critical impediments for their apgtion as distance indicators and resolving
this problem will consequently also have wide-raggiconsequences for cosmology (
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2.2.1).” we can now better say ‘Although import&oinstraints on the progenitor systems
have recently been obtained from nearby thermoaudepernovae, the lack of any secure
progenitor system is one of the most critical impehts for their application as distance
indicators. In addition, an understanding of systeereffects due to e.g., metallicity and host
environment, is necessary for their use as precisiobes of cosmologyg.2.1)'.

For the description of the core-collapse supern@rap32, we now know a little more about

the fundamental questions and we can add that tkestill a dearth of observations of

progenitor objects, especially for the high mass @md ask which of these collapse to black
holes, which to neutron stars and what is the patfithe recently discovered super-luminous
supernovae.

Regarding gamma-ray bursts and the formation adssiple accretion disk and jet (p32) we
also need to understand the signature of diffekerds of compact binary mergers for the
short gamma-ray bursts.

On p33 after the SN1987A it is now appropriatedd &at future sky surveys (like LSST),
as well as the ongoing searches with the Palomamnslent Factory, PanSTARRS and the
large effort in follow-up (e.g. the >400 NTT nigiwsth PESSTO) will discover thousands of
nearby and distant supernovae. In particular, tgpes of supernovae will most likely be
found, many at faint and at high redshifts. Thdas super-luminous supernovae, recently
discovered, represent but one example. Efficieldioup of these candidates require access
to both 8-10m class telescopes and for detailedietian E-ELT. This is particularly true for
supernovae at redshifts greater than two, wheranafol of UV bright objects have been
discovered, but no detailed studies have yet bessilple.

On p34, the potential effects of rotation and maégrfesld also need to be embraced in the
core-collapse simulations, making the need for sete supercomputer facilities even more
necessary.

2.5: How do black hole accretion, jets and outBaperate?

The Fermi Gamma-ray Observatory (previously knowiGAAST and launched in 2008) has
provided a wealth of data on the flaring behaviofirblazers, detecting far more than
previous gamma-ray studies. These data, along witlti-wavelength studies of the
evolution of the flares will provide more stringesdnstrains on relativistic jet models from
the supermassive black hole.

2.6: What do we learn from energetic radiation padicles?

Fermi has also shown that in spite of the abovemasions, only about 30% of the gamma-
ray background comes from AGN, which was a surpridéhere the remaining 70%
originates is now a topic of intense study.

Data from the Pierre Auger Observatory, now in apen in Argentina and the Telescope
Array (in Utah) have made notable inroads into tbestion. However, the fundamental
guestions about origins of the ultra-high energgnaic rays and the shape of the spectrum
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around the expected cut-off still remain tantatiselusive. The data now strongly support a
power-law spectrum up to ~a few times%¥ and a definite steepening above 5X&¥; in
between there is an inflection that is not undedtdlowever, we know that sources in the
Galaxy cannot accelerate particles beyond abotfe¥0and quite apart from the physical
limitations for plausible sources, gross anisoegspshould then be seen since the Galactic
magnetic field is far too weak to randomise theections of such particles. These are not
seen.

The cutoff at ~1¢ eV is consistent with the ‘Greisen-Zatsepin-Kuzneiifiect, caused by the
interactions of the cosmic rays (if these are prsfavith the CMB. However, to show that
what is seen really is the GZK cutoff requires dettatistics and a determination of the
composition.

Intriguing observations seem to indicate an angotr distribution of the ~100 events above
5x10" eV so far observed by Auger and the TelescopeyAta associations with different
classes of extragalactic sources remains highlyroeersial and awaits better statistics from
further observations.

We should note that the site for the northern hph@se counterpart of Auger has been
selected in Colorado.
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Chapter 3: Panel B - How do Galaxies Form and Evee?

There have been significant changes in this tojpicesSV primarily driven by observations
at new and existing facilities. One major updateceons the generic topic of star formation
and although some of this material is covered éndinrrent sections, it would be beneficial to
produce an entirely new section focusing on ‘Stamtation over cosmic time’. This would
cover aspects such as determining the connectiegrisamsmic time between gas accretion
and accumulation, star formation, galactic windgtahenrichment, black hole growth and
the ultimate quenching of star formation in massgadaxies. Updating of the general
introduction needs to expand on these issues amh@sgisuch topics as the first gamma-ray
bursters (GRBs) and the contribution of the warrhgiase to the baryonic census.

3.1: How did the Universe emerge from its Dark e

The observation of many more GRBs is shedding msights into the very early Universe
through the now-mature system of rapid ground-béskolv-up and redshift determination.
More examples can be expected to follow, which wvellentually lead to meaningful
statistical conclusions about the star formatiod amolution in the very early Universe,
albeit once the nature of GRBs themselves is bettderstood through more observations
and detailed follow-up with 8-10m telescopes.

Mention should also be made of the major progrésd has been made in the direct
observations of galaxies in the reionization ef@anks to the installation of the Wide Field
Camera 3 (WFC3) on the HST during the final (208&)Vicing mission, we now have firm

detections of galaxies up to redshift 9, with cdatk objects up to redshift 12

(arXiv:1102.4881 and a set of papers from the CANBEollaboration due to appear over
the next month).

3.2: How did the structure of the cosmic web eg8lv

In the background (3.2.1) to this section we caw maclude the super massive/multiple
galaxy cluster discoveries by Planck.

While most of the Key Questions and Experimentsseftion 3.2.2 remain sound, the
searches for (candidate) clusters at z~1-2 reqema®e updating as well as the latest results
on the successful SZ searches and the mapping f whatter in clusters through
gravitational lensing.

3.3: Where are most of the metals throughout cosimie?

The evolution of the IGM metallicity between z~2iBcussed in 3.3.1(p53) requires some
updating in light of observation. Also, new datas Ished greater light on the epoch of the
peak activity of galaxy and quasar formation in3.@nd it would be beneficial to add a short
discussion on the contribution of circumgalacticdmen to the metal census and its
relationship with superwinds through current susvbging done at z~3. Also an update of
the census of cosmic baryons (through the COSts}sul the Local Universe is required

(p55).
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3.4: How were galaxies assembled?

The Sloan Digital Sky Survey (SDSS) continues t&enanajor inroads into this field (p57)
and mention should be made of the results fronBtrgon Oscillation Spectroscopic Survey
(BOSS) and its goals as a major contributor. Thestadata release in 2012 from 250,000
distant galaxies has confirmed the time when Darler§y overcame gravity as being
between 5-7 billion years ago.

Major novelties have come from large surveys a0 klass telescopes coupled with space
data, especially from the HST, Spitzer and Herscli®AM has pushed to redshift ~2 the
census of molecular gas in galaxies, allowing th& to their star formation rates from
continuum studies of dust emission. The resulas the gas-consumption time-scales are so
short that galaxies need to be continuously rephad in order to maintain their star
formation rates.

On the theoretical side, we have seen a paradigfitnfsdm merging as the main driver of

galaxy evolution to quasi-steady accretion throughd streams’. However, this process
remains observationally elusive whereas evidendargé-scale galactic winds is ubiquitous.
The question of the intimacy between the growtlblatk holes and galactic bulges (i.e the
galaxy-black hole co-evolution) has made notabtedest since the SV document. AGN

feedback is now widely entertained as a way to guoestar formation in galaxies,

subsequently turning them into passively evolvitrgatures. However, the exact nature of
how AGNSs interact with the galactic gas and stamfation is still unclear. This is an area
where computer simulations have made great sthdeare still dependent on more detailed
observational data that need 8m telescope time.
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This map shows a slice through the 3D map created by Slosar and his team with BOSS, with red highlighting regions
with more gas; blue with less gas. The cross-hatched areas are those not observed by BOSS. We are at the bottom tip
of the wedge, looking out through individual galaxies into these distant gas clouds illuminated by quasars,
spectacularly bright sources of light created by material flowing into black holes. Image: Slosar and the SDSS-III
collaboration.
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For future observations the ESA decision on EUCIidPrucially important. This will lead to
detecting resolved stellar populations in the Lddalverse; the detection/measurement of
the cold gas properties of high-z galaxies, dedai@pping of gas, star formation as well as
making major inroads into the star formation lawsearby galaxies.

3.5: How did our Galaxy form?

This section mostly stands as is but there has peagress in that large photometric and
spectrometric surveys such as SDSS and APOGEE, RA¥Y®mega and others, together
with the development of numerical models, are barggnsively used to understand better
the formation and evolution of our Galaxy and efvairious components. Observations have
revealed many streams of ‘fossils’ indicating minwgrgers in the distant past, several stellar
populations in the Galactic Bulge, the effect @llar migration in the Galactic Thick Disc,
among other results. The missing fundamental diaga,accurate distances and proper
motions, will be provided by the systematic cenths will be performed by GAIA in the
coming years. Also, good progress has been made detailed spectroscopic observations
measuring the abundances in individual stars ofal G&roup dwarf galaxies. In the section
on Future Experiments (3.5.3) mention should nowriagle of the various proposed Gaia
spectroscopic survey follow-ups, such as from E&@ @ther telescopes. It is critical that at
least one of the proposed spectroscopic instrunienfsllow-up is supported and this needs
to be taken on-board in the Infrastructure Roadnmagpas a matter of urgency.
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Chapter 4: Panel C - What is the Origin and Evoluton of Stars and

Planets?

Most of the key science and questions in this adraggmain valid today; the most notable
exception is the exoplanet field, which has beepaagding at an incredible rate with
revolutionary results coming from the high preaisiadial velocity surveys, direct imaging
campaigns and transit detections from space. Tlleamatic advances imply that the
guestions that need to be addressed in the comiagd ten years are partly different to
those reported in the SV. There has been signifipaogress in the deployment of the
infrastructures that will help answering some @& tjuestions in the other fields covered in
this chapter, but it is still too early for most thiem to produce significant shifts in the key
guestions.

4.1: How do stars form?

Herschel has started to produce transformatiorslltsein this area, but much of these still
need to be properly digested. However, what seent®me out of the Herschel surveys is
that in nearby low-mass star forming regions, tha@lecular cloud fragmentation process
defines some of the major outcomes of the star dtdon process: the mass and spatial
distribution of stars. Both these results haveaqund implication on our understanding of
the star formation process and suggest that in rinsle of star formation dynamical
interactions and feedback are secondary mechanidneéear prediction that needs to be
addressed in the future is that the velocity disiperof young stars is also directly related to
the velocity dispersion of the parental cores. Wit have to be tested by deriving detailed
measurements of the velocity dispersions of thengostellar objects and of the prestellar
cores.

The data also imply that the processes leadingedragmentation of clouds and production
of cores seems to be mediated by the formationilaménts that become unstable and
subsequently fragment into clumps. The kinemataal physical relationship between the
cores and filaments needs to be explored in detallis a key topic for future high angular
resolution millimetre and submillimetre observasohriere, it is clear that ALMA will play a
key role in the determination of the physical pagters of cores (kinematics, magnetic field,
chemistry) and their relationship to filaments. IMigrecision optical/infrared high resolution
spectroscopy combined with Gaia distances will bg to study the dynamics of young
stellar objects.
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Herschel 70-250m maps of the DR21 region showing the finely dedadnd filamentary
structure of the cold ISM (courtesy of ESA/PACS $ipide consortium).

A key question for the future is how much this viean also fit the high-mass star formation
regime. It is clear that dynamical interactionsciasters have to play a significant role and
exploring these systems at the same linear reealtr better) as the nearby (low-mass)
regions is a high requirement. This requires higbolution millimetre and submillimetre
interferometry together with dynamical studiesasgalved stellar populations, i.e. ALMA.

4.2: Do we understand stellar structure and eiai@t

This section remains mostly unchanged and major reswlts are expected in the future,
especially from the Gaia mission. On the other hdbdrot and Kepler have started to
provide some of the detailed databases for studfi®ariability and the VLTI has produced
some interesting results on nearby stars.

One area that will probably expand in the futuréhwhigh precision and high resolution
spectropolarimetry is the study of magnetic fieddsa function of stellar parameters and age.

On the modelling side, progress on our understanaih pre-main sequence evolution
remains limited. Recent efforts have establisheditmportance of the history of accretion
during the first part of stellar evolution, but ebgationally very little constraints are
available. On the other hand, submillimetre studiage shown that the Class O protostars
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seem to mimic the Initial Mass Function — beggihg fjuestions as to what drives this
selection (see 4.1 above). This will be a key ptwraddress in the future.

4.3: What is the life-cycle of the Interstellar 8lem and Stars?

This is the realm of ALMA and we can expect sigrafit progress to be made in the areas of
the chemical properties of individual protostarsd ahe chemistry of complex organic
molecules in the interstellar medium. Most of tipart of the original Science Vision
document is still valid today. The major developtsein the recent years have been in the
study of water chemistry, again, using Herschel.il®the results are still preliminary, we
now have a better picture of the role of water, &@ OH as coolants and tracers of shocks
and radiation heating in outflows.

Herschel has revealed rather dramatically thataibservations of outflows from the late
stages of stars are to a large extent shaped hgtdractions between these outflows and the
interstellar medium. This does not make life aadiet on the other hand is revealing for
both mass loss processes and the conditions inSke Again, ALMA is the way to
disentangle these effects, with its angular resmiutand molecular diagnostics on
composition and dynamics.

Studies of late-type stars and supernovae, in tiodé as sources of heavy elements and
complex molecules for the ISM, are also being itigased using Herschel, and at high
angular resolution with ALMA.. In particular, theedr detection of dust and molecules in the
ejecta of SN1987A is going to set strong constsaort the supernovae yields. ALMA has
also started to produce very high sensitivity, isfigtresolved observations of late-type stars
and much is expected in this area in the comingsyesso in combination with mid-IR
JWST observations.

A novel insight into stellar and planetary evolatibas come about due to clues as to the
long-standing puzzle of the ‘anomalous spectrasome white dwarfs. Whereas models
confidently predict that the spectra should beegithydrogen or helium, some white dwarfs
were known to have metal contaminants. Recent vasens from Spitzer have shown that
1-3% of all white dwarfs have an infrared excessictv has been shown in some cases to be
silicate based. The solution seems to be thatéhgyhelements arise from tidal disruption of
asteroid belt objects by the white dwarf itselfddmence the ‘contaminants’ represent the
debris from the surrounding planetary systems. Basuaring the heavy elements using 8-
10m telescopes estimates can be made of the arabsatrounding material and hence the
pre-white dwarf status of a planetary system.

4.4: How do planetary systems form and evolve?

A lot of progress has been made since SV in theackerization of the timescales for the
evolution and dissipation of protoplanetary didkss now clear that planet formation has to
occur in the first few Myr of the life of a star.ddels and observations of the evolution of
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solids have been developed and there is now a @eoensensus that the core accretion
scenario is the most viable mechanism for the ftionaof planetary systems. However, key
guestions regarding the timescales for growth saksport of solids and gas in the disk still
need to be answered as the observations seematooldds with model predictions. The VLA
(now the Jansky Very Large Array — JVLA) and ALMAave already started to play an
important role, especially in resolving the radigtribution of solids in disks and this will
continue for the foreseeable future. In the distanire, the high frequency component of the
SKA will allow study of the evolution of solids #se disks evolve and dissipate.

Regarding the study of the gas in disks, signifigaogress is expected from ALMA, while

Herschel has had several programs focusing on isigidite gas in protoplanetary disks.

However, the results have not been as revolutionarinitially hoped, mainly because the
gas emission in the Herschel bands has turnedbdu# much fainter than expected. This, of
course, is an interesting result in itself. Indeede of the most intriguing findings from

Herschel is the low emission from cold water vapwuprotoplanetary disks. These initial

findings will have to be followed up and extendethvALMA.

The development of detailed models of the chemistrgtisks emanating from the Herschel
and millimetre interferometer programs has alloviiee European community to develop
essential tools that will be essential in the asialyf ALMA and NOEMA data. Direct
imaging of disks with extreme adaptive optics afjdaoptical/infrared telescopes (VLTI) is
also starting to produce essential constraints #rat complementary to the millimetre
observations. Much is expected to be achieved ftlmncombination of different observing
techniques that are both starting to allow prolmhthe planet formation zone of disks in the
5-10 AU range.

4.5: What is the diversity of planetary systemthm Galaxy?

The discovery and characterisation of exoplanethaestopic within SV that has changed
most in the last five years. The population of gasegiants have been enormously expanded,
but the real breakthroughs have been the detedfiddeptune-mass and few Earth mass
planets in large numbers and also in multiple systeThe Holy Grail of finding an Earth-
like planet in the habitable zone remains and #oemt discovery of a few times Earth-mass
sized planet (super-Earth) in the habitable zomsvshthe promise for the future. Indeed, the
recent detection of an Earth-mass planet in théhn@lBentauri system is just the cherry on
top of the huge advance in the field. These distces®we their success to the radial velocity
surveys, mostly carried out with the HARPS spectiph at the ESO 3.6m telescope. It is
clear that radial velocity surveys with increasagguracy are still essential for this field and
will continue to be for a long time — as shown Ime tproduction of the HARPS-North
instrument.

Direct detection techniques has also started ttriboie significantly in recent years and the
arrival of SPHERE at the VLT will certainly be a jmamilestone in the short-term. Corot
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and Kepler have fulfilled their promise and disa@ekta very large number of transiting
planet candidates; unfortunately, spectroscopitovieup is very difficult for most of the
sample of Kepler stars due to their faintness. Aewiarea surveyor that will target brighter
stars is needed for the future and the Plato mmssauld fill this gap nicely. Astrometric
searches also remain a promise for the future amd’'$smain contribution to exoplanet
discovery will be its unbiased census of planetasstems orbiting hundreds of thousands of
nearby relatively bright main-sequence stars:talissbrighter than about 13 magnitude of all
spectral types within about 200 pc will be screefm@d5 years with constant astrometric
sensitivity. Besides a significant input to thetistacal knowledge of the properties of
exoplanets, Gaia will provide suitable nearby tegder further detailed observation such as
direct detection and spectral characterization.

4.6: Is there evidence for Life on exoplanets?

Not unexpectedly, very little progress has beeneradthis topic and the arguments remain
unchanged. However, the potential has been showietosound with more detailed
experiments looking at the reflected Earth specthemg carried out with the aim of
identifying the signature of life. However, overtiis topic remains severely photon starved
and most of the hopes still rest in direct spectwpg& observations with the E-ELT.

The study of exoplanet atmospheres has mostly myeloped using on-off transit
techniques. The hints of success from Spitzer al&a driver for future JWST programs, but
also for dedicated mission proposals such as Eattldle advances are also to be expected
from ground-based programs. Most of the effort basn devoted in designing specific
missions to observe planetary atmospheres foritirgplanets; this has proven successful
with the very recent ESA announcement of the suppor Cheops (Characterising
ExOPlanet Satellite) for a launch in 2017 as a $Masion to search for super-Earths to
Neptune-sized bodies. Downstream, ECHO will alsa bbgajor mission in this quest.
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Chapter 5: Panel D - How do we fit in?

Chapter 5 has stood the test of time well in mésh® areas but on the solar atmosphere and
heliosphere/space weather fronts there have bemmatenajor strides in scientific research
since the SV, specifically due to the space missioin Hinode (launched 2006), STEREO
(2006) and the Solar Dynamics Observatory (202R0).are still fully operational and
provide the following:

* High-resolution (spatial and temporal) imaging apdctroscopy, in particular in the
extreme-UV, and magnetic (photospheric) imaginghefSun - allowing detailed
studies of the fine-scale structures of the chrgghege and corona. (Hinode, SDO).

e First imaging of solar coronal mass ejections (CMEsmM out of the Sun-Earth line,
using spacecraft ahead and behind the Earth -etdifg and track CMEs from Sun to
Earth and study their propagation and impact. (SHER

* The first ever stereoscopic imaging of a star -S8ha, using twin EUV images from
the widely-spaced STEREO spacecraft — allowing 3gmetic modelling of solar
active regions in particular (STEREO).

* The first ever imaging of a complete star (in EUM)ng the two STEREO spacecraft
(from February 2011) and, later, with the STERE@ 8O spacecraft combined —

allowing global studies of the solar atmosphereHSEO, SDO).

5.1: What can the Solar System teach us aboutpdstsical processes?

Section 5.1.1, page 101, bottom paragraph refettsetdine-scale EUV observations made of
the solar atmosphere and mentions SOHO (still djpea) and TRACE (now terminated).
These have now been augmented by new spacecmfilfege) and unprecedented fine-scale
observations of the EUV with SOHO, Hinode, STERE® &DO are now available. These
have served to demonstrate the true, highly-dynacaicplex fine-scale magnetic structure
of the low solar atmosphere.

On pl02, the SV discussed the fine-scale, low satatosphere — and the spacecraft
observations using SOHO and TRACE at that timendtes on to talk about the near-Earth
environment and, particularly Cluster observatidn2007 there was a dearth of experience
of the space between the Sun and the near-Eartfoement, but the situation has improved
dramatically as a result of the new facilities. Wlew have extensive heliospheric
observations of the structure of, and activitytirg inner heliosphere from the two STEREO
spacecrafts (launched 2006); in particular, imaging tracking solar ejecta from the Sun to
the Earth and other planets. This has expandedidayably our understanding of the
propagation and development of mass ejecta inghedphere and their impacts on Earth.

On pl105 the observations by Hinode of the solaepaheans that the second paragraph
should be updated to read: ‘High sensitivity expesuwith the Hinode spectropolarimeter
have shown us that the fields at the poles conatnin kG structures, much in the same way
as everywhere else on the Sun. However, the fas|l-scale, dynamics that produce the
polarity reversals that seed the following magneticle cannot be observed from within the
ecliptic. It is basically unknown at which latitudee meridional flow stops and submerges
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inside the Sun and if it carries any sizeable magrikeix with it. This leaves the processes
that seed with magnetic flux the upcoming solalews a basically an unexplored issue.’

As with the point above, on p105 in the middle, tissing item here is the new field opened
up using STEREO, which has demonstrated the albdiiynage and track solar mass ejecta
using spacecraft stationed outside the Sun-Eant. [This has allowed the imaging of
Coronal Mass Ejections (CME) and has provided cemphtary in-situ observations that
has opened up an active world-wide study of CMEpagation models and their application
to space weather as well as to the physics of mjastion processes. These are fundamental
to the structure and evolution of a stellar atmeseland to the impacts on our environment.

The last paragraph on p106 argues about the nesdpbisticated inversion codes to make
progress in our determination of solar abundané#sle this is fully justified a reference to
the phenomenal work that is being done with sinmat should be added so that the
interplay between observation-inversion and sinmteatis brought out. A suggested addition
would be: ‘These efforts must be complemented entber more realistic MHD simulations of
the dynamic, magnetic and thermal conditions indbkar atmosphere that can be used to
calibrate the forward problem and validate the el algorithms. Recent progress with
these simulations now cover from several millionlesi below the atmosphere to
Chromospheric and Transition Region heights, indgdepartures from the single fluid
description offered by the MHD. These simulations modeling structures such as granules
and sunspots to an impressive level of detail, elvére required non-dimensional numbers
parameter space is not realistically covered yet.

5.2: What drives Solar variability on all scales?

Since the SV it has become clear that we experteaneextreme solar minimum of activity
in the period 2008-2010, with sunspot and flareelewat a hundred year low for an extended
period. This was not predicted and, despite thermeto activity from 2010, heading to a
maximum in 2012/13, the fact that we do not undedtthis low activity period has
generated much interest and stressed that therads still to learn about our star.

In section 5.2.2 on p109 in the second paragraphetBhould be some reflection on the
progress made over these years in the spicules(figie I/ll debate). We can now say that
much progress has been made observationally wehfitiding of swaying motions and
torsional waves in the chromospheric structuressknas spicules, indicating the presence of
wave power propagating upwards.

There are still many questions regarding Solar reagriields: how much flux is present on
the Sun, how is it distributed and how does thé¢ritigtion vary on different time scales?,
how does flux emerge and how is it removed? Answesuch questions requires long-term
synoptic observations with a ground-based netwdrknedium-sized synoptic telescopes
continuously observing and providing vector maggetms with a resolution of better than 1
arcsec, and high cadence. This could be most atldguchieved by extending the existing
SOLIS facility (NSO-led, USA) to a three-locatioatwork.
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5.3: What is the impact of Solar activity on Ida Earth?

In Section 5.3.1 the space weather backgroundosectivers most relevant areas already but,
in the specified areas of the second paragraplghaghlights topics of particular interest, a
statement about the importance of understandingsthar activity cycle — in light of the
unexpected, extended recent solar minimum (seeedhmaw needs to be inserted. Also,
paragraph two should include particle acceleratissociated with CME shocks.

In the following section 5.3.2 on p112 note shodokdincluded that much progress has been
made in this area and the SV is now outdated bystience coming out of the STEREO
mission with the identification and tracking adfth-directed CMEs and the imaging of the

An erupting solar prominence imaged in the EUV fiddSA’s SDO spacecraft (courtesy
SDO team)

whole Sun (see general comments earlier). Whileetliemuch research to be done and the
fundamental questions posed remain the same, liidesshave been taken in developing the
capabilities and developing the field.

The last paragraph talks about synoptic data an@.Se SDO data are providing routine
high-resolution imaging of the Sun from Earth arlfitview of the complete Sun is being
provided on a synoptic basis with SDO and STEREG®GIJena synoptic view of the inner
heliosphere is being given by STEREO. In short, eynoptic mapping of the Sun/
heliosphere has come a long way since SV and itiggs a superb foundation for current
research.
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In the same section and page the second to laagagh appears to advocate a truly polar
mission that was probably written when such a rarssvas being pursued in various fronts
(Cosmic Vision and Solar-C plan A). However, wikte tselection of plan B for Solar-C, it is
clear now that this mission will not be propose@my serious form for the next 5 years or so.
If there is to be support for European participatio Solar-C then the following could be
added: ‘The access from space to high sensitisgigctrally resolved, polarimetric data from
Hinode has proven highly valuable. Continuing téffort to provide similar observations
with higher polarimetric sensitivity and better 8plaresolutions would provide fundamental
insights to understand how connectivity of theatiit layers of the solar atmosphere occurs.
This is particularly relevant for the least expbbtayer of the Sun, the chromosphere, that is
currently believed to hold the keys to our underdtag of propagation of mass and energy to
the upper layers and into the heliosphere’.

A solar coronal mass ejection seen passing thrahghheliosphere by one of the STEREO
spacecraft (image is 20 degrees across with thedSdegrees off the right hand side). Note
the Milky Way and Jupiter to the I¢fiourtesy STEREO/HI team).

5.4: What is the dynamical history of the Solart8ys?

Europe, in particular, has a long tradition of mbdg the formation of the Solar System. In
recent times such models have become guided byiladtet@hemical and isotopic
measurements of meteoritic components. Such walbbhan used to document the extent of
mixing within the nebula as a whole. At the sammeti highly focussed isotopic
investigations have uncovered remnant pre-solangravhich in turn give an insight into the
nature and distribution of materials present at tinee of Solar System formation. By
comparing isotopic measurements made in the latmyratith equivalent observations of
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astronomical entities it has been possible to eoplate the extent and influence of broad-
scale phenomena during the accretionary procesdelglthat implicate so-called x-winds, or
involve components from AGB stars or Wolf-Rayetrsthave been proposed; collapse
initiated by a supernova shock-wave remains anvaetiea of enquiry.

In this light, significant progress has been madees2005 in the development of numerical
simulations of the early history of the solar sgsteespecially with the ‘Nice Model’ at
Observatoire de la Cote d'Azur (OCA, France). Tingdel strongly suggests that some
migration of the giant planets has taken placéédarly stages of their history, and we see
traces of it, in particular, in the Late Heavy Bartment and in the present structure of the
Kuiper Belt. It is now generally accepted that aderate migration drove Jupiter inward
while the three other giant planets moved outwstien the Jupiter/Saturn system crossed
the 2:1 resonance (where Saturn’s revolution pagddice that of Jupiter’s) at a time about
800 million years after the Sun and planets’ foiomgtstrong disturbances appeared in the
orbits of small bodies, with, occasionally, veryglni values of their inclinations of
eccentricities. The subsequent strong increashkarcollision rate was probably responsible
for the Late Heavy Bombardment that is observenhftioe surface cratering rates of most of
the bare small bodies. Dynamical models also sudgbatin an earlier phase, Jupiter might
even have approached the orbit of Mars - thus explaits relatively small size as compared
with the other terrestrial planets - before beingah back outward under Saturn’s influence.

These results illustrate the strong link that nowsts between dynamical models of the Solar
System and dynamical simulations of extrasolar gty systems, where migration is
believed to be a relatively common process. In dase of the Solar System, the quasi-
simultaneous formation of two big planets, Jupd@ed Saturn, may have prevented Jupiter
from coming too close to the Sun, in the way thahyngiant exoplanets are seen to approach
their host star.

5.5: What can we learn from Solar System explon&tio

The planetary exploration has known a significargl@tion since 2005. Regarding Mercury,
Messenger (launched in 2004) has mapped most o$utkace; the next step will be
BepiColombo (ESA, JAXA, with an expected launci2Bi5) to explore Mercury with two
spacecraft to undertake surface and plasma measotenvenus Express (launched in 2005)
is still operating in orbit around Venus for stualyithe composition and dynamics of its
atmosphere.

The exploration of Mars has been a prime targefpate studies thanks to several missions:
ESA’s Mars Express (launched in 2003), NASA’'s Mapgloration Rovers of Spirit and
Opportunity (launched in 2003), NASA’s Mars Recassance Orbiter (launched in 2005),
the USA’s Phoenix (launched in 2007) and finallg tecent NASA Mars Science Laboratory
with the Curiosity lander that has been in operatgince mid-2012. Among many
discoveries, these observations have led to arbatkerstanding of the history of water of
Mars. It is now generally agreed that water way aundant in liquid form at the surface in
the early stages of its history. The exploratiorMairs will continue with MAVEN (NASA
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small mission to be launched in 2014) to exploeeltiss of the Martian atmospheric and later
with the ExoMars mission. This project, led by E&A&d Russia, will include an orbiter and a
descent lander and is planned for launch in 201&w&r devoted to exobiology studies is to
be launched two years later. The objective is traefor past or present signs of life by
obtaining and analysing sub-surface samples egttawaith a drill. In parallel, the NASA
mission InSight, to be launched in 2016, will beated to the study of the internal structure
of Mars, in particular by seismology.

The rover Curiosity, launched by NASA in Novemlfdrl? presently in operation at the surface of
Mars since August 2012.((cC)NASA)

The exploration of Saturn’s system, in particulés moons Titan and Enceladus, is
continuing with the Cassini orbiter. Important résunclude the discovery of hydrocarbon
lakes on the surface of Titan that are subjece&ssnal effects and the evidence from plumes
outgassed from Enceladus that suggest the pospikleence of liquid water below its
surface. In 2016, the Jupiter system will be furttreplored with the arrival of NASA’s Juno
mission. Its main objectives are the measuremeits efater content in the deep troposphere
as a diagnostic of the planet’s origin, and aneaptl study of its magnetosphere. Further in
the future, the ambitious ESA JUICE mission, toléenched in 2022, has recently been
selected for in-depth monitoring of Jupiter’'s atplosre and magnetosphere, as well as its icy
Galilean satellites. The mission will address, antigular, the question of their habitability
(see below).
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After the discovery of the first trans-Neptuniarjemd (TNO) in 1992, the study of TNOs has
been developing at a steady rate thanks to groasdeb systematic surveys using, in
particular, the VLT. Over 1400 TNOs are known toeath at least one of them, Eris, having
a size comparable to Pluto. Indeed, these resultvated the decision taken by IAU in 2006
to withdraw Pluto from the list of the ‘official’ lanets and to recognize it as the first
discovered TNO. Our knowledge of TNOs has also titexdefrom space observations by the
Spitzer and Herschel spacecraft, which have meddtesr thermal emission, allowing the
determination of both their size and albedo. ThevNreontiers mission, launched in 2006,
will approach Pluto in 2015 and probably a secoNdTsometime later.

Finally, the study of comets remains a priority pd@netology, as these primitive objects can
bring important clues about the conditions of fotiora and early evolution of the Solar
System. In addition to the two already-known resisy the Oort cloud and the Kuiper Belt,

a third reservoir has been proposed in the outen rasteroid belt. The Rosetta mission,
launched by ESA in 2004, will approach comet Chorgu-Gerasimenko in 2014, when a
descent module will be sent to its surface forrasiiu analysis of the physical and chemical
properties of the nucleus. In particular, astronam®pe to learn about the possible presence
of prebiotic molecules (see below).

5.6: Where should we look for life in the Solar t&ys?

There are different niches where traces of life barsearched for in the Solar System. The
first possible candidate for habitability is Mavehich, for exobiologists, remains a primary
target for space exploration. Results from Marsreégp and Mars Reconnaissance Orbiter
strongly suggest that abundant amounts of liquiteiaave flown on the surface of Mars in
its early history (see above). These missions, galaith the Curiosity rover have also
confirmed the presence of hydrated minerals sudiiags and sulphates that also attest to a
more water rich past. Indeed, the presence of sdirelays on Mars and minerals such as
jarosite, which suggest acidic conditions, reveak the surface of Mars was heterogeneous
and that the physical and chemical conditions iferdnd habitability in general may have
varied markedly across the Martian surface. Thizngles the older paradigm that viewed
Mars as having a rather homogenous surface and ssliogv potential complexity and
diversity of environments that can be assessedotenfmal locations for life. All of this
suggests that old terrains should be targetedutord in-situ observations and the site of the
ExoMars rover landing will probably be chosen faling these criteria.

Another niche is the interior of outer satellitefstloe giant planets, as models of internal
structure of the icy outer satellites suggest tiatid water might be present. The case of
Europa is of special interest because the liquigancmight be in contact with the rocky
surface, opening interesting implications for exddgy. The JUICE mission (see above),
although primarily designed for the exploration @anymede, will make two flybys of
Europa and bring new information on the naturet®fsurface. More generally, the JUICE
mission will investigate the condition of habitalyilfor outer icy satellites.
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Other outer satellites may also contain liquid watecould be the case for Enceladus where
Cassini detected water plumes. Although we caneotdstain that Enceladus is a potential
habitat for life, it is definitely the location fazomplex organic chemistry and may vyield

insights into the formation of prebiotic compoundhkis is important as the search for life in

the Solar System also includes that of prebioti¢ctenaand the composition of the organic

material in the Enceladus plumes is one of thedtestions for the future.

Evidence for cryogenic volcanic activity has beminfl on Enceladus by several instruments
of the Cassini orbter, including the detection otgassing plumes and the evidence foe a
higher temperature around the south pole. It hasnbguggested that Enceladus’ outgassing
is at the origin of the E-ring of Saturn. The evide for cryovolcanism suggests that liquid

water might be present inside Enceladus'interioowdver, the source of heating on such a
small satellite is not fully understood presen(ly).(NASA-Cassini)

Potential laboratories for prebiotic chemistry ¢anfound in Titan and also in comets. The
exploration of Titan by Cassini has revealed thesence of very complex hydrocarbon and
nitrile species in Titan's ionosphere. For thet firme, cometary samples have been analysed
on Earth after the sample return from comet Wildy2the STARDUST mission, and the
presence of glycine, a simple amino-acid, has lbeparted. In the future, the encounter of
comet Churyumov-Gerasimenko by the Rosetta misgio2014 (see above) should bring
important new information for exobiology.
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Chapter 6: Recommendations

In this section of the Update tloeiginal Science Vision recommendations are reproduced in
two forms: firstly the ‘narrative’ — a general daption of the key themes and requirements;
secondly in the form of the left-hand column of thbles below. There are very few changes
to the original narrative and these changes argatetl bycoloured script The original
narrative is immediately followed by an ‘updatedragave’ section.

In the tables, the right-hand columns are the wgsdan the original suggestions. It should be
noted that in the original document there was metigs consensus on what constituted a
future mission — sometimes an approved space misgs classed as ‘current’, however, the
original recommendations have been retained ista¢hat the reader can readily understand
what theupdatesefer to in the context of the Science Vision duoeut.

6.1. Cross Disciplinary Requirements

There is no change in this section.

6.2: Do we understand the extremes of the Uni&fsom the original Science Vision)

The questions posed in this section are a mixthiastoophysics and fundamental physics,
and lie at the very foundation of our understandifithe Universe, its composition, and its
formation. The specific science goals reflect thigture:

1. Measure the evolution of the dark-energy dengitly cosmological epoch, to search for
deviations from a cosmological constant;

2. Test for a consistent picture of dark matter @adk energy using independent and
complementary probes, thus either verifying Genedhtivity or establishing the need for a
replacement theory;

3. Measure the polarization of the cosmic microwla@ekgroundat scales of a few degrges
to search for the signature of relic gravitatiomalves;

4. Directly detect astrophysically-generated gegiohal waves to measure strong-gravity
effects, in particular arising from black-hole asdence;

5. Make direct studies of regions near the everizbo of supermassive black holes in
galactic nuclei, to test strong gravity and to ustind how large-scale relativistic jets are
launched;

6. Understand the astrophysics of compact objextdtzeir progenitors, particularly the
functioning of the supernova explosion and gamnyabrast mechanisms;

7. Understand the origin and acceleration mechanifstosmic rays and neutrinos, especially
at the highest energies.

These goals map into a clear set of facilitieqyalgh not always in a one-to-one manner. A
number of attractive current and potential futwaeilities exist that are capable of addressing
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several of the questions of prime interest, in whot in part. This multiplicity is highly
beneficial for independently crosschecking theitgaf some of the more subtle phenomena
at issue. Many of the current facilities will halang lifetimes in their existing forms, and
have well-motivated plans for upgrades. Except wheere is inevitably a fixed lifetime
(e.g., a cryogenic satellite), or where a futureility is a clear replacement, it should be
assumed that current facilities will continue torbquired.

6.2.1: Narrative update - 2013

The consensus is that all the science questio®/imre still valid; dark energy is now an
established field of in its own rite with numerostsidies underway. However, perhaps an
additional science goal on the particle-astroplsybiaundary could now be injected. This is
to seek to make a direct connection between cogoland particle-physics data,
emphasising the need for support of direct-deteatiark matter experiments and how these
are impacted by data from the LHC.
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>

Current facilities (as defined in the Science Visio of 2007)

Planck will be essential for goals 1 & 2 and coempéntary for goal 3 since cosmic
microwave background (CMB) information underliesstof statistical cosmology.
Planck will measure the unpolarized propertiehef€CMB effectively to the ultimate
limits imposed by cosmic variance;

Direct dark-matter detection experiments and iradisearches for dark matter via
high energy gamma-rays are essential for goal@ hawme the potential to prove that
it is a supersymmetric relic particle.

SWIFT, XMM and INTEGRAL are providing essential ddor goal 5 & 6, allowing
us to address the study of neutron stars and lblalels in binary systems and to
clarify the progenitors and the physics behind GRBs

Ground-based gravitational wave detectors will fseatial for goal 4. Low-mass
black-hole mergers generate signals in the kHz $#mat can be accessed from the
ground. Existing detectors may lack the sensitifotycarrying out these astronomical
measurements now, but are needed as a basis ferpowerful facilities;

The 8-10 m class optical telescopes (includingth€, GTC, LBT and Gemini), as
well as interferometers, like the VLTI are essdribagoal 5. Astrometric studies of
orbits near the centre of our Galaxy are the badeace for a nearby massive black
hole, and this case should strengthen with timeicr@ased sensitivity due to
upgrades of instruments;

H.E.S.S. will be essential for goals 5 & 7 in ortiestudy the production of very high
energy gamma-rays;

The Pierre Auger observatory will be essentialgoal 7. To determine the origin of
high-energy cosmic rays will require huge air shoareays and air fluorescence
detectors;

LOFAR will be complementary for goal 7. Synchrotmagliation from cosmic-ray
shower debris can help pin down the energy ofritl event.
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Update includes approved missions/facilities as apppriate (2013)

>

Polarization properties will be limited by remowdlgalactic foregrounds, but Planck
has the best variety of frequencies for this puepAsnajor continuing effort will be
required to understand the foreground signals iarfek data to the highest levels of
precision

no change

These missions continue to be crucial to achiegeytials

Good progress has been made on ground-based GWaistd he European Pulsar
Timing Array is aimed at detecting a general backgd of gravitational waves from
supermassive blackhole binaries.

There is no longer a European share in GeminitHmre are partnerships with SALT
and HET.

HESS has been upgraded and is now joined by MAGIC\VERITAS

Pierre Auger Observatory now operational and tiréhern site has been selected.

LOFAR is now operating.

32



Future facilities (as defined in the Science Visioof 2007)

The planned SKA will be essential for goals 1 &2sufficiently sensitive radio
telescope can obtain HI redshifts and image shimpeslarge fraction of all galaxies
out to redshift one, allowing gravitational lensigugd large-scale structure studies of
cosmological geometry. The main requirement igg@eldield-of-view, so that the
whole sky can be imaged within a few years. Impdoests of General Relativity can
also be expected from the large sample of new mubsgected from such a facility,
which will be complementary for goal 5;

An X-ray survey satellite will be essential for ¢pa, 2 & 6. Large-area X-ray
imaging is important both for the detection of téurs of galaxies, and also for
monitoring to detect transient explosive sources;

A wide-field imaging telescope in orbit will besestial for goals 1 & 2.Combining
photometric redshifts with sub-arcsecond resoluitieaging enables the principal
tests of dark energy: Gravitational lensing, bargeaillations, cluster evolution, and
new supernova samples. Ground-based colours shewdtied with space precision
imaging and near-IR photometry. Wide-field speatogg from the ground is also
needed to calibrate the photometric redshifts;

An Extremely Large Telescope (ELT) will be essdrfbagoals 2 & 6. Fundamental
cosmology will require spectroscopic classificatamd testing of systematics of
supernovae at extreme redshifts, and also throygéraccurate quasar spectroscopy,
which can limit variation of the fundamental comésaand measure directly the
acceleration of the Universe. The understandintpedmonuclear and core-collapse
supernovae and their connection to gamma-ray huwals for detailed

spectroscopic observations of the debris in thecalpand infrared. At the highest
redshifts, this will only be possible with an ELBoth these applications require a
mirror substantially enhanced from the current 8rilétandard, to 30—40 m;

The Cherenkov Telescope Array will be essentiabjfmals 2 & 7. The physics
potential is well defined by the impressive restribsn today’'s TeV gamma-ray
telescopes. Detailed understanding will be gaofdtie acceleration of relativistic
particles in supernova remnants and active galaciitei, and dark-matter
annihilations may also be detected;

33



Future facilities update (2013

» The SKA sites now selected, International Pitagéiice set up and the SKA Director
is now in place. MeerKAT and ASKAP are nmperational

Also the goal of the European Pulsar TimAmay

» While no current facility to achieve these gaalapproved, eRosita will provide an
imaging and spectral all-sky survey and the LOR3sion (ESA candidate M3
proposal) will provide some transient detectiopatality

» Euclid will provide in-orbit optical imaging ptunear-IR imaging and spectroscopy.

This will have to go very deep and so will requBr&0m class telescope and IR

spectroscopy

» The E-ELT is approved but not yet fully funded

» The CTA is now a well-defined project and fulhtling is
anticipated soon.

» Plans need to mut in place for a follow-on mission to
SWIFT to monitor and localise gamrag-bursts.
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6.3: How do galaxies form and evolvé¢ffom the original Science Vision)

The challenge of understanding galaxy formation eraution is fundamentally intertwined with
the challenge of understanding the structure antugon of the Universe itself. To address these
challenges the following important goals can baidied:

1. Map the growth of matter density fluctuationghe early Universe, both during and after the
Dark Ages;

2. Detect the first stars, black holes, galaxiesnma-ray burstand supernovae, and thus
establish the nature of the objects that reionthedJniverse and discern the first seeds of
galaxies; trace theeionization history of the Universe through cooated observations of the
IGM (in absorption and emission), the highest hdtigalaxies and quasars

3. Determine the evolution of the galaxy clustessiunction and constrain the equation of state
of the dark energy;

4. Make an inventory of the metal content of thevdrse over cosmic time, and connect its
evolution to detailed models of star formation, #mel subsequent metal production and ejection
from galaxies by superwinds;

5. Measure the metallicity of the warm-hot phas#hefintergalactic medium in the local
Universe and itsontribution to the baryonic census

6. Measure the build up of gas, dust, stars, metagnetic fields, masses of galaxies and thus
the evolution of the Hubble sequence with cosnmetand the connections between black hole
and galaxy growth;

7. Obtain a comprehensive census of the orbits, age compositions of stars in our own
Galaxy and the nearest resolved galaxies, aimipgdduce a complete history of their early
formation and subsequent evolution. This work dilhw on current facilities (including those
under construction) but will require new facilitiegvering the wavelength range from the low
frequency radio to the gamma-rays.

6.3.1: Narrative update - 2013

This topic is evolving very rapidly with more dateom large surveys and follow-up using

dedicated facilities. It is expected that this witintinue with 8-10m optical/IR telescopes, HST
and other space observatories, ALMA and other gicamsed submillimetre surveys and
eventually E-ELT. In a fully multi-wavelength apich using these facilities the possibility is
tantalisingly close to fully document, phenomendatally connect and ultimately physically

understand the links between gas accretion andradation in galaxies, star formation, galactic
winds, metal enrichment, AGN activity and quenchafigtar formation.
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A wide-field, infrared view of the Orion Nebula (Mlgier 42) taken with ESO’s VISTA infrared survelgseope.
The image was created from images taken thr@)grandKs filters and covers a region of sky about one dedne
1.5 degrees. Image courtesy of ESO/J.Emerson/VISTA.
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Current facilities (as defined in the Science Visio of 2007)

LOFAR will be essential for goal 1, and complemepnftar goals 2 & 6. It will reveal the
first phases of galaxy formation via the observatd high redshifted (luminous) radio
galaxies;

Planck will be essential for goal 1, and compleragnfor goal 3 by tracing the earliest
density fluctuations via the Sunyaev-Zeldovich efffend the polarization of the CMB,;
JWST will be essential for goal 2, and will be gdementary for goals 4 & 6. Its infrared
capabilities will allow the study of the first iaing objects, dust production and evolution
over cosmic timescales, (early) star formation ieuachy other distant objects;
XMM-Newton remains essential for goal 3, and comnm@etary for goal 6. The
continuous availability of the X-ray space telesspxXMM—-Newton and Chandra is
crucial to study the hot intracluster medium antivaayalactic nuclei often in
combination with observations in optical, radio &uot-millimetre domains;

The 8-10 m class optical telescopes are esseatigbhls 4 & 6, and will be
complementary for goal 3, as the instrument toyshugh-redshift quasars and gamma-ray
bursts and the absorption lines in their light;

ALMA will be essential for goal 6, and complementéor goals 1, 2, & 3. ALMA will
provide important information on the reionizatitime evolution of dust and molecules at
high redshift, the earliest epochs of structurenfaron, dust-obscured star formation and
nuclear activity;

HST (after the next servicing mission) will be edss for goal 5, and will be
complementary for goal 6, by giving invaluable imf@tion about baryons in the
intergalactic medium and (until JWST is operatigpm@dlout the star formation in distant
galaxies;

Gaia will be essential for goal 7 by measuring/acurate positions, distances and
motions of a billion stars all with spectrophotorggiroviding in effect a stellar census of
our Galaxy;

Herschel will be complementary for goal 6, and wilidy molecules and dust at
intermediate and high redshift.
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Update — includes approved missions/facilities agppropriate

>

>

LOFAR is now operating

Planck operations completed and first publi@datease available soon

JWST launch now scheduled for 2018

Both currently funded for continuing operatia@givery science that continues to be crucial

Also now includes goal 7 (through GAIA-ESO pualsurvey)

ALMA is now operational and will be fully popu&d by2014; can now include NOEMA
(upgraded IRAM PdB)

Last servicing mission completed and is now utadlég crucial programme of observations

Gaia is now planned féaunch end-2013

Herschel has successfully completed its mission

VISTA essential for goal 2 by providing detectimisandidates for the highest redshift
guasars and galaxies before JWST, and complementagpals 3 and 6 from its

wide-field deep infrared imaging surveys;

VLT essential for goal 7 by providing complementapgctroscopy for samples of ordeP 10
stars in the Galaxy to measure chemical abundammkkinematics and the GAIA-ESO
public survey is underway

eRosita will be essential for goal 3 and complemenfor goals 1 and 6 by providing the first
imaging all-sky survey in hard X-rays, and ident#ys of thousands of distant galaxy
clusters and millions of accreting black holes;

Euclid (now ESA approved M2) will be essential fmal 1 in providing definitive constraints
on the dark energy equation of state, and complamnefor goal 6, by providing enormous
inventories of precise imaging, spectra, and rdétsfur distant galaxies and complementary
for goal 6 & 7 for stars in our Galaxy.
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Future facilities (as defined in the Science Visionf 2007)

An ELT with adaptive optics and high-resolution gees will be essential for goal 6, and
complementary for goal 2. Spectrometers (R~8xkhd highly multiplexed (near)
infrared spectrographs (including multiple integiald instrumentation) will be essential
for goal 1, and complementary for goals 2, 4 &t6vill characterize the evolution of
large-scale structures over cosmic time, decigheirtternal physics of high-redshift
galaxies, directly resolve stellar populationshie tocal supercluster, and provide a
powerful complement to the revolutionary informatitat will come from JWST and
Gaia;

SKA with large surface area and long baselineshelessential for goal 1, and
complementary for goals 3 & 4 (for which combinda$ervations with an ELT are
required) & 6. The large surface area and largguieacy coverage will be essential for
goal 6, and complementary for goals 1 & 2. Thigrumeent will address problems ranging
from cosmic reionization to the formation of gaksssistars, black holes, and magnetic
fields, and build on the foundation of sub-millimesto centimetre work that will be
opened up by ALMA and LOFAR;

It will be essential to continue to have the caliigito detect gamma-ray bursts, which
provide a unique way of probing the early Univesalow-up observations are necessary
for goals 2 & 4;

An X-ray space mission with moderate-resolutiorcspscopy (R~1000) will be essential
for goals 2 & 5, and complementary for goals 3 & His mission should address key
problems relating to the intergalactic medium, mig$aryons, black hole evolution, and
galaxy assembly;

A 4-8 m ultraviolet space telescope will be esséfbr goal 4, and complementary for
goals 2, 5 & 6. Such a facility could obtain higtsolution imaging and spectroscopy of
galaxies and background quasars over thousandghtlirses in the Universe, and trace
the evolution of intergalactic baryons and the exge of matter and metals between
galaxies and the intergalactic medium over cosime;t

A 4-8 m cooled infrared telescope for spectrosaaitiybe essential for goal 6. It will
trace dust-obscured galaxy formation, star fornmatamd black hole formation and growth
back to the reionization epoch;

LISA will be complementary for goal 2 by providimgique information about the (first)
mergers of black holes;

A wide-field optical-infrared imaging telescope abfe to measure weak gravitational
distorsion of faint objects, will be complementéoy goals 3, 6 & 7, and should provide
firm evidence of the earliest cosmic star formatmal constrain dark matter and dark
energy;

A far-infrared space interferometer will be comptartary for goals 3 & 6 in connection
with ALMA. It would allow observations of H2 molelas at high redshift (dust-obscured
and shock-heated regions).
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Update

>

>

The E-ELT is approved but not yet fully funded

SKA sites now selected, International Projdfite set up and SKA Director in
place. MeerKAT and ASKAP are now operational

It remains crucial to be able to detect andllseagamma-ray burst (currently
SWIFT)

There needs to be an X-ray mission to achiegsethgoals, currently none approved.

This remains an important requirement and iuhbe addressed in the next Science
Vision ‘decadal’

This remains an important goal and is in prilecipatisfied by SPICA, which awaits
further mission clarification by JAXA

The descoped LISA (NGO) not selected as firsA E&rge mission

These goals will be satisfied by EUCLID now apd by ESA as M2

This remains an important requirement and iughbe addressed in the next Science
Vision ‘decadal’
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Future facilities (as defined in the Science Visionf 2007)

> A wide-field, highly-multiplexed, low and high rdstion spectroscopic survey telescope
will be complementary for goals 6 & 7, it will becessary to disentangle the relations
between masses, ages, morphologies, and envirosinenrider to understand the
formation of galaxies.
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Update

» ASTRONET Panel (Kaufman) clarified the completaey nature of near-IR (8m)
and optical (4m) surveys: ESO study for MOONsa(A&/8m) & 4AMOST (optical/4m) -
decision spring 2013; plus WEAVE (4m-WHT). For goél& 7and complementary for goal
3.
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6.4: What is the origin and evolution of stars grahets?(from the original Science Vision)

Understanding the formation and evolution of sisua the very foundation of explaining the past
evolution and present structure of our Galaxy dmedUniverse as a whole. Equally relevant is
understanding the evolution of circumstellar digegling to the formation of planetary systems,
the search and study of exoplanetary systems,dimgupossible life-hosting systems, as they are
all milestones towards putting our Solar Systeroantext and determining our place in the
Universe. To address these challenges several iama@oals can be identified:

1. Determine the initial physical conditions ofrdiarmation, including the evolution of molecular
clouds, and the subsequent development of strigctnirgeneral, and the formation and mass
distributions of single, binary or multiple stellsystems and stellar clusters;

2. Unveil the mysteries of stellar structure andletion, also probing stellar interiors;

3. Understand the life cycle of matter from theeistellar medium to the processing in stars and
back into the diffuse medium during the last stagfestellar evolution;

4. Determine the process of planet formation, agnfar a full understanding of the timeline for
the formation of planets and the chemical evoluabthe material that will eventually end up in
exo-planets;

5. Explore the diversity of exo-planets in a widass range from giants to Earth-like, to
characterise the population of planetary systemslation with the characteristics of their host
stars;

6. Determine the frequency of Earth-like planethabitable zones and push towards their direct
imaging with the long-term goal of spectroscopiaratterization including the detection of
biomarkers in their atmospheres.

This ambitious programme requires substantial teldyical development in the coming decades.
The techniques to be developed include coronograpktyeme adaptive optics, high-contrast
imaging systems, extremely large telescopes, dfititared interferometry on the ground and in
space, very large effective area and angular résolunillimetre and radio interferometers,

transits, microlensing, radial velocity and astrtnoeplanet searches.

6.4.1: Narrative update - 2013

This section remains mostly unchanged but overptst 5 years there has been a tremendous
development of the exploration of exoplanets bydita thanks to CoRoT, Kepler and ground-
based surveys. The characterization of exoplamtsbspheres by transit spectroscopy will be
the next step of the roadmap. The ESA S1 CHEOPSianiswill search for bright targets for
future spectroscopic studies. The more ambitiou&TRL mission (M3 candidate) has a similar
objective. EChO, another M3 candidate, is aimingthe spectroscopic characterization of
transiting exoplanets. A major input is expectahifrGaia in the systematic detection of nearby
exoplanets, and space missions dedicated to thensgsc study of exoplanets are nhow mature
and are essential to progress in the charactenzafithe physical properties of planets (see later
for details).
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The impressive results from the Herschel Space ®@asey and the expectations from future
spectroscopic far infrared mission suggest thamnfitthe ground most of the progress in the
submillimetre through radio bands in the futurel wdme from high angular resolution and high
sensitivity instruments like ALMA, JVLA and, on arlger timescale, the SKA. The role of single
dish telescopes, even of relatively large apertuid, decrease. High resolution optical and
infrared spectroscopy is reaffirmed as a key roletlie study of the interstellar medium, stellar
evolution and exoplanets.
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Current facilities (as defined in the Science Visio of 2007)

The 8-10 m class optical telescopes are esseaotigbhls 1, 2, 3 & 5, and complementary
for goals 4 & 6, and need to be fully exploited apgraded,;

The HST and current generation of X-ray space oaseries are essential for goals 1 and
2, and complementary for goals 3 & 4. It will beasset to keep these facilities at least
until a next generation of facilities will becomeadlable. Alone and in combination with
simultaneous observations in the optical, radiosr@millimetre domain, they provide
important information of all phases of stellar extadn and activity;

Herschel and JWST will be essential for goals &,48 and will be complementary for
goals 2 & 5. High angular resolution and sensitiuitthe near- to far-infrared, as
provided by space missions provide essential dataccessible from the ground;
ALMA and its future upgrades will be essential fmals 1, 3 & 4, and will be
complementary for goals 2 & 5. High angular resoluand high sensitivity millimetre
continuum and line spectroscopy will be key to ustind the physical and chemical
evolution of dust and gas in the early phasesarigil formation;

Large millimetre single dish telescopes equippetth ¥acal plane arrays for line and
continuum observations are essential for goals3l &d complementary for goal 5,
because of their ability to rapidly survey largeas of the sky and find sources for
detailed studies of star- and disc formation arawgion with ALMA and the proposed
SKA;

Gaia will be essential for goals 2 & 5, and comerary for goals 1 & 6. Higher
accuracy astrometric measurements from ground exckswill extend the detection
capability and resolve the degeneracy in mass arithbinclination, quantify the relative
orbital inclination of multiple exoplanetary systermnd address fundamental topics in
stellar structure and stellar populations in théafsa
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Update — includes approved missions/facilities agppropriate
» Maintaining and upgrading essential

> No change

» Herschel has successfully completed its misslgWST launch planned for 2018. Important to
fully support Herschel data exploitation doliow-up with high angular resolution submm
| nterferometry (ALMA)

» ALMA is now operational and will be fully popu&d by 2014 and it is essential to exploit
ALMA fully within Europe, along with its plared upgrades

» Herschel has provided a wealth of data herenbeadls further exploitation with large ground-
based single dish survey-type facilitiesvidimg much better angular resolution — current
submm facilities now under threat

» Future development of this topic post-GAIA issnomely.
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Future facilities (as defined in the Science Visionf 2007)

Near- and mid-infrared imaging and spectroscogygit spatial resolution and sensitivity
provided by an Extremely Large Telescope with lpghformance adaptive optics will be
essential for goals 1, 2, 3, 4,5 & 6;

A next generation of ultraviolet and X-ray missiomfi be essential for goals 1, 2 & 3,
and be complementary for goals 4 & 5. They wilhpde higher sensitivity, spectral and
spatial resolution to study the gas and dust arcterd;

SKA with long baselines and full frequency coveragibe essential for goals 1, 3, & 4,
and complementary for goals 2 & 6. It will allowresolve individual obscured cores of
molecular clouds, trace the largest molecules aratje the magnetic fields;

The availability of both high-contrast and highalkegion sensitive infrared interferometer
in space will be essential in order to answer gbats & 6, and they will be
complementary for goals 2, 3 & 5;

High-precision photometry (better than 0.01 millghand long-term monitoring from
space in conjunction with a ground-based dedicagtork of moderate aperture (2m)
robotic telescopes will be essential for goals & & and complementary for goal 3;

The provision of high spectral resolution in themt-far infrared has to be included in
planning for a fully adaptive ELT or interferomefrpm space, as the next step in the
study of gas dynamics, solid state chemistry ankkoutar hydrogen and organic content
in the planet-forming zones of discs and in theatizrization of exo-planetary
atmospheres over a range of important spectrad:lifileis capability will be essential for
goals 3 & 6, and will be complementary for goal& 4;

The next generation of high precision radial velpoionitoring instruments will be
essential for goals 5 & 6, and complementary fal @ with a velocity resolution better
than 0.1 m/sec it allows the detection of earth [kanets in habitable zones around solar
type stars.
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Update

» The planned instrument suite for the E-ELT wadhieve most of these requirements— e.g.
METIS and HIRES.

» Following the success of Plank and Herschektieenow an opportunity to refine the
requirements in this field.

» The SKA Phase 3 will satisfy this requirement $hould be addressed in the next Science
Vision ‘decadal’

» This should be addressed in the next Scienadervidecadal’
» The candidate ESA M3 mission Plato will satigfis goal, in combination with high
resolution and high precision spectrograpbsifthe ground.

» The planned instrument suite for the E-ELT w&dhieve most of these requirements — e.g.
METIS and HIRES.

» This remains an important goal and followingnfrthe major successes in this area, now is
an appropriate time to reformulate thislgodth specific requirements

» High accuracy and stability infrared spectrogcispm space is an essential step to achieve
the accuracy and sensitivity needed for geegoscopic characterization of exoplanets and
achieve goals 5 and 6 — the EChO candid&#e M3 mission would be the first steps along
the road.
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6.5 How do we fit in? (from the original Sciencesiin)

The Solar System is uniquely accessible to inaiit detailed remote sensing measurements.
To better understand the formation, evolution, dethiled properties of the Solar System,
and to understand its impacts on human activitiesfollowing goals have been identified:

1. Utilise the vicinity of Solar System plasmas(i)the Sun, (ii) the heliosphere and (iii)
planetary environments, to develop a detailed wstdeding of physical processes which
apply to astrophysical phenomena;

2. Develop a unified picture of the Sun and theédsphere including the planetary
environments, including a systems-level view ofrggdlow from the Sun to the Earth;

3. Understand the underlying mechanisms for Saaatility and transient activity, the
subsequent variability in the heliosphere and &selting impacts on the Earth and other
planetary environments;

4. Understand the role of turbulence and magnegids in the evolution of the primordial
nebula, the mechanism of particle growth, and temental and isotopic ratios in this
nebula, and in Solar System bodies;

5. Determine the dynamical history of planets,dbmposition of trans-Neptunian objects
and asteroids, and the rate of large potential atgpa in the near- Earth asteroid population;
search for complex molecules in comets and stuelyitk between comets and interstellar
matter;

6. Constrain the models of internal structure ahpks and satellites and the origin of their
internal heat, the surface-atmosphere interactoiisthe recycling mechanisms in the
terrestrial planets and outer satellites;

7. Understand the origin and evolution of Titartimasphere, searches for liquid water at the
surface and subsurface of Mars, and for liquid wateans below the surface of Europa and
other outer satellites. Solar System research mesjai wide range of complementing facilities
which cover the full electromagnetic spectrum arabp a variety of space environments and
planetary surfaces. These facilities are combinealgroups of similar characteristics in this
list.

6.5.1 Narrative update — 2013

Looking to the future, our dependence on the Sudriieng a marriage between science and
applications as never before; in particular, wite hew global views of our star and the
imaging of solar ejecta in the heliosphere. Thegmbilities will undoubtedly be adopted for
space weather and environmental monitoring in &tyears, with a programme of
applications instrumentation running in paralletwadvanced research projects such as Solar
Orbiter. Whereas the solar science will focus anribw generation of solar encounters and
high latitude science projects, the applicatiome swill take the newly acquired skills from
the current missions for heliospheric and solarfée’ monitoring.
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Cassini image of Saturn’s moon Enceladus showiagahsurface pockmarked with craters
and deep canyons. Image courtesy of ESA.
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Current facilities (as defined in the Science Visiowf 2007)

The space solar observatories SOHO, STEREO, Hin@E, Cluster, SDO and
Ulysses are essential for goals 1-3 until next-geia Solar imaging and
spectroscopy and in situ missions are available;

Ground-based metre-class solar telescopes sucHEBIIB, SST and GREGOR
remain essential for goal 1(i) and complementarygtals 2-3, until a large aperture
solar telescope becomes operational,

Genesis and Rosetta provide measurements of cametsinor bodies in the Solar
System, essential for goals 4 & 5;

ALMA and LOFAR will provide the capability to do kw observations with a spatial
resolution comparable to optical facilities, andl W& complementary for goals 1& 2.
Similar high resolution observations of planetsnets and trans-Neptunian objects
are essential for goal 5;

Mars Express, Mars Odyssey, Mars ReconnaissanageeQiars Exploration
Rovers, ExoMars, Venus Express, Cassini, and Befosibo provide in situ
measurements of planets which are essential fds §o& 7;

Monitoring of many stars with high-resolution medtbject spectrographs at 4—-8m
class telescopes is complementary for goal 1.
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Update includes approved missions/facilities as apgpriate

» Ulysses is now deceased but Solar Orbiter is avepted as ESA M1 for launch in 2017
and will satisfy goals 1-3. Solar Probe ipraparation by NASA.

» THEMIS and SST are fully operational while GRER&{ now being commissioned
after first light in 2012..

» No change, NASA’s DAWN mission has now mapped&VYE and will encounter Ceres
in 2015

» Solar observations now beginning with LOFAR.
Specifically need high resolution, grounddzhsebservations in the optical, near-IR and
radio.

» This should include Mars Science Laboratory/Qsity rover now in operation since
August 2012. As a preparatory phase ExoNsgotanned for launch 2016 (orbiter/
descent module) and a lander/rover in 2088 ’& BepiColumbo is now planned
to launch in 2015 and to orbit Mercury in 202

> Need high resolution optical/infrared and radie.g. MOONs, 4MOST, WEAVE for
example, ALMA is now operational
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Future facilities (as defined in the Science Visionf 2007)

A solar high-latitude, multiple Solar-encounter s, climbing to at least 30
degrees out of the ecliptic and approaching toiwi@h25 AU of the Sun, including a
combination of high-resolution imaging and speatopy and in situ instruments is
essential for goals 1(i), 1(ii), 2 and 3. It wilitablish the links between the Sun and
its heliosphere as well as the polar regions ofSiwe and the three dimensional nature
of a star;

Radio spectral imaging at centimetre to metre wengths, is essential for measuring
magnetic fields in the corona, to identify sitepafticle acceleration and to track
travelling disturbances through the corona (goé)s 1(ii) and 2);

A large-aperture (3—5 m) ground-based solar tef@seath adaptive optics and
integral-field spectro-polarimeters, with a presisbf one part in 1) to resolve
scales of order 10 km in the photosphere, to olesastrophysical processes at their
intrinsic scales, and thereby observe the inteyaaif magnetic fields and plasma
motions in the Solar atmosphere, is essentialdat §(i) and complementary for
goals 2 & 3;

A medium-aperture (1-2 m) (extreme-)ultravioleedldge facility with Xray
capabilities, incorporating sub-arcsecond resafuitisaging and spectroscopy,
cadences down to seconds and wavelength seleeppmepriate to the temperature
range of the Solar atmosphere — up to relativedgctrons — including, for the first
time, (extreme-)ultraviolet magnetic mapping of 8war transition region and
corona, to study fundamental Solar processes #matat be studied from the ground,
is essential for goal 1(i) and complementary foalg@ and 3;

An in situ mission probing simultaneously the thnegor scales of the physical
processes in the magnetosphere and Solar windvingah fleet of spacecratft forming
three embedded tetrahedrons. Essential for go@ls1L{ii) and 2;

A high quality network of ground-based radars, saslsuperDARN and the next-
generation EISCAT facility, providing both globartext for the magnetospheric
missions and specific detailed measurements in@tippconjugate studies. Essential
for goal 1(iii) and 2;

A combination of magnetically conjugate ground-libaed space-borne
instrumentation to investigate the interchangela$ma populations in the Earth’s
magnetic environment is essential for goal 3;

Future exploration of minor bodies in the Solart8gs in particular near-Earth
asteroids, is essential for goal 4 & 5;
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Update

» Solar Orbiter will achieve these goals and & approved as the ESA M1 mission for
launch in 2017

» LOFAR and cm radio telescopes will achieve trggsas

» The planned European Solar Telescope (EST)mdabt these requirements and has
completed the conceptual definition phaserd is European (German) involvement in
the similar US ATST that is under constroctin Hawaii.

» The Japanese Solar-C (1.5m) mission meets msese requirements and ESA sees
this as a ‘Target of opportunity’. The Eueap involvement would focus on UV
spectroscopy and the mission also includeayXmaging.

» The science remains important but there is nofi@an mission to achieve this; in the

USA, MMS is under development by NASA fdaanch in 2014.

» Planned upgrade to EISCAT-3D is on the ESFRIadRaap,

» No change

» The NASA New Horizons Mission will approach tRkrito-Charon system in 2015 and
probably later other trans-Neptunian bodiso now the ESA candidate M3 mission
MARCO-POLO
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Future facilities (as defined in the Science Visionf 2007)

» Space missions to the outer Solar System to exfherdovian system, in particular
Europa, and the Saturnian system, in particulanrl@nd Enceladus are essential for
goals 6 & 7;

» A Mars sample return mission as follow-up to recabiter, lander and rover
missions, coupled with laboratory infrastructuregample analysis, is essential for
goals 6 & 7. Future exploration of other terrestpianets is also essential for goal 6;

» JWST and an ELT will allow imaging spectroscopyptenetary atmospheres and
surfaces, comets, and trans-Neptunian objects renelsaential for goals 6 & 7;

» Participation in an international network of grodmaksed, synoptic instruments that
monitor continuously the full-disc Solar spectraadiance and magnetic and velocity
fields is complementary for goals 1(i), 2 & 3
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Update

» The JUNO mission will reach Jupiter in 2016, #mel ESA-approved JUICE mission is
planned for launch in 2022, arriving at fupiter system around 2030

» As a preparatory phase ExoMars is planned torda 2016 (orbiter/descent module) and
a lander/rover in 2018. ESA’s BepiColumbeglsnned to launch in 2015 and to orbit
Mercury in 2022 (see above). Sample retsiin the realm of the next Science Vision
‘decadal’

» JWST planned for launch 2018, E-ELT approvednumttyet fully funded

» The ground-based network that fulfils this geahe National Solar Observatory SOLIS
network (USA)
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Panel A: John Peacock, Claes Fransson
Panel B: Jacqueline Bergeron, Rob Kennicutt
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Panel D: Therese Encrenaz, Richard Harrison, Valentin Magti®illet, lan Wright,
Charles Cockell

Members at Large and others:Catherine Turon, Alvio Renzini, Bruno Leibundgut
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