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Executive Summary

1. The Solar System Advisory Panel (SSAP) invited its communityTioven Meeting in London on 10September 2012, at
which the content and structure of the SSAP Roadmap (this documaentliscussed. The SSAP drafted the Roadmap,
which was circulated to the community in mid-October, then revised SR prior to submission to the PPAN review
board in early November 2012.

2. The SSAP acknowledges, with gratitude, its predecessor body, #éhéJNiwerse Advisory Panel, whose extremely
thorough report of November 2009 was used as a guide and a teroptate Roadmap.

3. Solar System science is not an island isolated from other research ctiesnparticularly the Astronomy and Particle
Astrophysics communities, and there is potential for overlap in the reséacbfahe communities. Where possible, this
has been indicated in the text.

4. The STFC is not the sole Research Council that has interests in Solar Sysseoh ré&eth the UK Space Agency and the
Natural Environmental Research Council are involved in different aspfettis research. The SSAP hope that this
Roadmap will help these bodies as they also define their research priorities

5. Three overarching themes were identified which encompass the dutstanientific questions to be addressed over the
next two decades. These themes are: (1) Solar Variabitititsahmpact on Us (2) Planets and Life and (3) Universal
Processes.

6. There are several cross-cutting activities that are also essentiatdessiul delivery of the goals outlined in this
Roadmap. These activities are also relevant to the research actiitiesother communities funded by the STFC, and are
(in alphabetical order): Data centres and Data archiving; the Grants, Fellowshipgademtships lines; High Performance
Computing and Laboratory Infrastructure.

7. The Roadmap recognises specific strengths where the UK is particularlylatl to make significant contributions to
the questions, in terms of complementary areas of expertise (obserggfierimentation, simulation and numerical
modelling). Alongside each set of questions are the specific space miasbfacilities (national and international) that
are required to help deliver the research goals summarised in thex&oad

8. There are several recommendations that the SSAP makes to STFZeogemeral aspects of its programme. These
recommendations are as follows:

General Recommendations:

Recommendation 1: The SSAP recommends that the STFC supports the UK Space Agétsdyid to become a partner in
ESA’s ELIPS Programme. If the bid is successful, STFC should consider reqouieftading to exploit data from the ELIPS
facilities in the same way as from other space missions ajetps.o

Recommendation 2: The current co-operation between STFC and the UK Spasrecigs welcomed and must be continued,
such that both bodies are cognisant of, and take into atz¢bemelative priorities of each organisation. Where apjiatg
there should be cross-representation on committees responsible tiegistrianding and prioritisation decisions, and this
‘dual-key’ approach must be monitored and evaluated by regular, publically-circulated reports.

Recommendation 3: The SSAP recommends that the STFC supports the UK SpaceyAgétsdid to become a partner in
ESA's Space Situational Awareness Programme. If the bid isssfid¢&TFC should consider requests for funding research
that would help develop instrumentation and forecasting mod#éie isame way as for other space missions and projects.

Recommendation 4: The UK has invested millions of pounds in missions and instrumentatiointhe final product of this
investment is the publically owned data-set. STFC has an obligatpmeserve these data. We recommend that the STFC
continues to fund its data centres, such as UKSSDC, at the leveletetpuimaintain efficient and effective operation, without
prejudicing the security of the data.

Recommendation 5: As a minimum, STFC must maintain the Grants line at its current level fzasib, not percentage of the
programme): if it falls any further, the number of PDRAkiog in the subject will be insufficient to keep the programme
going, resulting in a decrease in performance at all levetsaa inability to compete for funding at the international level.

Recommendation 6: As a minimum, the STFC must maintain its Fellowship ande®tisthip programmes at their current

levels (cash basis, not percentage of the programme). Fellowstdtudentships are the main pathways for bringing young
people into research, technology and academia. The Fellowsigjpamme is an important way of recognising future leaders
in the field, who will continue to drive research forwaadain to the benefit of the UK. The skills acquired throsiglying

for a PhD are of great benefit to the UK as a whole, not jushése who remain in STFC-funded research.

Recommendation 7: STFC must develop a clear and appropriate funding strategy for HR{wathe UK to remain
competitive in the critical area of HPC expertise, and to ereiequate training for future generations of scientists.

Recommendation 8: STFC maintains support for ground-based laboratory experimamalytical and simulation facilities,
to enable the UK to maintain its high international profile in the relefields, and play a leading role in forthcoming sample
return missions.

Recommendation 9: That STFC maintains its support for ground-based and space-ietescope operations and
instrumentation at a level that will enable the UK to maintain it liternational profile in the relevant fields. This support
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should recognise and balance the competing claims of nelopments versus extension of current instrumentation, such that
UK scientists are able to access the range of facilities they requiteetaheir goals.

Specific Recommendations on Prioritisation:

9.

10.

11.

12.

13.

14.

Prioritisation of projects and facilities is a complex, difficult and divigikegcess that is essential for an efficient scientific
programme which remains up-date, is able to compete in an international arena and successlivkysiés desired
outcomes. In putting together the Roadmap, the SSAP took scientidibesoe as the main driver, followed by the
international significance of the project; the extent of UK leadership artartééness of the project.

The SSAP has not prioritised specific missions or projects over others: evadtavad the information, the time or a
mandate from the community to do this. Instead, what we havestadds a rolling prioritisation based on the status of

the projects in question. We suggest a flexible apportionment of resatnich, might be possibly along the lines of, for
example, 60 % to projects in operation, 30 % to those selected aenklomgiment, 10 % to those not yet selected, but
requiring input for development. The split of 60:30:10 is gively aslan example, and the actual figures should be subject
to continual monitoring and adjustment.

Exploitation of data from a project continues long after the instrunssit itas ended, thus each project should be seen as
carrying on beyond the project end. Funds for this stage of resgautd, presumably come from the Grants line and
Fellowships and Studentship programmes.

There is still a grey area, possibly not completely understood pthmunity, where responsibility for funding of
projects falls between the remits of the STFC and the UK Space Agencyfunding for building a detector for a mission
is the responsibility of the Space Agency, but funding for reseatalyeneric detector development belongs with the
STFC. Funds for such research would, presumably, come fronRRibdife, and/or the Grants line and Fellowships and
Studentship programmes.

There are a large number of projects that have not been incloded Roadmap because they are not funded by the UK,
either directly or through inteational subscription, e.g., NASA’s MESSENGER mission to Mercury; NASA’s Solar

Dynamic Observatory. Data from such projects are available, and expioiiativese data is a vital part of the
community’s research effort, both in terms of preparation for future missions as well as helping to deliver answers to our
key research questions. The absence of specific mention ofpfogsets must not be taken as an indication of
unimportance: they are a crucial part of our research effort. Fundsdb research would, presumably, come from the
Grants line and Fellowships and Studentship programmes.

Given the above consider ations that go with the Roadmap, it should be clear that the SSAP rates maintaining (at the
very least) the Grantsline and Fellowships and Studentship programmesat their current level asits highest
priority.
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Introduction

At the heart of the research undertaken by the communities reprelsgnitedSolar System Advisory Panel (SSAP) is a drive to
understand the origin and evolution of the Solar System, anctheerof the phenomena that influence its dynamics. The remit of
the SSAP covers all bodies in the Solar System, from its central star, the Sumputermost fringes, as defined by the Oort cloud
that is a reservoir of comets. Within the Solar System is a variety of olgjkatsts, their satellites and rings, asteroids, Kuiper Belt
Objects and comets, plus streams of interplanetary and interstellar dust. Interactions &edhaeaangst Solar System bodies are
influenced by gravitational, magnetic and electric fields. Controlliegetitire dynamic of the Solar System is the Sun, a complex
interplay of plasmas and fields that connect with and influence theibehaf planetary magnetospheres and ionospheres. Th
Solar System came into existence some 4.567 billion years ago, saublingonary processes that we follow through study of
objects within the Solar System should be applicable to, and shoulttdeestudy of, other stars and their planetary systems, as
well as magnetised plasmas in general.

We are fortunate that over the next five or so years, we will be in a time of enriched Solar System exploration, with ESA’s flagship
Rosetta mission in the final run up to its rendezvous with comet Churyumov-@ezakd in 2014GAIA andSWARM both

should start operations in the coming year; preparations for théhlafitteeTrace Gas Orbiter to Mars in 2016, and its partner
ExoMars lander in 2018 are well in hand, as are launch&slaf Orbiter andLunar Lander in 2017, as well as the start of
operations oJWST. These are all ESA missions, to which the UK has made a signifiqanibeion in terms of design and
instrument build (as well as funds); the scientific community is looking toategiton this investment with an exciting programme
of research planned, based on exploitation of data from thesemsiséie are also poised to take advantage of partnerships with
other agencies: UK scientific excellence is recognised by invitations to UKistsen participate in major international consgrtia
including those established to study the surface of Mars, analyse inateriaed from an asteroid, explore the jovian atmosphere
and magnetosphere and observe solar phenomena

In order to focus the efforts of the communifySolar System scientists and the expertise they bring to their reseattéivave
defined three themes that encapsulate the sweep of our researchityesdsare: (1polar Variability and its Impact on Us; (2)
Planets and Life and (3)Universal Processes. Within each theme, a series of specific questions has been delveloigh are
pursued through a combination of observation (reliant on baites@and ground-based instrumentation), laboratory analysis and
experimentation, simulatn and theoretical modelling. Complementing the science themes isfaleise-cutting Activities, areas
of significant importance that are relevant for all three of the themes (indeed, they are relevant for all of STFC’s research
communities) The questions speak to and extend the ‘Big Questions’ that currently comprise STFC’s Science Roadmap
(http://www.stfc.ac.uk/Roadmap/index.a$pkhey are also questions of international importance, as they solitigs that have
been recognised in road-mapping exercises undertaken by severattiobairbodies, specifically Astrongtt{p://www.astronet- |
[eu.org}, and its Working Group ETFLA (the European Task Force on Labyragirophysics)We are also aware of the goals of
ESA’s Cosmic Visions and Aurora programmes, as well as the intentions of the EU HfY2bframework.

Although the specific request STFC made to the SSAP was to prodoaenaap of the key goals and requirements fdarS8ystem
research over the next 130 years, we have also taken the opportunity to consult witbomumunity to formulate a series of
recommendations regarding our wider research programme.

Overlap with Astronomy and Particle Astrophysics Research Areas

Solar System research overlaps with astronomy in several areas, e.g., idytwe# stallar activity, asteroseismology draws on
results from helioseismology, and work on solar flares and prominences irdongsigleration of related stellar features. Similarly,
study of solar and planetary dynamos feeds into research on astrophysaeabdyturbulence in disks, etc. The field of exoplanet
research also demonstrates complementarity between the Solar System amsh#st@mmunities, with each community bringing
a different flavour to the research effort. As we move from detectithretoharacterization of exoplanets, the skills and knowledge
of the Solar System community become central to our understandimgsefalien worlds. We are starting to reach the point in this
area where we have sufficient confidence in the data to applyafamne most simple Solar System models. This is fundamentally
important as some of the nwdiscovered planetary systems contain objects for which there is no Solar Syategua (e.g
super-Earths) and hence allow severe tests of our physics. Solar Systenh r@seasuerlaps with the field of Particle Astrophysics
particularly in the study of neutrinos, cosmic rays, interstellar dust, wave-particletioesashocks, and other particle acceleration
processes. As noted in the previous section, there are several issues wtichnaoa to the research communities represented by
the different Advisory Panels (data archiving, grants, fellowshipstt#&ntships, high performance computing and labgrator
instrumentation). In this report, we have brought these areas togethethendeading of Cross-cutting Activities, in order to draw
attention to their importance.

Relationship with the UK Space Agency and with ESA

Since the last road-mapping and prioritisation exercise carried ou¢ I3T#C, the UK Space Agency

—— has been established. The UK Space Agency now funds thiepiaeait and operation of spaceflight
instrumentation developed and built by UK groups; such instruments grsnfor ESA missions, but
/ include development and build for bilateral and UK-only missions. It istitapt that the UK Space
/ Agency strategy is consistent with the science requirements of the missionstandentation, as
determined by STFC (and other Research Councils, e.g., NERC), tihedagnefits of UK participation

in space-based projects in terms of data exploitation and interpretationgtafithD students and
U K S PAC E PDRA and outreach opportunities. Additionally, the STFC and UK&pgency share a common
AGENCY impact agenda that is served through the continued growth bkif&pace Sector and initiatives such as


http://www.stfc.ac.uk/Roadmap/index.aspx
http://www.astronet-eu.org/
http://www.astronet-eu.org/
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ISIC, the Space Catapult, and the creation of an ESA establishhid¢atwell.

Creation of the UK Space Agency has resulted in a change oafine STFC's funding

responsibilities, most particularly the subscription to ESA, which no idiegéures in STFC's

budget line. Whilst consideration of the ESA subscription is not paniprioritisation exercise, e Sa

we deem it essential to highlight the importance of ESA to ourndsgaals. The selection of &

space missions, and the development of spaceflight instrumentationfemtiigsions, are

critically important issues for the Solar System science communities, andaairgna leading

member of ESA is a top priority. The UK Space Agency relies tip@i$TFC (and other Research Councils) for information and
advice when setting its own priorities. By ensuring that ESA (and othex agaacies') mission-related research is aligned with
STFC's road-mapping exercise, the UK Space Agency also has a firtifisddasis for its recommendations. There should also be a
reciprocal recognition from the STFC that missions, once they besgpperted by the UK Space Agency, remain visible in the
Solar System Roadmap, when relevant to Solar System research questionte WatdK Space Agency-supported missions
include technical demonstrations that provide pathways to meet futureesodguirements in addition to mature science missions.

As part of a desired expansion of the national space programme, the UK Space Agency is seeking to join ESA’s Life and Physical
Science in Space Programme (ELIPS). This is an optional prograanthacts as an umbrella for a variety of activities, including
access to the International Space Station, parabolic flights andodvers. These facilities enable experiments to be carried out in
zero gravity, and also at high gravity and at high speed. Sutiserip these facilities would give the UK access to a laboratory in
low Earth orbit, as well as new planetary simulation facilities and detectdrest It would be of great benefit to the Solar System
science community if this development took place, as it wouldneehand extend the range of observations, experiments and
simulations that could be undertaken in pursuit of our science goals, alttbsse of the themes described above. It is therefore
important that STFC be aware of this potential increase in infrastructurgtgaps, if successful, additional funds would be
required to exploit data from the ELIPS facilities.

Recommendation 1: The SSAP recomme that the STFC supports the UK Space Agency in its bid to become a partner in ESA’s
ELIPS programme. If the bid is successful, STFC should consdekests for funding to exploit data from the ELIP S facilitiethén
same way as from other space missions and projects.

With space weather now included in the National Risk Register, the W& mment recognises the potential impact of an extreme
space weather event to the national economy. The UK Spagepg seeking to join the space weather core element of ESA's
Space Situational Awareness (SSA) programme which aims to devepageaweather monitoring and forecasting capability. The
impact of space weather at Earth depends critically on a detailed undergtaithe generation of solar mass ejections, their
propagation through interplanetary space and their interaction wittatitie's space environment. The UK science community are
already world leaders in these areas of research and are ideally plaeggldevelop any instrumentation and forecasting models
that would be central to an operational space weather service.

Recommendation 2: The SSAP recommends that the STFC supports the UK SpaceyAgets bid to join the space weather core
element of ESA’s Space Situational Awareness Programme. If the bid is sugCeSEFC should consider requests for funding
research that would help develop instrumentation and foregastidels in the same way as for other space missions and projects.

In order to gain fully from participation in space missions, therstip@ sufficient funds both to prepare for future missions
(modelling, simulations, comparative studies, etc.) as well as to exploit datadrment and past missions. To date, as far as the
SSAP has been able to judge, there have been clear messagbsth STFC and the UK Space Agency about where thelboun

of funding responsibility lies. Whilst we very much welcome this asgem-@peration between the two bodies, the boundary is not
always apparent to the community at large. The SSAP takes the opiyagtuen by this road-mapping exercise to re-iterate the
importance of the synergy between STFC and the UK Spacecpgehere generic research and development for hardware (e.g.,
penetrators, detectors) is the purview of the STFC, whilst developmentahdiliberations for specific missions lies firmly with the
UK Space Agency. Funding for exploitation of data from spassiams, which often arises many years after the original STFC
investment in generic R&D and mission selection process, is again veryatethe remit of STFC. It is essential that STFC's
funding in these areas remains at a level that ensures continued UK sucdesESWtimissions, and such that our national space
programme is able to expand to implement bi-lateral programmes thatseh to test new technologies and deliver niche science
return.

Recommendation 3:The current co-operation between STFC and the UK Spaaecpgs welcomed and must be continued, such
that both bodies are cognisant of, and take into accthentelative priorities of each organisation. Where approptiatee should
be crosswepresentation on committees responsible for strategic, funding and prioritisation decisions, and this ‘dual-key’ approach
must be monitored and evaluated by regular, publically-citedleeports.

Structure of the Roadmap

The Roadmap is broken down into six sections. The first is a simple lidtthg science questions within the three themes. This is,

in effect, a summary of the Roadmap. The next three sectionsaekef the themes in detail, describing the goals of each theme
and the facilities and instrumentation required to achieve the goalals&/ detail specific areas where the UK has particular
strengths and expertise that support and drive the research themesurfthpdd of the Roadmap covers areas that the three themes
have in common, such as the need for high performance tiogpesources, the importance of studentships and Fellowships, etc.
The penultimate part of the Roadmap is a timeline, showing tlyegonone of relevant space missions, and when resources are likely
to be required for mission preparation and exploitation. The fintibeanf the Roadmap is a prioritisation of the resources required
to deliver our goals, and the rationale behind this ordering.
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Roadmap for Solar System Research: The Key Questions

S11
S1.2
S1.3

Theme 1: Solar Variability and its Impact on Us

S1. What are the causes, consequences and predictability of solar magnetic variability and the solar cycle?l

What is the origin of solar magnetic fields? How do they creatatiety of observed magnetic structures?
What causes solar magnetic variability and the solar cycles anéiaeve predict or forecast this?
How does the structure, evolution and predictability of solar etiadields relate to dynamic phenomena?

|SZ. What are the structures, dvnamics and energetics of the Sun?l

S2.1
S2.2
S2.3

What is the nature of the coupling between the solar internitace and the atmosphere?
Why are there solar structures and dynamics on different length schiisseascales, and what process is responsible?
How, and with what consequences, is magnetic energy tratsmidred and released?

|53. What are the underlyving processes that drive Sun-planet connections?l

S3.1

S3.2
S3.3

S3.4

How does the solar wind, including transients, evolve througtelibsghere, and how can we predict/forecast
conditions at Earth?

How are geoeffective events produced and how can veasoteem?

How are the magnetosphere-ionosphere-thermosphere systeengarftthand other planets influenced by their
interaction with the solar wind?

What are the processes that cause enhancement/loss of raeiggianound planetary bodies?

P1.1
P1.2
P1.3

P1.4

Theme 2: Planets and Life

P1: How did the Solar System form and evolve?l

What was the primordial composition and state of the solar nebula?

What are the processes and timescales of planet formation?

What are the internal structures and surface morphologiespi@itiees and satellites in the Solar Systeow do their
sizes, locations and compositions affect their evolution and ahathey tell us about past and present environments?
How does solar radiation affect the formation and evolufismall bodies such as comets and asteroids?

|P2: How widespread is life in the Universe?l

P2.1
P2.2
P2.3
P2.4

k (was) there life elsewhere, and what are its biomarkerg¥as) there life on Mars, and how can we find it?
Where do prebiotic molecules form and how do they geéoe they form life?

What are the requirements for and bounds of habitabilitg iBdtar System and elsewhere?

Where did the Earth’s water come from and what is the wider volatile inventory of the Solar System?

|P3: What do other planets tell us about the Earth?l

P3.1
P3.2
P3.3
P3.4

What is the impact record of the Solar System, including Earth?

What does the Moon tell us about the origin of the Earth-Moansyst

What can planetary magnetic fields, magnetospheres and latmesstell us about changes on Earth?
How can we explore and exploit planetary resources?

ul.l
ul.2
ul.3
ui4
ul.5
ul.6
uli.7
Ul1.8

Theme 3: Universal Processes

Ul. What are the fundamental processes at work in the Solar System?l

How do waves behave in inhomogeneous plasmas?

Why and how do instabilities develop in inhomogeneous ps&m
How are magnetic fields generated and how do they evolve?
What is the nature of turbulence in magnetised plasmas?

How does magnetic reconnection work?

What is the nature of cross-scale coupling in plasmas?

How are energetic particles accelerated?

How do we know what we are seeing?

|U2. How do planetary systems work?l

u2.1
uz2.2
u2.3
u2.4
u2.5
U2.6

How do fundamental plasma processes vary throughout the Sstiam3y

What are the processes that have created and modified the craistssiand atmospheres of Solar System bodies?
How do we build an holistic picture of planetary magnetospheres?

How are Solar system planets archetypes for planets in other playstams?

How common are Earth-like planets in other planetary systems?

How stable are conditions imetSolar System?

C3. High Performance Computin

C4. Laboratory Infrastructure

Theme 4: Cross-cutting Activities|(These are listed in alphabetical order, not in terms of priority):

C5. Telescopes




Theme 1: Solar variability and its Impact on Us

Introduction

The Sun is a fascinating and important object for astrophysical andaptasearch. It displays a vast number of surprising dynamic
physical phenomena. As our closest star, the variability of the Sun eampiwound consequences for the Earth and the modern
technological systems on which society relies. iilygact of the Sun and solar wind on our technology has become known as ‘space
weather’, and the UK government has recognised the impact of spatieewea the economy by listingin the National Risk
Register littp://www.cabinetoffice.gov.uk/resource-library/national-risk-reg)stdoyds of London also recently commissaata

report into the potential risks of space weather and their associate@/ww.IIovds.com/news-and-insiqht/risk-insib,ht

Solar wind variability, resulting from solar variability, and its evolution tgtaut the heliosphere plays a significant role in driving
dynamics in planetary magnetospheres which are important in understdredeglution of planetary surfaces and atmospheres.

The evolution of a Coronal Mass Ejection pictured over 24$buthe UK-led Heliospheric Imagers on the STEREO spacec
The bright ‘star’ on the right is Venus. Image credit: Jackie Davies and the HI team

Through long-term observation and modelling, we are movingrtisieacomplete and detailed understanding of the solar interior
and atmosphere and we now see that the Sun exhibits greatbilisaaad complexity than ever imagined. The quality of current
observations allows the study of three-dimensional, time-dependenbasdihear behaviour on all length and time scales. This
poses enormous challenges for both analysis and theory, requiring thepdev of innovative methods of observation and
modelling. The UK has a proud history of major solar and solar terrestrial discaatiégs the expertise to meet these future
challenges. The study of the Sun, our star, is essential for umdigngt@ther stars. This includes all aspects of solar physics from
the solar interior (e.g. generation and transport of energy anceti@field, S1.1, S1.2, S1.3), the solar atmosphere (e.g. coronal
heating, flares, S2.1, S2.2, S2.3), and the solar wind (S2e3hodlls developed for solar physics, such as magnetic field
extrapolation and seismology, are now routinely applied to other starg; & the fundamental processes, which occur in
astrophysical and laboratory plasmas, are observed remotely in high resotuttee Sun and in situ or remotely in planetary
magnetospheres, providing a unique opportunity for understandigigetiafield generation and evolution, particle acceleration,
instabilities, reconnection, heating, plasma waves and turbulence.

In order to address the risks associated with space weather, it is importadetstand the processes that drive solar variability and
improve our ability to predict the occurrence, speed and diredticoronal mass ejections (CMES). These eruptions carry energetic
plasma and associated magnetic fields from the solar atmosphere and intaniatarp space where they influence the environment
around planetary bodies in a variety of ways. The launch of a CMEhbamee the radiation environment for spacecraft and aircraft,
while its arrival at Earth can trigger a geomagnetic storm, driving gewtieglly-induced currents into ground-based power grids,
disrupting satellite timing and location signals and interfering with radio communications. The consequent heating of Earth’s upper
atmosphere and the resulting atmospheric expansion enhances atmospherndalsagltitude spacecraft. Magnetic flux in the
heliosphere affects the cosmic rays impacting earth’s atmosphere, which in turn affect, for example, cloud cover and albedo (S3).

The mechanisms by which the Sun, solar wind and CMEs influencéhigreptanetary bodies in the Solar System varies, from the
entirely solar wind-driven magnetosphere of Mercury to the largely intgrdallen magnetosphere of Jupiter. The induced
magnetospheres of Mars and Venus provide a degree of shieldingatriitbephere to loss processes via their interaction with the
solar wind. The fact that Venus has a thicker atmosphere than Mars, yet iseslitnjeclarger degree of solar wind forcing reveals
the complexities in understanding how the Sun and solar wind inBaghese systems (S3). Understanding the processes that drive
the solar variations, the production of heliospheric transients and theirtiorpptanetary environments requires detailed
observations, both multi-wavelength and in situ, covering a widgerahspectral, spatial and temporal scales. To maintain such a
comprehensive suite of observations, enabling a study of thdetenfun-Earth or Sun-planetary system in the required detail, the
STFC must liaise closely with space agencies, research councils and itmlestsyre that the science they fund meshes seamlessly
with other national and international programmes to ensure that @iledgneasurements are made from the solar interior and solar
atmosphere through to the space environments of the planets amdoditwe terrestrial bedrock.


http://www.cabinetoffice.gov.uk/resource-library/national-risk-register
http://www.lloyds.com/news-and-insight/risk-insight
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UK Expertise relevant for Theme 1

The UK has more than 40 research groups that are active in solatesaatrial and solar-planetary research (totalling more than
200 researchers) and holds a world-leading position within the internat@nalunity in instrumentation, observational data
analysis, magnetohydrodynamics (MHD) and kinetic theory, plasma phlamsitplanetary plasma science. A sample of UK
highlights and expertise for Theme 1 are listed below.

e UK research groups have a long heritage in solar wind and heliosphesicsptiyough world leading contributions to,
among others, the Ulysses and STEREO missions, and include expertise itmegxXpdth in situ and remote sensed solar
wind data, and the associated theory and modelling.

e The UK has several hardware groups developing instrumentation f
space- and ground-based projects, resulting in the UK taking Pl rol
oninstruments that contribute to the success of several internationz
space missions and ground-based facilities. Participation of UK
physicists is actively sought in major new projects. For example, th
UK now has major roles in four of the instruments for Solar Orbiter,
due to be launched in 2017. In ground-based instrumentéimn,
ROSA instrument is base-lined as one of the first generation
instruments for the U.S. Advanced Technology Solar Telescope
(ATST).

e  Our pioneering theoretical work in MHD and kinetic theory is valueg
worldwide, including advances in large-scale simulations through, fi
example, the DIRAC High Performance Computing facility.

e UK groups are internationally leading in the provision of

atomic/molecular data for the interpretatiorj of atomic/molecular_ The Electron Analyser System for the Solar Wind
spectra from spectrometers and _CHIANT_I is the preferred atomic Analyser on Solar Orbiter, currently being built at
physics package throughout the international solar community. MSSL. Image credit: MSSL.

e The UK currently hosts properly validated models of the coupled
magnetosphere-ionosphere-thermosphere jovian and saturnian systemstatbes¢he-art models are currently being
extended to understand physical processes including magnetic h@akiagl emissions, and the transport of energy and
angular momentum.

e The UK has considerable expertise in simulations of wave-particle interactiorteearapplication to radiation belt
production/loss.

e Through the use of ground- and space-based observatoriezssHST and UKIRT, the UK has built an international
reputation for the remote study of giant planet magnetospheres and ionodmioergls the analysis of auroral images and
spectra and their theoretical interpretation.

Only through a strategic approach to mission and facility involvement, daisiantheory and modelling, and adequate investments
in both staffing and HPC hardware, will our leading and productileebe maintained.

S1. What are the causes, consequences and predictability of solar magnetic
variability and the solar cycle?

The Sun’s atmosphere and its behaviour are controlled by its magnetic field, which owes its existence to dynamo action in the solar
interior and transport of the field from the interior to the atmosphereSihevaries on a wide range of time scales, from the sudden
rapid release of energy and mass over a few seconds, to thggiropaf MHD waves and oscillations throughout the solar
atmosphere over minutes, and to solar cycles over a decade. Variagohsiogdreds of years can be detected through proxies in tree
rings and polar ice sheets. The main goal of S1 is to identifyranadel all the physical processes responsible for such a wide range
of solar variations with the possibility of predicting or forecasting the spexiicesses that generate space weather.

Firstly, understanding the origin of solar magnetic activity requiretaileld description of how dynamo action arises through the
interaction of magnetic fields with rotation, convection, shear flawgsstable stratification (S1.1, S1.2, S1.3). What causes the
structure and development of the solar tachocline and createsrdifferetation? Does the large-scale magnetic field arise through
the interaction of turbulence with rotation or via magnetic instabilit’és$ does the solar cycle vary? The recent extended solar
cycle minimum was unexpected and at odds to all cycle predictions.Wekapecial about the last cycle? The large-scale magnetic
fields generated by the dynamo are transported to the solar surface lgtimbgayancy, leading to sunspots whose structure is
determined by the interactions between the magnetic fields and the simgpcmisvective motions. Key questions include (S1.2,
S1.3, S2.1): How does buoyancy interact with downward transpdtieiimagnetic pumping of convective downdrafts? How does
the complex interlocking comb structure of sunspot penumbrae féfimyds this stable? What is the link between
magnetoconvection and the small-scale features in sunspot ufmbnal dots)? This theoretical underpinning of the origin of
magnetic activity is constrained by our knowledge of the solar int@riough helioseismology. The current experiments have just
been going for long enough now for the first gravity modes (osciltivat provide information of the density and temperature near
to the centre of the Sun) to become detectable. Continued longstgnuiimgl based helioseismology experiments (e.g., BiSON,
GONG) together with the space-based instruments on SOHO, Hinode anguaExDtees new results in our understanding of the
Sun’s interior.
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Secondly, magnetic fields emerge on all spatial scales, ranging
from active regions to small ephemeral regions (S1.2, S1.3, S H—alpha
What is the form of the field in the solar interior and what are t X107

physical processinvolved? Are the small-scale magnetic fields
in the quiet Sun a result of magnetoconvective processing o fig
rising from the main dynamo at the tachocline or do they owe
their existence mainly tolacal small-scale dynamo driven by
near-surface convective motions? We need to improve our
fundamental understanding of how the interior magnetic field [
couples to the solar atmosphere and how the emerged magnet
fields are subsequently processed in the photosphere. How ard
many different coronal magnetic structures, such as active regi
loops, prominences and coronal holes, formed?

Thirdly, how does the structure, evolution and predictability of
coronal magnetic fields relate to dynamic phenomena (S1.3)?
extreme diversity of dynamic solar phenomena means that the
evolve on a wide range of timescales and lengthscales. For
example: fast dynamical evolution occurs in flares, spicules,
surges, coronal hole jets, CMEs (once the magnetic field is
destabilized); more moderate evolution takes place during acti
region formation, active region outflows, coronal holes, polar
plumes, magnetic carpet and small scale emergence; slow
evolution of the global coronal field’s structure and its open flux,

quiescent and active-region prominences (until they erupt). Thilmage chromospheric spicules in Hydrogen alpha

a subset of observed solar phenomena from SOHO, STEREO observed with ROSA showing the structure of the dyni
Hinode and SDO. How does the Sun create such different scalichromosphere down to the smallest spatial scaleslit:
Once we understand their magnetically-controlled formation,  Queens’ University, Belfast.

magnetic characteristics and drivers, we can then investigate their dynaroloéibe in more detail.

Key missions and requirements for S1:

e BiSON, SoHO, Hinode, HMI/SDO (and in the future Solar Orbiter, Solam@ HIRISE) provide global and local
heliosiesmology measurements as well as vector magnetograph meassitemgeasure accurately the emerging flux.

e Hinode, SOHO, STEREO, SDO and IRIS missions are key to understangihgsi¢al processes in emerging and developing
magnetic fields across all spatial scales.

e The Solar Orbiter mission, with its unique orbit, will provide a vidwhe poles to allow helioseismic measurements of that
unexplored regior this will probe the fundamental behaviour of the magnetic cydled Sun.

e ROSA’s multi-wavelength capability will continue to provide high-cackerobservations of waves and oscillations from the
photosphere/chromosphere at high spatial and temporal resolutiom@gidition, ATST will resolve, with unprecedented
sensitivity, individual magnetic flux concentrations, observing their emeegestructure and dynamics, measuring their field
strengths and direction.

S2. What are the structures, dynamics and energetics of the Sun?

The magnetic fields, which thread the solar surface fill and structusmllweatmosphere. The interaction of plasma and magnetic
field produces a wide range of dynamic phenomena. Traditionallgptaeinterior and the different levels of the solar atmosphere
have been treated as separate regions because of the limitations ofsppbgenwvations. However, the wealth of new multi-
wavelength observations, through both space and ground-basaderss, are giving us a simultaneous view throughout the
various atmospheric layers. The time is now right to shalythese layers are coupled together (S2.1). The new high-cad&ice, h
resolution observations from the Hinode and SDO satellites and from thedgbased DST/ROSA instrument have shown how
dynamic the entire solar atmosphere is. Transient and explosive eveniss siactoflares to microflares, spicules, CMEs and flares,
occur throughout the solar atmosphere, at all scales (S2.2). Flows aftemirearad waves and oscillations are omnipresent. Key
questions are: What is the nature of the coupling between the solar intefame sund the atmosphere (S2.1)? How is mass,
momentum and energy transported from the convection zone dorttrga and solar wind (S2.3)? How does the lower atmosphere
regulate this transport (S2.1, S2.3)?

The distribution of the surface magnetic flux is now knowrottof a power law over many decades, with many small-scale
magnetic elements of 1Mx, the present resolvable limit, and fewer large-scale sunspoté’dx.0Coronal active region loops are
conjectured to consist of many threads, with the elemental thread presidnithresolved. However, ATST, with a spatial

resolution of 25 km at the photosphere and 150 km in the &owilh provide a step-change in resolution. Key theoretical quastion
include: Why are there solar structures on different length scales and time aedlefat process is responsible (S2.2)? How do
these solar magnetic fields evolve dynamically (S1.3, S2.2)? What is ¢meticanature and properties of the elemental thread and
why? What determines such scale-invariant distributions, how far doxtendeand which processes are responsible (S2.2)? How
are the different scales coupled in dynamic events (S2.2)? Whataeattacteristic magnetic topologies across the scales and how
do they change (S2.2)?

An underlying process involved in all solar atmospheric phenomenatistiséer of magnetic energy not only from its source in the
interior but also into thermal energy, kinetic energy and thdexatien of particles. Transfer from the interior is either directly by

9



Roadmap for Solar System Science November 6, 2012

the emergence of magnetic fields or through the propagatiwaes/oscillations along magnetic structures (S2.3). Important
theoretical questions include: What role do small and large scale flows at thef lineephotosphere play in the build up of energy
and the re-organization of atmospheric magnetic fields into complexyenedegsing structures (S2.3)? How is this energy
transported and distributed in closed and open magnetic field regiaB32$Be release of magnetic energy can be fast and highly
dynamic, as in flares, CMEs and other eruptions, but it can also be less dyasimiheating (either due to wave damping o
nanoflares). Why and how does energy release occur both over swathétres) and large (solar radii) length scales leading to
solar flares and CMEs (S2.1, S2.3)? How do waves propagate in a highly steatifisttuctured magnetic environment (S2.3)?
How is the plasma in in the upper corona accelerated to produseldinevind (S2.3)? How do fields, flows and particles interact in
the solar atmosphere (S2.2, S2.3)? How does the global magnetic fieldrstngg over periods of months to years (S2.3)?
Understanding these processes require direct incorporation of observdditaniaito theoretical models to first reproduce and
understand the physics behind these complex systems and then totpesulict

To transfer magnetic energy into other forms of energy (S2.3), yhguestions relate to where, when and how much energy is
transferred. What is the relative significance of the two main energy refead@nisms in coronal and chromospheric heating:
reconnection and waves? What are the mechanisms that remanaghetic flux/energy from the Sun? What triggers solar
eruptions and can we predict them? How do solar magnetic fields dissipatearadtdgngth scales and time scales? What are the
nonthermal processes that heat the solar atmosphere? What is the naturdiaatiangof the coupling of MHD and kinetic scales
for nanoflares/flares/eruptions?

Many signatures of solar activity are produced by energetic particled.(EBergetic accelerated particles are ubiquitous in
astrophysical plasmas, and all types of solar activity are associated withe@antieleration. Magnetic reconnection acts as an
acceleration mechanism, but how this operates at a particle or kawefids still unknown. There is a massive disparity of scale, in
that plasma simulations can be used to investigate acceleration procetbeesaate of the reconnection region, but the flare site has
a much larger scale, encompassing active region structures. Plasmammasiediquired to understand fundamental questions of
particle acceleration, such as the interplay between reconnection anldriag) but more global modelling is required to understand
fully the role of large-scale magnetic structure and interactions with lowtsrgiahe corona. There are also problems of
interpretation, since particle propagation and emission effects mediates#reational signatures, needing a multi-wavelength
approach to disentangle their properties. CMEs are associated with solar epartjelecevents measured by spacecraft at 1 AU,
which fill a substantial portion of the heliosphere contributing tadldétion environment in the Solar System. Shocks are known to
be efficient acceleration sites for energetic particles, and those fatmead of CMEs are a natural explanation for solar energetic
particle events. Testing theories of not only the shock acceleration gescbst also propagation and time evolution effects,
requires modelling of the inner heliosphere. It is also necessanpto tke initial state of the energetic particle populations, and this
can depend on previous activity events and flare accelerated paBietesise of the efficiency of energetic particles emitting in
radio, optical, ultraviolet and X-ray wavelengths, they serve as theeisignatures of the physical processes and, without them, our
understanding of the solar atmosphere would be rather limited (S2.3).

X-ray jets seen at the north pole of the Sun by the X-ray telesecdymard Hinode, in response to newly emerging magnetis field
reconnecting with the background field. Credit: Hinode X-Relescope.

It has traditionally been assumed that the solar coronal plasma is ithieeabdynamic and ionisation equilibrium, but with the

new highly dynamic observations, we need to take a different, chailenging approach to modelling the atomic processes and
solar plasma. We foresee a worldwide interest in non-equilibrium processesexttiew years. Theoretical modelling of some
dynamic solar features requires non-equilibrium ionization. Observations froma frtwnd- and space-based instruments will enter
a domain where we cannot ignore non-equilibrium and non-tieffects. For example, IRIS, a next-generation spectrometer with
much improved spatial (0.3") and temporal resolutions, is designeditoteidynamic interface between the chromosphere and the
corona, including structures not in local thermodynamic equilibriure. questions we need to address are: How do non-equilibrium
processes affect the plasma modelling and diagnostics? How can we ithgrdirgetic and plasma models for regions where flows
are prevalent, and where ion and electron distributions may not hbsililbeum? Can we adapt atomic packages, like CHIANTI, to
take account of non-equilibrium processes?

It is through the synergy of improvements in observations, theorgiamdation with High Performance Computing (HPC) that we
will solve these major problems. Once the underlying physical processewlarstaod, we will be able to make predictions.

Key missions and requirements for S2:

e The Hinode and SDO missions provide high-resolution data on thedlodveagnitude of the magnetic field that drives
activity at all scales. The UK-led spectrometer EIS provides critical informatigofasma parameters such as flows as the
magnetic field varies. This is complemented by the long-established UBEED/CDS instrument that has provided
EUV spectral imaging for 17 years and will continue with involvemeiRIi8
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e RHESSI continues to provide outstanding data on high-energy solar evenfsr gtasicle acceleration, and in the future,
Proba3 (Fresnel Lens) will image the hottest flare plasma, at sub-arcspedtiadiscales that approach fundamental
structural coronal scales. SPARK is designed to target the whole range aé @anteleration, from suprathermal electrons
to relativistic ions, through the combination of imaging and spectroscopy

e STEREO provides a heliospheric imaging capability, led from the UK, whiahigsi@ in the study of CMEs from onset to
Earth impact, feeding into studies of coronal structure and evolagiovell as issues such as SEP production.

e ROSA observations of solar flares provide exceptional imaging of the finéus&wé chromospheric filaments and allows
us to relate those with post-flare eruptions and CMEs. ROSA can determimptrance of waves as fundamental
carriers of energy through the solar atmosphere.

e LOFAR, together with other ground- and space-based instrumehtiberve the Sun in radio, optical, EUV, and X-ray
wavelengths, will study dynamical aspects of solar activity, such as solar flares.

e  Solar Orbitewill provide ‘encounter’ type science by providing high-resolution imaging and spectroscopy during the
unique orbit- this will allow us to probe the solar atmosphere at close to fundahseales.

e The Solar-C mission focuses on analysing energy flow spectroscopicdlig alhy through the solar atmosphere. This is
not achievable with current instrumentation and will make huge steps farwanderstanding fundamental processes

e The energy released in solar flares is stored in stressed magnetic fieldswlllBovide accurate magnetic field
measurements in the photosphere, chromosphere and cororetemuirte the pre- and post-CME magnetic field
configuration. The magnetic fields of prominences and eruptiveditésmwill also be measured to coronal heights.

e HiRISE with its outstanding spatial and temporal resolution, will provideligigts to the micro-physics underlying
magnetic coupling between the solar photosphere and coronagmthasis on the dynamics of the transition region.

S3. What are the underlying processes that drive Sun-planet connections?

The solar wind and its magnetic field can have a profound irduen the environments of planetary bodies in the heliosphere. It is
thus critical that we understand both the origin at the Sun, andgdhgien of the wind and magnetic field, in orderrecognize the
variations that we see in situ and their subsequent impact on the Eartthan8alar System bodies (S3.1). Such knowledge is
essential to underpin further research into predicting the propagdtsmlar wind transients (CMEs, high speed streams and
interaction regions) in a space weather context. Key questions inclua¢idithe global structure of the solar corona and the near-
Sun solar wind? How and where do the solar wind plasma and mdigidtariginate in the corona? What are the different origins
of fast and slow solar wind? How do solar transients drive heliospheric variabiligfanéhthe drivers and effects of solar wind
turbulence, and how and where are shocks formed? To answerhestions, it is essential to make in situ measurements of the
solar wind plasma, fields, waves, and energetic particles close enobhghSort that they are still relatively pristine and have not
had their properties modified by subsequent transport and propepgeiitesses. A key element in understanding these phenomena is
the combination of observational data and theoretical models to vegrtite characteristics of these complex systems and then to
predict them. For example, MHD models of the solar wind can be usedd®l the structure and evolution of high speed streams
and stream interaction regions through the inner heliosphere,@ptbipagation of CMEs through this complex environment,
|nteract|ng W|th the solar W|nd stream structure and even other CMEs. How®reurrent models assume that the solar wind is in

Bl T thermal equilibrium. Does the fact that the solar wind is a non-equilibrium
" plasma affect the propagation of CMEs and solar wind streams?

With the advent of space borne heliospheric imagers, such as those on
STEREO, our ability to track solar wind transients has been greatly
improved. The techniques developed for tracking solar wind transients in
these wide-field cameras have enabled preliminary predictions to be made
of the arrival of the observed transient at a given location, be it a
spacecraft, the Earth or another planet. It is clear from these predictions
that while some events could theoretically be tracked with a precsibn
latency sufficient to provide a useful warning at Earth, the vast majority
are not. In particular, it is more challenging to track those events that
interact with each other or propagate at speeds that differ significantly
from that of the ambient solar wind. Accurate forecasting of solar wind

FA combination of two images from the STEREO EUV ek conditions and_ the arrival of pote.ntially_geoeffective transients at Earth

and solar coronagraph, showing a prominence brgakir therefore requires not only a_basnc ablllty_to detect and track thesestea _

from the solar surface in October 2012. Credit: NAS®FC. but also detailed understanding of the universal processes that govern their
interaction (Theme 3). For it to be useful to operators of grooinspace-based systems, a space weather forecast requires: an
understanding of the background solar wind conditions into whiglransient may be launched; an estimate of when a transient
will erupt; initial estimates of the speed, direction of propagatiordandity of the transient; estimates of the expansion rate and
longitudinal extent; understanding of how a transient will interact witlsake wind; whether a shock front will develop that will
lead to enhanced particle acceleration ahead of the transient.

While advances have been made in tracking the speed and @éssilyr wind transients and estimating their time of arrival at
Earth, their effect on the Earth’s space environment cannot be anticipated sufficiently far in advance to provide useful warnings. The

main reason for this is that the strength of their coupling with the Earth’s (or another planet’s) magnetic field, their geoeffectiveness,

is strongly dependent on the highly variable direction of the magdiedtidn the transient. If this ispposite to the Earth’s field, this
maximises the efficiency with which the two fields can merge through etiageconnection, allowing energy and plasma to be
stored in a planetary magnetosphere. Additionally, a steady solamitinthe appropriate orientation can also produce geoeffective
events in ways that are not fully understood. The concept effgetiveness as extended to the magnetospheres of other planets is
also of importance in generalising this concept to understandingl¢hef ighysical parameters (such as the strength of a planetary
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magnetic field and properties of the incident solar wind plasma) in congrghioeffectiveness (S3.2). Despite its impactathe

only way currently to predict this quantity at Earth isidi&itu measurements at the ACE spacecraft, orbiting the L1 point
approximately 0.01 AU upstream of the Earth. Such measurements padvileced warning of the geoeffective nature of an event
only about 40 minutes prior to its arrival at Earth.

Key missions and requirements for S3.1 and S3.2:

e Widely spaced in situ solar wind observations from the two STEREO spacgccafinbination with ACE at L1 and other
interplanetary spacecraft such as Venus Express and Messenger are aongnitiyiting to our understanding of the
large-scale structure of the solar wind. Combinations of data from ACE, Wind, Glogt@hemis/Artemis are suited to
smaller-scale multi-point studies of the solar wind. We note concarA@iamay be decommissioned soon, risking loss
of essential L1 measurements.

e  Solar Orbiter builds on our UK strengths and will revolutionise our knowledtfeafolar origin and inner heliospheric
evolution of the solar wind by combining in situ observations closéret&un than ever before, both in and above the
ecliptic plane, with high resolution multi-wavelength imaging an@tspscopic observations. The extensive investments
that the UK has made in this mission must be fully exploited.

e A “pathfinder” mission placing a heliospheric imager at L4 or L5 would allow exploration of whether such instrumentation
could be used in routine space weather forecasting. This concehtevsubject of a recent UK Space Agency-funded
feasibility study (HAGRID).

e  Further development in modelling and simulation of solar wind evoligiatso essential, including non-equilibrium
plasma effects. Good near-real time models of the inner heliodpdszd on near-real time solar and heliospheric
observations are needed and we need to improve our scientific undieigtanmake these accurate enough to be useful.

e Developing techniques to measure the direction of the magnetiefiddddded in a transient well ahead of its arrival at
Earth (S3.2) would be a major advance and would be of greaigitratlue to future space weather forecasting
capabilities. This could be achieved in the following ways:

o Deployment of a fleet of spacecraft in highly elliptical Earth orbit&nHetween them, always have a
spacecraft significantly upstream of the Earth in the solar wind.

o Asingle spacecraft orbiting much closer to the Sun than the L1 ysiitg a solar sail to balance the forces
necessary to keep it upstream of the Earth. This is the aim of tSAMNKWAA Sunjammer technology
demonstrator mission (2014 proposed launch) for which UK scientists havap@eached to contribute
magnetic field sensors.

o Use a ground-based radio telescope such as LOFAR to measure the Fategtayof the signal from
astronomical radio sources as it passes through the solar wind.

The interaction of the solar wind, and any embedded transients, plahet is mediated by the coupled magnetosphere-ionosphere-
thermosphere system, which facilitates the transport of energy anidramgumentum between a planet and its surrounding
environment (S3.3). Under different levels of forcing from the solar wvdiférent parts of this system become important in
mediating and transferring the stress and energy imparted onto the Eadé.iffleractions are highly non-linear and are of
fundamental importance in understanding space weather eventrplexity and non-linearity of this system is enhanced at the
giant planets by the strong role played by internal plasma sources, sudt dsgiter and Enceladus at Saturn, and the enforcement
of (partial) co-rotation of the magnetospheric plasma thus extracting emergyngular momentum from the parent planet. The
magnetospheric configurations of Uranus and Neptune
differ significantly from those of the gas giants because
of the large offsets between the spin and magnetic axes
at both planets and Uranus’ large obliquity. Although

these effects must lead to unique configurations for solar
wind-magnetosphere-ionosphere-thermosphere
interactions and interior plasma transport, almost
nothing is known about the seasonally-dependent
consequences. Clearly, the solar wind-magnetosphere-
ionosphere-thermosphere system varies considerable
across the Solar System thus providing a laboratory to
study the relative importance of each component.

The influence of energetic particles on Earth’s

HST images of a strengthening aurora on Saturn, neg@om solar wind atmosphere is a good e_xample of the con§equences of
pressure (F. Crary et al., Nature (2005) 433, 695-696 the Sun-planet connectlon: Energetic particles
accelerated near the Sun and in the Earth’s

magnetosphere during geoeffective events precipitate into the a@nesphe most energetic particles penetrate further into the
atmosphere before transferring their energy and heating the atmodpieedepth at which this energy is deposited has a bearing on
the extent to which the atmosphere expands with deeper penetraisimgoaeaker expansion (since there is more atmosphere above
to lift). Somewhat unexpectedly therefore, weaker geoeffectiertevymay have a greater impact on atmospheric expansion, with
important applications to secondary effects such as satellite drag. A related impartaioingn the study of giant planet
magnetospheres is why their thermospheres are much hotter thanesguidireed by current models of solar and auroral heating.
These issues highlight missing physics in our description of planetary theeresph the presence of unknown energy seurce

One of the great challenges in understanding the dynamics of plametgngetospheres and their interaction with the Sun is dealing
with the vast range of scale sizes involved. The auroral subsyotenis a good example of the challenges presented by
understanding a process that occurs across a range of scale sizésenreergy stored within the magnetosphere is transferred into

12



Roadmap for Solar System Science November 6, 2012

the Earth’s atmosphere, focussing a volume many times that of the Earth, into an area around the size of a continent and mediated by
electric current systems that may be present on the scale of 10s of denstanding the process by which solar wind energy is
transferred into the Earth system requires techniques that cover both ldegebseavations made by spacecraft and ground-based
facilities together with measurements of the detailed interactions betweielepand magnetic fields at much smaller scales. A
detailed understanding of the transport of energy from the solar wind into the Earth magnetosphere and then into the Earth’s

atmosphere will provide vital input to scientific subjects beyond theesscbf TFC science. The modulation of ionospheric layers,
thermospheric composition and circulation, the global electric
circuit and long-term change in the Earth's atmosphere are all
subjects being studied by NERC-funded scientists using
facilities such as EISCAT and SuperDARN. It is important to
ensure that science at the boundaries of research council remits
is enabled through consultation between research council
strategies Study of the magnetosphere-ionosphere-
thermosphere system also has applications beyond our Solar
System. The associated current systems play a key role in the
generation of auroral radio emissions that may be used as a
remote diagnostic of magnetised exoplanets, as already
demonstrated in the detection of auroral emission in brown
dwarfs. This is a growing theoretical area in which the UK has
a lead and the growing capability of ground-based radio
Dramatic image of the aurora borealis taken in Kvalagar Trgmso, observatories, as well as space-based observatories, will lead
Norway. Image credit: Bjorn Jargensgt//www.suntrek.org/blog/the-] to important discoveries in this area. Key scientific questions
[northern-lights-aurorae-boredis include: How do magnetospheric structure and dynamics arise
from the interaction with the solar wind and interplanetary magnetic field? ivtiee role of magnetospheric substorms in solar
wind-magnetosphere-ionosphere coupling and how are they gify¥vhat differentiates geomagnetic storms from other
geomagnetic activity and what causes them? How are giant plamebfipheres heated? Can the expansion of the atmosphere due
to magnetospheric activity be accurately predicted? How does magnetosphéticamiple to the ionosphere and atmosphere, and
how do these regions influence magnetospheric behaviour?

Quasi-permanent radiation belts have been found at almost all the reedetdies in the Solar System and are known to be
dynamic, responding to forcing from the solar wind and possibly interoeggses at the giant planets whose magnetospheres have a
high degree of internal control (S3.4). At Earth these radiation beltpaaticularly their variability in spatial distribution and
intensity, are important factors to understand since they pose risks to satelliss¢randuts and are a key component of Space
Weather. At other locations in the Solar System they also pose risks&zisf for example they are critical mission drivers for
JUICE. In general it is important to understand how these radiation belts aratgdnmaintained and lost. The acceleration of a
“seed” population of particles up >MeV energies, by interactions between waves and particles, is an active area of research in which

the UK plays an important role. However, the origin of these seed particlespemmuestion particularly in giant planet
magnetospheres (see also U1.7). Precipitation of radiation belt particléseiatmnosphere of a planet is a general process by which
radiation belts can decay, thus affecting the atmosphere, possibly oy¢imlerscales. It is critical to continue the theoretical and
observational investigation of radiation belt variability and particlelacation in order to fully develop our system-level
understanding of Space Weather and to gain a general undargtahcharged particle acceleration in the universe. The variability
of radiation belts is also important for understanding habitability, particd&rhoons embedded in such radiation environments.
Key questions include: Are wave-particle interactions critical in generatimgticadbelts? What are the energy and plasma sources
and sinks for planetary radiation belts, do these vary between diff¢aaetary magnetospheres? What are the seed populations for
generating radiation belts and how are they produced? How do the terradtatibn belts respond to quiescent solar wind driving
and solar wind transients/CMEs? Do the radiation belts of the giant planets respolad waind driving? Modelling and

exploitation of future, current and heritage data sets on radiation beligtlataBd the outer planets is crucial in answering these
guestions. Exploitation of public data from NASA missions (e.g., RadiatitirBBem Probes, Juno) with a radiation belt
measurements in concert with data from UK-led instruments will also@rtamt in addressing these questions.

Key missions and requirements for $3.3 and S3.4:

e The development of Space Weather forecasting relies on understpraisgses and structures over vastly different scales
in the magnetosphere, from small-scale current systems to the glob@tosmirere. The proposed AXIOM mission will
pave the way for global magnetospheric imaging and the studied CENTHSIon is part of the road-map for
developing a fleet of magnetospheric monitors. Smaller-scale curremhsyetel structures will be probed by the
SWARM and NASA MMS missions, and continue to be studied by Clugterproposed Alfvén mission will continue
this work. At the boundary between the remits of NERC and STFCdjeqgbs investigating the transfer of solar wind
enegy to the Earth’s atmosphere then to the Earth’s surface. To enable such projects to continue, support is required for
exploitation of data from EISCAT and SuperDARN.

e Continuous auroral monitoring (e.g., via Kua Fu) is also important inrstaghkeling the global magnetosphere since these
emissions map out to very large volumes in the magnetosphere.

e Funding for the exploitation of data from giant planet missions (such as iCassirventually Juno and JUICE), and
remote telescopic studies, is essential in understanding the magnetospbspbeogrthermosphere systems at giant
planets and how internal magnetospheric processes change this coumiegeitual exploration of the ice giants via an
orbiter (e.g., Uranus Pathfinder) is essential to complete this pictureéngdadremote sensing studies and to pursue
modelling and data analysis is required to support such future mission aegatop
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e  Funding to exploit data from Messenger will enable the UK to magadritant goals in magnetosphere-ionosphere-
thermosphere coupling and to prepare for Bepi-Columbo. Fufalimgta exploitation from JUICE will also enable the
study of small magnetospheres via the JUICE orbital phase of Gaaymed

e Acritical issue in understanding solar wind influences on giant planets is thef laclupstream solar wind monitor.
Current work uses modelled propagations of solar wind conditions at 1deventual development of an upstream
monitor for an outer planet mission will be an important step in undersgatidirmagnetospheres of the giant planets.

e The UK has expertise in modelling the acceleration of charged patidtes radiation belts of Earth and Jupiter.
Continued funding of this research will maintain the UK’s position as a lead in this important area.

e NASA’s Radiation Belt Storm Probe (RBSP) mission is a dedicated radiation belt miasibthe UK has a unique
position in our ability to combine Cluster and RBSP data to undergtarptoduction and loss of the terrestrial radiation
belts. Funding for Cluster and for exploitation of publicly available RB&ta will enable us to exploit this position.

e  Exploitation of data from Juno, Cassini, JUICE and a future ice giait¢iowill enable the complete exploration of
planetary radiation belts to give adetter understanding of the production, energisation and loasiafion belts.

Theme 2: Planets and Life

Introduction

The origin of the Solar System and the possibility of life beytbrdEarth are questions that have occupied the minds of scientists for
many years; they are also questions that are of great interest to aemeral gublic, and inspire future astronomers and planetary
scientists. Significant progress is being made into understanding our gssdaind our place in the Universe. The UK planetary
science community is engaged in a variety of fundamental planetangce investigations targeted at understanding the Solar
System knowledge gained from these studies has direct applicatf@understanding of the formation of exoplanetary systems.

; T S How the Solar System formed and evolved reacheshstheart of
planetary science. In understanding the matehatsiave formed
and modified the planets, knowledge of the inventdmplatiles
within the Solar System is an important factor. Ustiending the
interior, atmospheric, surface and magnetospherictsres of
planetary bodies within the Solar System is cruoigiroviding
constraints on the volatile budget. We also hawedd knowledge of
the geology and geomorphology of many of the teraéplanets
and satellites in the Solar System and what presexffect them.
Even our understanding of surfaces and surfacesaimeoe
interactions of the best-studied bodies, Mars and Venus, is still far
from complete. For example the sedimentary rock record of Mars
is only now beginning to be investigated through high-resolution
orbital investigations and rover observations.

The UK community is considerably active in the search for

evidence for past or present life beyond Earth, especially the

] ] search for life on MardNotwithstanding the significant emphasis
The Reull Vallis outflow channel on Mars. CrediSA& that has, appropriately, been placed on study of the red planet, our
understanding of the habitability of planetary environments is nowng beyond consideration of Mars athd “Goldilocks” zone

of habitability. For example, investigation of the warm environments inside thmaons of the giant planets is extending our
understanding of the bounds of habitability. Reseenctinues into determining the biomarkers thatlaeesigns of life, and how these

signs degrade because of environmental effects. Establishingalogigal framework of Solar System bodies underpins future
understanding of the evolution, habitability and current envieortrof terrestrial planets and satellites. Questions sutH@s

widespread is life in the Universecannot be addressed without knowledge of the geological airdremental contexts of a
planetary body, set within a chronological framework. Once suchderstanding is gained, the knowledge can be applied to future

exploration prospects, from orbital global-scale studiés $itu micro-scale investigations. Over the past decade, discoveries of

exoplanet populations have revealed a wide variety of planetagnsysmany very different from the Solar System: no longer a

‘hot Jupiters’ the norm as exoplanets — an increasing number of terrestrial-type planets are novkadsen A complete investigation

of the Solar System is essential to provide a basis for comparisorbte anderstanding of exoplanetary system formafan

giant exoplanets, it is already possible to start to determine their atmospherisitom@md structure. But much more will be
required to understand how they work in both familiar and extreme envints. Fascinating new water worlds are being

discovered that may be scaled-up versions of icy moons such as Batbgaceladus. An interesting and important corollary of

such research is that study of different classes of terrestrial planets will also isfalbout the evolution of our own planet.

Studies of other planets yield information about some of the majatsefazed by our civilisation on Earth, such as magnetic field
reversals, asteroid impacts, resource depletionglandte change. Information about planetary dipofesraagnetospheres can shed
light on the changing dipole of the Earth (magnei@rsals) and its resulting changing magnetospheesatifiospheres of other planets
(e.g. Venus, Mars) give us insight into climatergfeathat has occurred (and is still occurring) on Earth. StudidsarfEarth Objects
and missions to asteroids will yield data about the nature of asteroids whicle mmbgnbjor importance in understanding the
potential for major impacts on Earth. Furthermore, as we exhaussth@ces of our own planet, we may ultimately rteexkplore

and exploit the resources of other planets.
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UK Expertise relevant for Theme 2

The UK has around 30 research groups active in planetary science rets¢allolg approximately 200 researchers. It is recognised
as a leading exponent of the laboratory-based analysis of extraterrestriallmyasmeell as remote sensing of planetary
atmospheres and surfaces, small body dynamics and exoplanet defdwtifiald of astrobiology is an important sub-discipline
within planetary sciences; the UK was amongst the first to recognize the subjeogasata area, and is still a major international
driver of the subject.

e The UK has some of the best equipped laboratories in the world fanaiesis of extra-terrestrial material, dol
expertise in this field is world-renowned. TH&E CAN (Cosmochemistry Analysis Network) is an example of how access
to facilities is well-established between different laboratories nationititealso a leading partner in a complementary
EU-funded scheme under the Europlanet umbrella.

e The UK also provides major contributions to mineral physics at high pressurésnaperatures, such as those experienced
by metal and silicate segregating during the formation of the obtesestrial planets. Through the use of facilitieshsuc
as ISIS, the UK has international leadership in the laboratory study etgdamces and volatiles which are of key
importance in understanding the interiors of planetary bodies.

e The UK s a world leader in laboratory astrochemistry, directing the EU ITN LA8%boratory Astrochemistry and
Surface Science in Interstellar Environments). UK astrochemists are world-ren@wittegirf contributions especially in
ice chemistry and physics, particularly in fundamental surface scienegragpts and the associated theory relevant to
planetary, cometary and protoplanetary environments.

e The UK has a strong legacy of planetary remote sensing and observitiodKvecientists participating in research and
modellingof data from Venus, Mars, the Moon and Mercli( teams have develeg instruments for several missions
(including Mars Express, Mars Climate Sounder (on MRO), Venus ExpresSaamsin) for characterization of the
composition and dynamics of planetary atmospheres. They &vplayed major roles in developing software for climate
statistics and numerical models for the climate®lars, Venus and Titan.

e The UK s a world leader in the study of planetary magnetospherebBeainahteractions with moons, rings and the parent
planets through participation in Mars and Venus Express, Cassini JWIQE, and related studies at Earth.

e Astrobiological research is a major forte of UK scientific activity. In terms ofngtieg to detect life, UK teams have built
miniaturised mass spectrometers, X-Ray and IR spectrometers and envirosemwstes. UK groups have alsd le
projects on characterising the nature of life in extreme environmeriartim and characterised microorganisms in
samples exposed to space conditions in orbit. A specialist astroblabmypatory has recently been established in the
Boulby potash mine, 1 km underground, where it will host experimenégxtoemophiles.

e The UK currently leads the world in ground-based transit surveys for exetpl@yg. WASP, SuperWASP, WFCAM
Transit Survey, NGTS) and has pioneered the low-cost discovexppla@ets The UK is heading the EChO mission,
which will characterise these systems as planetary bodies. In microlensingssul¥agsearchers have produced software
tools that allow efficient targeting and scheduling of potentially i@ objects. Several groups are undertaking
internationally-recognised observational and theoretical studies plagyat atmospheres. The UK has also developed
leading positions in asteroseismology and its application to planet host stars.

e Observation of planets in the process of formation using sultvenalength instrumentation is a recognised strength of
UK scientists, as is the complementary discipline of numerical modellingréiformation.

e The UK is taking a significant part in the development of Europldnet=uropean planetary science network, which is to
be hosted by the UK from 2013 onwards. Europlanet, and particutadwritual European Planetary Science Congress,
provides a focus for European co-operation and dissemination of itsestietie wider community, policy-makers and the
general public.

P1: How did the Solar System form and evolve?

@ Our knowledge of the origin of all planetary systems requires systematic and
5 detailed study of the Solar System, which contains the only presently-known

abode of life, and investigations of exoplanetary systems whoseatahe

is very different from that of our own. We need to understanehiat ways

Solar System planets are archetypes for bodies in other planetary systems.

To this end, we undertake studies of early Solar System material, ortine f

of asteroids, comets, primitive meteorites, and interplanetary dust-particles.

Within meteorites, we can isolateggsolar grains (derived from stellar

sources that existed prior to the birth of the Solar System), refractdmg gra

f (the earliest solid particles formed in the Solar System), chondrules

(produced during high temperature flash heating events whenthess

very young), and fragments of planetesimals that were formedesticbyed

' in the early history of the Solar System (P1.1 and P1.2). Laboatatysis

Thin section of a chondrule from a primitive mefesr of these components allows us to derive very precise timescales for th

viewed through crossed polars. The chondrule has a ti evolution of the solar nebula and the subsequent evolution of pretguian

rim, showing that it accumulated smaller dust grainsty  bodies. Material remaining from the formation of the Solar System (comets,

still warm. Field of view = 1 mm. asteroids, Trans-Neptunian Objddtsalso affected by changes in the

evolution of the Sun, and may have had a major role in distripuataterial throughout the Solar System. Outstanding problems in

understanding the early history of the Solar System include: (1) What evpsriordial state of the solar nebula? (2) How did the

evolving Sun affect the evolving planets? (3) How did dust and icetetiether in order to grow into planetary bodies? (4) What
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were the timescales for accretion of the plan@t&%e questions can be addressed via studies of meteorites derived from
differentiated asteroids, lunar and martian samples (including future sestyie missions), as well as observation of ancient
planetary surfaces such as those of Mercury, Callisto and the Moon.

Following accretion of dust into small planetesimals and thentglgplanetary interiors, atmospheres and magnetospheres
developed (U2) eventually resulting in the structures observed Déssgrmining the structure and composition of thermbaidies

in the Solar System (P1.3) is a key diagnostic for undersigtitknprimordial structure and composition of the saduta,

identifying where these planets formed, and the psasesf planet formation. The subsequent evolutidgheplanets after their
formation is dependent on the size, location and compositidrso it is critical to characterise the planets (P1.3) andstadéthe
impact history of the Solar System in order to undedsthe processes by which they have evolved (P1.4). Obsesvafion
exoplanetary systems show us that the orbital architecture of the Solar Sysmammon and it is now generally aceeghat

the planets have undergone orbital migration through tidal intenadtietween planetesimals, planets and the protoplanetary disc.
However, the question of how the planets arrived at where we #ma tiday (P1.5) has not been comprehensively answered. Many
of the exoplanet systems that have been discovered are very dififerethe Solar System. In particular, the size, the eccentricity
and the relative inclinations of the planetary orbits show that their evoluiist have been shaped by forces and events that our
system did not experience, or did not experience to the same &4teletling the evolution of planetary systems to discover which
of the processes were dominant in producing the observed planatéigucations will also help us to understand how the Solar
System itself evolved.

The evolution of a planetary surface is recorded in the surfacevelise
today, from internal dynamics to surface and atmospheric processes. T|
diversity of planetary evolution within our Solar System is best
demonstrated by the results of geological remote sensing and in situ rob
studies. A greater understandimigthe evolution of Mars has been made
possible by access to very high resolution images and topographic data
coming from orbiters including Mars Express and Mars Reconnaissance
Orbiter. These same methods can be used to understand the gdalodjic
geomorphological evolution of other solid bodies in the Solar System,
MESSENGER at Mercury (crucial in preparation for the forthcoming
BepiColombo mission)n situ studies of the planets are also important in
our understanding of tireevolution, although so far, only the Moon and [ A T— T
Mars (and, briefly, Titan, with the Huygens lander) have benefittedtiiem | H Wos s Picte o, =3 Mo+ 20K N
_deploym_ent of instrumentation capable of providing appropriate Electron microscope image of a particle from ComédV
information. Although we are able to study planetary and_ asteroid@o(| cpedded in aerogel then flattened onto gold foi

by remote methods, and also through analysis of meteorites, measurement

of material returned from specific locations on Mars, as well as from #is@esteroid (e.g., MarcoPolB), remains key goals of
planetary science research that are essential for understanding émtalagestions about Solar System evolution and planetary
habitability (P1.3, 1.4).

Hypervelocity impacts are ubiquitous throughout the Solar System: caa¢eseen on every solid surface and occur at all size scales.
They are thus a major evolutionary driver of surfaces throughout tae Setem and understanding the physical processes that
occur in the high pressure and high temperature regime that occurg daiimpact are necessary to understand the compositional
makeup of planetary surfaces. Laboratory work using light gas gunsdvas gtat such impacts can change mineralogy and both
create and destroy organic molecules. Such work has helped to underpairalysis of cometary and interstellar dust samples
brought back by the Stardust mission. Because of the nature afietion device, the material was shocked upon capture - and
disentangling the effects of shock from the original material has beajoaresult from these analyses. Further, MSL is currently
exploring the geology in GaCrater - and it is very likely that many of the samples will hasteozk history. However, there are
limitationsto the physical size of a gun, so hypervelocity impacts on plangtatys have to be simulated using hydrocodes. By
coupling the results from the experimental work (including measuremeatgiationssf-state and material strengths) into
modelling we are gaining insight into planetary scale impact events:rthatfon of moons, the disruption of small bodies,
differentiation of impacted bodies etc. This modelling work is being detéto look at how a material changes through shock
(phase transitions, shock synthesis, etc.) which is the next step in interpretedrddtdifre sample return and in situ space
missions (such as ExoMars, JUICE, and small body missions like Rosetta). @ledge of the physical and compositional
properties of cometary nuclei and related populations, including Kuipe©OBgtts, is limited.

Solar radiation is as fundamental as gravity in driving the physical and ayal@wolution of small asteroid bodies (P1.6). Yet
many areas in the theoretical and observational study of thesenpéresy, and the full extent of their wider implications, have yet to
be explored. Some examples include: (1) How are the physidacmnpositional properties of asteroids influencing the strength of
these radiation-induced forces, and over what timescales are thetyveff (2) How important an effect is the interaction between
solar radiation and small bodies in the delivery of small bodies to Eadlithasto the evolution of life on our planet (see below)?
(3) How dynamic is the shape and internal structure of small asteroids ak efresliation-induced forces acting on them, and is
this the main mechanism in the formation of binary or multipleraistsystems? These are questions that detailed theoretical
studies, observational programmes and spacecraft missions will endeavoswen. a

Key missions and requirements for P1:

e Stateof-the-art laboratories are essential for the successful analysis of eztatarmaterial, which contains components
dating from the earliest stages of planetary formation. Material will coone fliture asteroidal sample return missions
MarcoPolo-R, OSIRIS_Rex and Hayabusa2well as meteorites and previous sample return missions (P1.1).
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e Observational studies of protoplanetary disks using ground-based @EMBAR on JCMT) and space-based facilities
(e.g., HST, JWST) are required to complement numerical modellingkpedmentation. HPC is required for the
numerical modelling (P1.1).

e To understand the composition of primitive objects, the Rosetta missiital. Just as Rosetta builds on Giotto and
Stardust, Rosetta will, in turn, feed into future missions such as the New Honizssion to Pluto, plus a proposed
mission to a main belt comet (P1.1).

e The only method by which the absolute age of planetary materials chatdvmined is by direct measurement in the
laboratory, requiring statef-the-art instrumentation. For relative chronologies, high resolution mgppiplanetary
surface is necessary, to obtain representative counts and dimensions of cratersquilies the current missions Cassini,
Mars Express, MRO, MESSENGER and Rosetta, as well as future missions, indiGdnd@epiColombo, EnVision,
Juno, JUICE, Uranus Pathfinder, New Horizons to Pluto and a Main BektGoission (P1.2

e The currently-operational Mars Express continues to return exceflenbd the surface morphology of Mars, assibe
NASA-funded MRO mission. Compositional data from the surface is coimingMSL. Data from these are feeding
forward to what is the highest priority in the Mars strand of the Roadn&potipled Trace Gas Orbiter and ExoMars
lander missions. These are both ESA-funded missions; TGO will examirreatergdetail than ever before achieved, the
structure and compition of Mars atmosphere, whilst the ExoMars lander will drill below Mars’ surface to investigate,
again for the first time, subsurface deposits protected from solar irradiatiorofBb#se missions are scientifically
valuable in themselves, but also acts as significant milestones towards a Mars Sammpl&Rsion (P1.3, P1.4).

e To determine the surface morphologies of planetary bodies, goodriyriagequired at high spatial resolution. High-
quality data from both the inner and the outer planets are returrsstvénal current missions: Cassini, MESSENGER and
Rosetta Future missions which are necessary to continue the data flowygnebat images with compositionsl data,
include BepiColombo at Mercury, EnVision to Venus, Juno, JUICE, Uraatidiffder, New Horizons to Pluto and a Main
Belt Comet mission (P1.3, P}.4

e The dynamical evolution of the Solar System requires study by gioaset facilities, including ESO-VLT, ING, JCMT
and UKIRT, as well as through complex modelling of aggregationjriegiHPC (P1.5).

e The interaction between comets and asteroids and solar radiation aoththeind requires the analysis of data from
Rosetta, as well as remote observations of comet ChuryuBesasimenko using ground-based facilities. Samples
returned from asteroidal missions will contain signs of radiation damageiorsgréaces (P1.6).

P2: How widespread is life in the Universe?

The Solar System exhibits a great diversity of planetary environmentg,ahatich contain some or all of the essential
requirements for life as we understand it: liquidexgan energy source, nutrients, and stable sbélezwvironments. The more we
explore Earth, the greater is the diversity of tabiwhere life has been identified to exist. Usiregsurvival of life on Earth as a guide for
where life might exist beyond Earth directs usxplere many of the planets and satellites withe3olar System where similar
conditions exist (or have existed in the past). déeection of extinct or extant life relies on the detectiorppf@priate biomarkers, and
a key question currently belng explored is what laeeetbiomarkers and how are they influenced by different enuiiental effects

) ; such as oxidising chemistry and radiation (P2.1). A key pothei
development of life is the formation of prebiotioleculesthe chemical
processes that produced these molecules, and the environments where
they formed (interstellar space, asteroids, comets) are not completely
understood. Recent discoveries have identified gatdéatmation
mechanisms and environments in the atmospherdaof. Ti is not yet
clear whether tectonic and/or volcanic activityequired for life to form.
Research will lead to a more complete understardfititgese processes
and how life forms from simple prebiotic molecules (P2.2).

Our understanding of habitability includes the warm environments
inside the icy moons of the giant planets (P2.3). This is of clear
relevance for our understanding of exoplanetary systems and the search
for extinct or extant life beyond Earth. Whether there is or was life
elsewhere in the Solar System depends largely the presence of liquid
water (although research into alternative life chemistries is on-going),
the history and inventory of liquid water in the Solar System aad th
manner in which water was delivered to the inner planets, including the
Earth, and whether interactions between the interior and atmosphertaoébgre requirements for life (see also P2.4). We need not
only investigate places within the Solar System in which there is or was liatéd &and sheltered habitats (e.g. Mars, icy satellites),
but also areas where ice-water has been sequestered since early SetartiByest, such as the south pole of Moon, craters of
Mercury, Main Belt Comets and other cometary populations, and theKBgt.

The search for life beyond Earth has historically concentrated olestwfdViars, which meets (or met) all of the essential
requirements for life. It also offers a chance to investigate the abiotim{icdiiotic transition that is not possible on Earth. The
stratigraphic record of Mars provides a rich record of the history of the plares|ing time periods and processes vital to
understanding the formation and evolution of early life. Evgilon of Mars includes the main objectives: (1) to characterize past and
present habitability and search for evidence of life; (2) to cleniae ancient and recent climates and climate processes; (3) to
characterise the nature and evolution of surface and interior procesdasctAred exploration programme designed to address
questions of habitability and the subsurface is required, such asragsiog from Mars Express, througtsL to ExoMars, leading

to a Mars Sample Return missidre key science investigations required to addhesissue of habitability involve understanding the

Radar image taken by instrumentation onboard Cassir
hydrocarbon lake on the surface of Titan. The central
island is ~ 150 km across. Image credit: ESA
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geological, geochemical, photochemical and radiochemioakpses that control atmospheric, surface, and shallow crustal chemistry,
particularly where it bears on the provision of chengcargy and the availability (abundance, mobilisatand recycling) of

bioessential elements and molecules. It is also cracgdcertain the nature and abundance of possibleical energy sources that can
drive organic and biological chemistry. It is also importaririderstand the role of global and local magnetic fields in providing
environments that can protect (pre-) biotic molecules and life-foremssilves.

These questions and investigations are particularly pertinent in the $tiegyrwons surrounding the giant planets. The presence of
heat inside the volumes of icy planetary bodies provides the necessagy to drive organic chemistry leading to life. The presence
of oxidantsis an essential component to the question of habitability aselredtional and laboratory studies characterising the
radiolytic processes in planetary ices are essential in understanding théigené@xidants on the surfaces of the icy moons that
orbit the giant planets. A strongly linked question is the role of tectonic dcai/cryovolcanic processes in cycling the surfaces

of terrestrial and icy bodies, thus transporting surface oxidants into interamrodhese same oxidants and radiolytic processes are
also important in degrading the signatures of extant life.

It is possible that at least partldrth’s oceans were derived from water delivered to Earth by cometary and asteirjokadts.
Identifying the source population for this water is a key scientific investigadtbrimportant UK leadership. The key measurable is
comparing the D/H ratio of cometary and asteroidal populations. Untilthectre D/H ratio of comets was thought to be
incompatible with that oEarth’s oceans. A new population of volatile-bearing bodies was recently uncovered in the Asteroid Belt
which may have formed in situ. The Main Belt Comets (MBC) now represeapportunity to sample volatile materialeadily
accessible by spacecrafthat formed at its present location in the Solar System. Such dal veolugely valuable for early Solar
System format1on models Funhermore 1sotope measurements could help establish a source for Earth’s water. Other key questions

: B . T include: (1) How could such bodies have remained in situ throagheu
lifetime of the Solar System? (2) How widespread are the MBCs? (3) What
drives their activity, and how important are inter-asteroid collisions in
exposing volatile material? Only on-going theoretical modelling andte=mo
observations, combined with in situ analysis, can we begin to undetstand
true nature of the MBC population. Further remote and in situ studies of
comets and asteroids (such as Rosetta and a future main belt comet)missio
are necessary to answer these key scientific questions in the evofution o
Earth and the emergence of life on Earth.

Identifying other locations in the Solar System with liquid water is an
essential step in understanding the wider volatile inventory of the Solar
System. In understanding the materials that have formed and mabdied
planets, knowledge of the inventory of volatiles within the Solar Syistem
an important factor. We do not yet know what the volatile inverabtige
Solar System is, or the distribution of volatiles within and between the
planets and their moons (P2.4). It is now well established that water once
Halley's comet in 1985, during its closest approach o flowe_d f_reely on Mars but the key question is now what f_racni‘dhat
the Sun. Credit: ESA. volat_lle inventory has been lost to the solar wind and hellqsphere\/_m{td
fraction has been stored in the crust of Mars. Both modelling oftelima
change and water-loss processes, and a better understandiesegirthcesses in terms of the environmental history of the planet are
required. Understanding the interior, atmospheric, surface and magneiosphetures of planets and moons within the Solar
System is crucial to providing constraints on the volatile budget.ade@ to understand why the giant planets (and their numerous
moons) are so different from each other, in order to constrain nmafdglnet formation. Finally, we have little understanding of
how solar radiation and solar plasmas have affected the formation and evof8iolar System bodies, from small bodies such as
comets and asteroids, to full-scale planets. Measurements of the compafsitiberoids, comets, small bodies and the giant planets
(particularly the ice giants) is required to fully understand the wider inveotmglatiles such as ammonia and methane. This
requires in situ and sounding measurements of the giant planets, remotesiimabservations of small bodies, and sample-return
missions to various small bodies.

Beyond the Solar System it is important to determine the effect of stelbaran these processes. In terms of planetary systems
elsewhere in the Galaxy, we do not yet understand how habitablatgs to star-type, and have little in the way of planet population
statistics which are required to provide a powerful test of models ddtdtanmation and the potential for habitability. The search fo
terrestrial planets including super-Earths will provide us with the data for such skidaly, we also need to know whether our
definition of life is appropriate for all life (for example, is liquid watecemsary or are there alternative life chemistries?)

Key missions and requirements for P2:

e The search for life on Mars is a flagship project that is currently benefitingthe successful MSL mission. Building on
this mission are the coupled spacecraft Trace Gas Orbiter and ExoMars |dmedi@rrier will determine the composition
and structure of Mars’ atmosphere, looking for biomarkers, or any other signatures that might indicate the existence of a
martian biology. Instruments on ExoMars will search below Mars’ surface for biomarkers, and also determine the extent
and depth of the permafrost layer, parameters required to determingethicaed location of an habitable zone in the
martian near-surface (P2.1).

e The (currently foreseen) ultimate goal of searching for life on Masvars Sample Return mission. The return of
material directly from Mars would allow much more detailed and soplistiGnalyseto be carried out on the material in
a controlled environment (P2.1)
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e A necessary requirement for any sample return mission, whether frasteanid, the Moon or Mars, is an appropriate
Sample Curation Facility to undertake curation and storage of the rhataddo house the instrumentation essential for
preliminary examination of the returned samples (P2.1).

e The search for life beyond the Solar System is presently askilge through investigation of exoplanetary systems, such
as would be undertaken by the EChO mission to characterise the atmospharestofg exoplanets (P2.1).

e Determining the environment of formation of prebiotic molecules, thetiosn chemistries they follow and the products of
the reactions requires laboratory infrastructure for simulation and analysis of iggeroplecular species, as well as HPC
to model reaction pathways (P2.2)

e The direct return of a sample from a primitive asteroid, such as by twRtdo-R, OSIRIS-Rex and Hayabusa 2
missions will allow detailed study of an intermediate stage in the transition fediofic to biotic molecules, as well as
how the organic molecules are bound with inorganic species (P2.2).

e In order to search for life beyond Earth, it is necessary to charadieeisiature of life that can survive in extreme
environments. One of the ways that this can be done is to undexpak@eents in specialised environments, e.g., below
ground (as in the BISAL facility) or in space (on the ISS). Access to the ISS is only readily possible if the UK joins ESA’s
ELIPS programme (see Recommendation 1) (P2.3).

e One of the major goals of the Rosetta mission is to investigate rifpgos@ion of the cometary volatiles, a significant piece
of information necessary to help understand the origin of the Earth’s oceans and the distribution of water throughout the
Solar System. Following on from Rosetta, NASA’s New Horizons mission to Pluto will be the first mission to visit a
Trans-Neptunian Object; data from this mission are a necessary piece&Sofah&ystem volatile storf#SA’s Lunar
Lander will be the first spacecraft to visit the lunar South Poleremnee of its main science goals will be to search for ice
within shaded regions of the lunar surface. Similarly, the Uranudiftlghmission to the ice giant will fill another gap in
our understanding of the distribution and composition of volatilesjlea mission to a Main Belt Comet (P2.4).

P3. What do other planets tell us about the Earth?

Our increasing understanding of the environments and history of ddnete
within the Solar System is revealing a great deal of information vdaictbe

used to shed light on the origin and evolution of the Earth, imgdyzerhaps its
near-future. One critical aspect to be investigated is the impact reciwel of

Solar System and the record of large impacts upon the Earth (R3y&heral,

the surfaces of other planetary bodies offer a longer and someteznesr

record than that of the Earth in terms of the processes that have operated
throughout the history of the Solar System (see also P1.3 a8id Pt2e early
crustal history revealed on other bodies records not only external processes (e.g
impact cratering, solar wind scavenging) but also internal processes (eilgleposs
plate tectonics, volcanic activity) that are not available or accessible in the
terrestrial record. Impact cratering is a fundamental planetary process, an
understanding of which is essential for our knowledge of planetatyten. Yet
our knowledge of impact processes is based on a combinaticzooétical
modelling, small-scale laboratory impact experiments, and field stoflies
generally poorly-preserved terrestrial impact craters. The Moon provides a
unique record of essentially pristine impact craters of all sizes (frimnon-

sized pits up to 1000-km impact basins). Sample collection fronmasitl
geophysical studies of pristine lunar craters of a range of sizes grealtly aid

View of Shackleton Crater at the lunar South derstandi fthe i t crateri The M it |
Pole taken by SMART-L. It is one of the deepe in our understanding of the impact cratering process. The Mooreigti@mely

large satellite in comparison to the size of its host planet, such that the Earth-
Moon system is unique within the Solar System. Studies of the Mooteltais
about the origin of our (as yet) unique “double planet” (P3.2). Material ejected
Credit: ESA from the early Earth by impacts may still be present on the Moohmay yield
information about the early history of the Earth during its first 500. My

craters on the Moon, and its interior receives
almost no direct sunlight. Deposits of water ic
from comets may line the floor of the crater.

Studies of planetary atmospheres shed light on the evolution of Earth’s atmosphere. How do planetary environments respond to

differing energy input in terms of climate, atmospheric chemistry, meteoralogy formation and atmospheric circulation? The
presence of heavy organics in the nitrogieh-atmosphere of Saturn’s largest moon Titan and their possibleevolution into “tholins”
has prompted the discussion of Titan as a prototype for the atmosptieeecafly Earth. Future studiesTifan’s atmosphere and

the driving of both the atmosphere and atmospheric chemistry by smatian and the deposition of energy via charged particle
precipitation is important in understanding the potential role these pesgalsyed in the atmosplerf Earth and the “seeding” of

the primordial soup by the precipitation of tholins. The atmospheresafmtmets (e.g. Venus, Mars) can also give us insight into
non-anthropogenic climate change that has occurred (and is still occurring) onThadhb.issues lead to clear scientific questions
enabling us to understand more about the Earth as a planetary systigsreaotiition (P3.3). Key scientific questions include: How
effectively is solar wind energy extracted by a pole-on magnetospheénehat implications does this have for the coupled solar
wind-magnetosphere-ionosphehermosphere system? Is Titan’s atmosphere a suitable analogue for the early Earth? Do other
planetary dynamos exhibit reversals? What role has and does the Earth’s magnetosphere play in modulating climate?

The Solar System presents a diverse set of planetary magnetic fieldsgorbgudynamo action in their interiors (see also U1.3),
and by remnant crustal magnetisation from extinct dynamos. Wetdwave a general understanding of planetary, stellar and
astrophysical dynamos and the continued study of planetary mafigle8ds essential for understanding changes in thénsart
dynamo and magnetic field over a variety of tisaeles. The Earth’s magnetosphere is the most studied in the Solar System but
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because of the limited range of controlling parameters (such astfiefdjth, solar wind properties, plasma sources) the range of
physical processes that can be investigated is necessarily limited. Thefgimhetary magnetospheres throughout the Solar

System is important to generalise our understanding of planetary tosgimeres and understand more extreme dynamics in the
Earth’s magnetosphere. The geomagnetic reversals the Earth’s magnetosphere is suspected to have had a “pole-on” configuration,
significantly modifying the input of solar wind energy into the magnétesionosphere-thermosphere system. The magnetospheres
of Uranus and Neptune have such pole-on configurations duringopéntsir orbit and diurnal phase and so represent the only
opportunity to study such configurations in situ where we caneisstrial palaeomagnetospheric models.

Planetary magnetospheres provide valuable laboratories for studyirsgrfentil planetary plasma processes, which naturally leads
to a better understanding of the Earth’s magnetosphere and space weather, whilst yielding internationally-renowned science in its
own right (P3.4). The magnetosphere of Mercury is an example of a “clean” solar wind-magnetosphere interaction without the
influence of a significant atmosphere or ionosphere. In this caseléihevind has direct access to the surface, driving sputtering
processes that can produce a tenuous atmosphere. Key questions about Mercury’s magnetosphere include: What is the relationship
between Mercury’s atmosphere and the upstream solar wind conditions? Why does Mercury’s magnetosphere respond so strongly to

solar wind forcinglthough results from NASA’s MESSENGER mission are important in helping tanderstand Mercury, ESA’s
BepiColombo mission, with an orhituch closer to Mercury than MESSENGER’s, will deliver significant data that will aid in

addressing questions about Mercury’s structure and composition, as well as about its magnetosphere. Mars and Venus do not have
global scale magnetic fields and so their magnetospheres are induced loyigméretween the solar wind and the ionosphere. The
configuration of these induced magnetospheres and how they respbedsolar wind and solar cycle appears to be crucial in
influencing atmospheric loss rates, but we have a poor understarfidirgunderlying processes. This is obvious from the
observation that Venus is exposed to a higher degree of solar wirdyfbycvirtue of its location closer to the Sun, yet Venus has a
thicker atmosphere than Mars. It is not clear if this results from active dieraspegeneration at Venus, or if there is a
magnetospheric explanation.

Plasma interactions can also affect the surfaces of
planetary bodies through processes such as sputtering.
interaction of the solar wind with comets is another
example of an induced magnetosphere. The interaction
solar wind transients with cometary magnetospheres
produces large-scale deformations in the magnetospher
tail and can also cause these to become detached, thus
playing a role in the loss of volatiles from the comet. Ke
science questions include: How are the induced
magnetospheres influenced by solar wind and solar cycl
forcing? What are the atmospheric loss rates as a functi
of upstream solar wind conditions, the solar cycle, and
short-term variations in solar EUV output? How are
cometary magnetotails detached by solar wind transient§%
How does the solar wind and solar cycle driving influence
the comet-solar wind interaction and affect the rate of loss
of volatiles and dust? How have plasma interactions g transit of Venus in 2012, captured by Hinode. CreditAJAX

affected planetary evolution?

The magnetospheres of the giant planets are currently the focus ofcabkdnternational and UK interest and present large
laboratories for the study of a wide variety of plasma and planetarggsesx The two key factors that distinguish giant planet
magnetospheres from others in the Solar System are the importance of lassna sources internal to the magnetosphere and
rapid rotation of these planets. Rapid rotation is imparted onto thestoagheric plasma by currents connecting the ionosphere with
the magnetosphere as part of the magnetosphere-ionosphere-thermospteemicRapidly rotating magnetospheres are valuable
analogues for rapidly rotating astrophysical objects thatatdre studied in sittMuch of the dynamics of giant planet
magnetospheres has an origin in moon-magnetosphere and ring-repheetdnteractions, e.g., the interaction between lo and the
jovian magnetosphere. Jupiter’s magnetosphere is the harshest planetary radiation environment in the Solar System and a key

question is how charged particles are energised to produce thisnemeimo Both the jovian and saturnian magnetospheres display
evidence of periodicities at periods longer than that of the rotation péitlee planet and unravelling the physical origin of these
modulations at Saturn is a key focus of the Cassini mission with considerabtdeiment. Missions to the giant planets have

also highlighted the importance of dusty plasma physics in our Sol&n$ysey science questions on giant planet magnetospheres
include: Why are their thermospheres so hot? How does non-steady mags ddtadinthe magnetosphere? What knowledge from
moon-magnetosphere interactions can be applied to the interaciibrieeMMoon, Mars, Venus, comets and other small bodies?
How is plasma heated in giant planet magnetospheres? What is the phigicalfgplanetary period oscillations in Satty
magnetosphere? What role does the solar wind play in driving dynamics in giant planet magnetospheres? How does Ganymede’s

mini magnetosphere interact with the jovian magnetosphere? To whatduidusty plasma processes participate in complex
chemical processes leading to the formation of very heavy iongradaotic chemistry?

The exploitation of planetary resources has recently become of intealatiterest and UK expertise can play an important role in
this effort (P3.5). Key areas in which the UK can play a role involveétermining the inventory of planetary resources in the Solar
System and developing the expertise in reaching such bodiekthpace industry can play a major role, supported by the UK
planetary science community, and sample-return missions represent the tachhsiegs towards such exploitation.
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Key missions and requirements for P3:

e The impact record of the Solar System can best be establishethiigd high resolution mapping of planetary surfaces
from orbit. This requires the current missions Cassini, Mars Express, MRCSENESER and Rosetta, as well as future
missions, including the TGO at Mars, BepiColombo, EnVision to Venus, JUhGE, Uranus Pathfinder, New Horizons
to Pluto and a Main Belt Comet mission (P3.1).

e Simulation studies of impacts require the facilities associated with menef&tLIPS;

e Establishing the environment of the early Solar System is an essential stejeistanding the origin and evolution of the
Earth and other planetary environments in the Solar System. The Moqr@sayve a pristine record of this environment
and Lunar missions, such as the Lunar Lander, will be important iniaxglthis important source of information (P3.2).

e Characterising and studying plasma physics in planetary magnetospheres, and intaceidsmosphere/magnetosphere
coupling processes at all the planets in the Solar System is a key goaltpdegeneral understanding of planetary
magnetospheres, as well as to address key universal processes (Thdis&@)s include: Cassini-Huygens, Venus
Express, Mars Express, Bepi-Colombo, Rosetta, JUICE, Uranus Pathfimtiezn@ote observations using UKIRT, ING,
JWST and E-ELT. Funding to exploit data from MESSENGER, Jund{&Tdare also critical (P3.3)

e Determining the interaction of flowing plasmas with airless moons arseé thith thick atmospheres is also important to
further our understanding of surface and atmosphere evolutioirimggte exploitation of data from Cassini-Huygens,
Venus Express, Mars Express, EnVision, BepiColombo, JUICE, Lunar missioridramgs Pathfinder (P3.3).

e Characterising the atmospheres of Solar System planets and exoplanets is impoeatihmthe goals of P3nissions
such as Cassini-Huygens, Mars Express, Venus Express, EnVision, EChO andRathfinder along with remote
observations from ground-based facilities including UKIRT, JWST aidl Eare essential. (P3.3).

e Study of planetary atmospheres and their interactions with their pareetgsiabodies and magnetospheric environments
requires participation in the Cassini, Mars Express and Venusdsxmissions, plus future participation in Juno, JUICE
and EChO, modelling and the use of HPC, and access to grathdpace-based observatariagure capability to place
solar wind monitors upstream of a giant planet magnetosphere will be importaaperly characterise the response of a
giant planet magnetosphere to the solar wind. (P3.3).

e The advancement of our knowledge of planetary dynamos is somiawited by the observations of the intrinsic
magnetic field of the planets. High quality magnetic field measureraeB@lar System planets is essential in furthering
our understanding. Missions such as Cassini-Huygens, Bepi-Colombo an Bathfinder, will enable us to meet these
goals (P3.3).

e In order to exploit planetary resources, detailed maps of the surface oérdifidanetary bodies are required. Specific
missions that can address this topic include (currently): Cassini, Mars ExyRGs MESSENGER and Rosetta, as well
as future missions, including the TGO at Mars, BepiColombo, EnVision to Venus JUICE, Uranus Pathfinder, New
Horizons to Pluto and a Main Belt Comet mission. Lunar lander, ExoMars Sight will probe the surfaces of the Moon
and Mars, to detect water and other potential resourceg(P3.4

Theme 3: Universal Processes

Complementary to the science questions in Themes 1 and 2 are afsguiestions about fundamental physical and chemical
processes, an understanding of which is essential to deliver ¢éheegoals of our Roadmap. The questions are also important
science questions in their own right, and the UK demonstrates consédatamational leadership in moving towards answering
these questions. Because the scope of this theme is so broad, in tepplécation of the different processes to specific situations or
environments, it is impractical to list areas of UK excellence, or missidasitities that are key to answering the questions.

U1. What are the fundamental processes at work in the Solar System?

U1.1 How do waves behave in inhomogeneous plasmas? Waves, and wave-particle interactions play an important role in
transporting and converting energy in a wide variety of Solar Systetexts, from waves in the interior, photosphere,
chromosphere, and corona of the Sun, to the solar wind, to plaredation belts. They offer important diagnostic information as
they propagate through the highly-structured plasma medium, novinsteencurrent generation of high-precision Solar System
observations, giving enormous potential for solar, stellar and other astropbg@cablogy. The key scientific questions to answer
are: What are the mechanisms for, and efficiency of, wave demesand guiding? How does wave scattering, conversion, dispersion
and dissipation occur in regular and random dynamically evolving pledromogeneities? What is the role of waves in indgicin

and triggering of powerful energy releases and in particle accelerationthiportant is enhancement or suppression of nonlinear
effects, including self-organisation, in structured plasmas?

U1.2 Why and how do instabilities develop in inhomogeneous plasmas? The stability properties of magnetized inhomogeneous
plasmas are key to predicting the onset of dynamic eruptions andltfpse®f length scales to create current sheets. In the complex
magnetic structures of astrophysical plasmas, we need to addressotvimfpkey questions: When and why does the magnetic field
generate current sheets? When and why do magnetic eruptions lbtowrdary motions continually energise the magnetic field, to
what state does an unstable magnetic field relax?

U1.3 How are magnetic fields generated and how do they evolve? Dynamo action and magnetoconvection occurs throughout the
Universe, under widely different plasma conditions. Hence, thedratieances in understanding all the complex interactions
between plasma motions and magnetic fields in general has wide-rapplioglaility. Key questions include: How does the dynamo
saturation mechanism determine the spatiotemporal behaviour of largeaagaletic fields (such as periods of reduced activity like
the Maunder Minimum of the 7Century)? How are strong stable planetary internal fields generated and tey dmly reverse

on long timescales? Is there any evidence for reversals in planetasyoiigiond Earth? How do ice giant dynamos generate highly
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asymmetrical fields? Can dynamos work efficiently at small magnetic Pramdber, when the field dissipates on scales much
larger than the turbulent flow? What is the energy source for dynaherstive energy budget is tightly constrained? Sunspots are
the result of the transport of dynamo generated magnetic fieldgpgetic buoyancy to the solar surface but their structure is
determined through the interaction of magnetic fields with convecTioa existence of starspots is well-established, so solar-like
dynamo and magnetoconvective processes are also occurring imtresaistant objects. Furthermore, other late-type stars are
known to exhibit cyclic magnetic activity. Key questions inclualeat is the similarity between sunspots and starspots? Is the solar
dynamo typical of that of a late-type star?

U1.4 What isthe nature of turbulence in magnetised plasmas? Turbulence naturally occurs in magnetised plasmas and planetary
atmospheres, where it transports and deposits energy and heat, lubfigesmt plasma scales, as well as controlling the propagation
of energetic particles from flavand even galactic cosmic rays. Turbulence can drive solar wind energy into the Earth’s

magnetosphere and heat plasmas in planetary magnetospheres. It occghotitribie Solar System, and is ubiquitous in
astrophysical plasmas. However, it remains poorly understood: How does thetimfigid affect the turbulence cascade? How is
turbulent energy dissipated at ion and electron scales? How does turbuleimeeelien unforced or driven? Resolving these
questions will improve our predictions of solar wind speeds and mass flubegaticle events at the Earth and variations in the
galactic cosmic ray flux, and understand the general question plastireghin planetary magnetospheres.

U1.5 How does magnetic reconnection work? Magnetic reconnection occurs in solar, space, astrophysical anddab@lasmas,
converting magnetic energy into thermal energy, bulk kinegrgy and driving energetic particle acceleration. This process has
been wellstudied in the Earth’s magnetosphere but the application of these concepts to other Solar System environnantoh

been as comprehensively studied due to a lack of in situ data an@sliatige controlling parameters, for example the presence of
multiple plasma populations and very different ambient plasma conditiomsblies the magnetic field to globally restructure, but
three-dimensional reconnection is significantly different to the processidimensions. 3D reconnection does not occur at a point,
but continually and continuously throughout a diffusive volume the sites of reconnection are much more varied. Through
exploitation of data from other planetary magnetospheres and remote sfuti$un we can understand better the conditions for
the onset of magnetic reconnection. Key questions include: Wheiteabest ways of identifying reconnection sites? What are the
consequences of reconnection for the global system? How does ret@mpartition the magnetic energy into thermal, kinetic &
accelerated particles? How important is the coupling between magim€cmicroscopic scales during reconnection? How do
reconnection rates depend on ambient plasma conditions?

U1.6 What isthe nature of cross-scale coupling in plasmas? Solar System plasmas exist under a range of conditions (from fully
collisional to collisionless). In many situations, physical processes on mipioscales (described by kinetic theory) influence what
we observe on macroscopic scales (MHD), and vice versa. This cross-scalegcisupdit yet understoobecause of the vast
difference in length and time scale ratios® (2™ for typical Solar System plasmak)ence theories of plasma heating, particle
acceleration/transport and the interpretation of observations, eaglaofadio emission, are incomplete. Another fundamental point
is the transition from the collisional to the collisionless regime. For exampteataby reconnection experiments, along with
theoretical and numerical modelling, have demonstrated clearly thag plagima transits from collisional to collisionless, the rate
of reconnection increases substantially. Does this imply for Solar Systermaplésamhtransport coefficients increase by orders of
magnitude because of collisionless processes (micro-turbulence) as the
collisional/collisionless transition is crossed and what effects does thi®hdle
macroscopic scale? Key questions are: How is magnetic reconnectionazhhanc
and how are charged particles accelerated as length scales collapse tineoug
collisional to collisionless regime? How do shock waves evolve througtidhe-
scale coupling? How do fluid discontinuities lead to the generatibigb

frequency Langmuir waves, accelerate particles and produce radio efission

U1.7 How areenergetic particles accelerated? Acceleration and propagation of
energetic particles, interacting on various physical scales, remain a major
theoretical challenge in plasma physics. It is observed in solar flares, magnetic
reconnection, at interplanetary shocks and planetary bow shocks, planetary
radiation belts, and energetic particle populations observed in planetary
magnetospheres. Some of the key processes, e.g., wave-accetdreditiation

belt particles, are relatively well understood. However, a detailed undensfarid
the acceleration of particles from low to very high energies isetaivailable.
Improved understanding of particle acceleration and propagationinesglar

flares and at shocks, is directly relevant to the study of galaxy clustees, ex
galactic jets, magnetospheres of pulsars and planetary magnetospheres, and the

Loops above active regions of the Sun, viewed b! cosmic magnetic explosions that result in gamma-ray bursts.

EUVimager of the SDO in Oct. 2012. Credit: . .
NASA/GSgFC. U1.8 How do we know what we are seeing? Laboratory astrophysics must be an

integral part of current and new investments, as recommended by ASTRONE
order to capitalise on current and future Solar System missions. ThadJikaditionally been leading atomic and molecular
calculations with HPC, to provide data to the wider astrophysical (and fusiompunities. The UK is leading atomic data provision
with CHIANTI, now the reference database for ions, and universally ussanphysics, but also widely used by the astrophysical
community. Spectroscopy features prominently in all major solar grauhdpace missions (IRIS, Solar Orbiter, Solar-C).
Spectroscopy of the solar atmosphere provides the only way we can yemeésure the plasma state such as densities,
temperatures and chemical abundances. Line widths and Doppler motions primvigiation about the processes responsible for
plasma dynamics. The UK has a strong expertise in solar spectroscopgsasigniificant involvemerih several Solar Orbiter
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instruments, including the SPICE spectrometer, an instrument that ESA decfdad given its fundamental importance foe th
overall science of the mission.

U2. How do planetary systems work?

U2.1 How do fundamental plasma processes vary throughout the Solar System? With our understanding of the fundamental
physical and chemical processes that are found in the Solar Systémyand, how do these fit together to give a system-level
understanding of planetary systems? The fundamental plasma proesssésed in U1 vary in their importance and efficacy
throughout the Solar System, e.g., the atmospheres of Mars and Venuieadéffgrent and exposed to similar erosion processes
via the solar wind. This process should be more efficient at Venasigeof higher solar wind pressure, but Mars has the more
tenuous atmosphere. It is critical to understand how these plasma processieoughout the Solar System. Key questions include:
How does the efficiency of mactopause magnetic reconnection differ from the Earth’s magnetosphere to those of the giant planets?
How do atmospheric erosion processes change with solar wind conditionsHmvespbheres vary with distance from the Sun?

U2.2 What arethe processes that have created and modified the crusts, interiors and atmospher es of Solar System bodies?

To understand the formation and evolution of the Solar Systera coopletely, and to interpret the specific properties of Solar
System bodies that we find today, we must understand the bastsggedchat have created and modified the crusts, interiors, and
atmospheres of Solar System bodies. Such processes include, andianéedcto, impacts, volcanism, agueous alteration and
irradiation. Through comparative planetology observations we learn lyahenocal history of specific planetary bodies, but also
the wider history of the entire planetary system.

U2.3 How do we build an holistic picture of planetary magnetospheres? Although it is well appreciated that the magnetospheres

of Jupiter and Saturn are dominated by the angular momentum grshaith the planetary atmosphere and by the gas/plasma
outputs from inner moons, major issues remain to be resolved befoteahpitdure of these environments will emerge. Exploration

of ice giant magnetospheres and a more complete investigation of Mercury’s magnetosphere is essential to complete this exploration

and build a full system-level picture of how planetary magnetospher&smgeneral. Key science questions include: How is

plasma transported throughout these systems, resulting in variable magrstadisces, magnetosphere-ionosphere coupling

current systems, and related auroras? What physical processes occutheigfowerful gas-giant auroral particle acceleration
regions? What is the physical origin of the dual-period oscillatorygrhena in Saturn's magnetosphere, and is there a counterpart at
Jupiter? What are the major solar wind-magnetosphere coupling medesksese systems, how do they influence the outer
magnetosphere and the formation of the extended tail, anchvehtiteir auroral signatures?

U2.4 How are Solar System planets archetypesfor planetsin other planetary systems? A key goal of planetary science is not
only to determine the nature of the planetary environments in our olan S/stem, but to form a foundation of knowledge from
which related aspects of exoplanetary systems can also be understoodcg&bsitates understanding how the planets in our Solar
System can be used as archetypes for planets in other planetamssy&tg science questions include: To what extent are the giant
planets representative of exoplanets? How does varying solar insolation aetdrglaeat flux affect the atmospheres of planets?
How unique is the orbital architecture of our Solar System?

U2.5 How common are Earth-like planetsin other planetary systems? A critical question with wide importance, both
scientifically and societally, is to identify how common Earth-like planetsraother planetary systems. Addressing this question
will require reading the detailed record of the formation of the terrestrial planats Solar System that is preserved in primitive
material, so that the dependence of the formation of an Eartpliket on the particular environment in which our Solar System
formed can be assessed.

U2.6 How stable are conditionsin the Solar System? Within the Solar System, we find a variety of planetary environnvemise
characteristics vary on a number of timescales that are beginrbegévealed by ongoing and repeated observations. Key science
questions include: How stable are the environmental characteristics such as radiatietesnmoid flux? What is the seasbna
variability of planetary atmospheres, on what timescales do plangsteyrs change? On what timescales do habitable zones last
and what implications does this have for the development of &féicplarly related to planetary bombardment? What configurations
of planetary orbits and evolutionary processes give rise to a stable system?

Theme 4: Cross-cutting Activities
C1. Data Centres and Data Archiving

Having gathered data from the many missions, facilities and modelsf ijrigat importance that these data are made freely
available to the community in order that they can be explaitd Storing data is not just a matter of putting data files on &ghyb
accessible website, it also involves gathering and storing all informatioexblains where the data come from, how the
measurements were made and what processing has been carriedhem oHistorical data sequences are of tremendous value in
understanding the context of modern observations. Many are pregetied original form, as printed text or photographic plates.
Many high-profile experiments, while of fundamental importancenatédound to a particular time and, if there were the political or
scientific will, could be recreated long after the original experimenehddd. This is not the case with data gathered for
environmental monitoring purposes. Many of the datasets gatheredafioasd space environment monitoring form time-series or
come from a specific epoch of particular significance. These data are iregpéaaad should be treated as such. The Solar System
provides a wonderful opportunity to study extreme astronomical envirdamerelatively close quarters. Unlike traditional
laboratory experiments, however, it is almost always impossible to infltleaceedium being studied. Instead, the range of
environmental conditions and specific events of interest are captured thronigflui@ of long-term and targeted observations. When
developing a theoretical model, it is very important that a suffigieride range of data has been taken, preserved and mad
available so that it can be exploited in constraining the theory.
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The STFC's scientific data policy, published in 2011, requires all SURded activities, facilities and grant proposals to have a data
management plan. It states that data should normally be managetdagublically available through an institutional repository.
The policy also states that STFC expects the original data to be retainied fongest possible period. For data that, by their nature,
cannot be re-measured, effort should be made to retain thenpetygr. The STFC data policy can be found at
|http://www.stfc.ac.uk/About+STFEC/37459.agpx

It is therefore important that STFC supports data archiving facilities to anatddgvel to ensure secure and easy access to Solar
System science data sets, in perpetuity. While STFC missions (some mi@ad fynthdJK Space Agency) archive their data

through existing data centres (e.g., UK Solar System Data CEM&SDC)), this process is funded through the post-launch support
for each mission. Core funding for such data centres is minimal. Nor ar¢hitbeesources to secure archive material from before
the digital age. As technology advances and the rate of data collectieasies with it, the issue of sustainable data preservation is
one that needs to be addressed sooner rather than later.

Recommendation 4: The UK has invested millions of pounds in missions and instrumentatidrthe final product of this

investment is the publically owned data-set. STFC has an obligatimeserve these data. We recommend that the STFC continues
to fund its data centres, such as UKSSDC, at the level requiredrtaimaefficient and effective operation, without prejudicing the
security of the data.

C2. Grants, Fellowships and Studentships

Grants: The best analytical facilities in the world are useless if they hageaffdo run them. Similarly, the most detailed

programme of space missions is fruitless if there is no-one to interpret@od the data obtained. Thus the highest priority of the
panel is to recognise the importance of the grants line, and lthev§tép and Studentships programmes. The Grants line funds
exploitation of data from projects, provides technical and secretarial suppiorftdstructure, as well as resource for travel,
consumable items and small items of capital equipment, including camgpAti these are essential for the successful delivery of
STFC’s scientific programme; however, the most significant cost against the Grants line is that of salaedEd component for
academics named in a grant replaced the dual-funding maodekfarch several years ago, and has, supposedly, enabled institutions
to direct research monies into the specific areas that have raised theThiadsenefits the Research Councils, as it ensures that they
support staff and infrastructure that are delivering on their priorities. Ibalsefits the institutions, as they can use the external peer-
review of submitted proposals to recognise excellence and thusass ihechanism to channel funding to the appropriate
recipients. The function of the Grants line to provide fEC for anadteis important, but not as vital, in terms of delivery of research
outputs, as funding for post-doeil research associates (PDRA). The SSAP feels that this aspect of STFC’s programme is one of its
highest priorities.

Recommendation 5: At a minimum, STFC must maintain the Grants line at its current leash(basis, not percentage of the
programme): if it falls any further, the number of PDRAking in the subject will be insufficient to keep the programmago
resulting in a decrease in performance at all levels, andadiliiy to compete for funding at the international level.

Fellowships and Studentships: The functions of the Fellowship and Studentship programmes are stigffehent from each
other, and from that of the Grants line. Fellowships and Studentshifheearain pathways for bringing young people into research,
technology and academia. The Fellowship programme is an impodgrafwecognising future leaders in the field, who will
continue to drive research forward, to the benefit of theadKits ability to compete effectively at international levels. They also
form the next generation of academigtudentships introduce young people to the research communitggaipdthem with a

variety of high-level skills in communication, data manipulation and ptatsem, that have application way beyond what might be a
relatively-narrow research topic. The skills acquired through studgima PhD are of great benefit to the UK as a whole, not just for
those who remain in STFC-funded research. Over the past few fygatiang for STFC has gradually declined in real terms, and,
from a maximum in 2006/07, the number of studentships andviHips awarded has also declined (Figure X). Also shown is the
steep increase in the number of applicants for Fellowshi®wing that we are disappointing (failing?) a higher numbeiftetig
researchers each year.

200 ] ; : : : It is not just STFC that is failing a recent independent inquiry by the

’ Higher Education Commission into postgraduate education
[http://www.policyconnect.org.uk/hec/research/postgraduate-edufcation
R published 2% October 2012) found that the UK was failing to recognise
] the importance of this aspect of its education system. The report notes:
‘A vibrant system of postgraduate education is vital if Britain is to
] achieve its ambition to be “the leading knowledge-based economy of the
world.” ... ...globalisation and changes in the UK’s industrial base mean
that postgraduate degrees are more important than ever before i
getting ahead in the labour market’. Because the recommendations of
this inquiry are so apposite, we reproduce two of them here, taken from
the Executive Summary of the report:
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[ ] ‘Our international competitors are increasing investment in research
1 and development at a faster rate than the.UK..We should look

50 . closely at the amount of funding we are investing in postgraduate
research and benchmark this against the rest of the world.
Recommendation 6: UK industry, government and universitiedcghou
increase the amount they invest in research and developntietiiesc

in line with the UK’s major competitors.
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Academia is a profession which brings with it the opportunity te fzan impact on the cultural life of the nation. We believe

should be accessible to anyone with sufficient ability. The rekemuncils, learned societies and universities should ensure there
are enough doctoral studentships to replenish the research base...... .... Particular attention needs to be paid to funding for research
masters degrees, which are becoming increasingly importaraifoing admission to doctoral research programmes, and from
which the Research Councils have largely withdrawn fundiegoRmendation 7: Funders, in partnership with learneiéties,
should reflect on whether they collectively fund enough studigstst replenish the research base in each discipline, rather than
relying on selffunded individuals’

Based on its own consultation with the community, the SSAByréses that the Fellowship and Studentship programmes form a
vital part of STFC’s overall portfolio, and that any diminution of numbers in either programwauld have a detrimental effear
the UK research profile, beyond any short-term benefit that migathieved by cost-cutting.

Recommendation 6: At a minimum, the STFC must maintain its Fellowship and Ststienprogrammes at their current levels
(cash basis, not percentage of the programme). FellowshipsuadshBhips are the main pathways for bringing young people into
research, technology and academia. The Fellowship progzasram important way of recognising future leaders in #ie, fivho

will continue to drive research forward, again to the benéfhe UK. The skills acquired through studying for a PhDafrgreat
benefit to the UK as a whole, not just for those who remain FCSlinded research.

C3. High Performance Computing

High Performance Computing (HPC) is essential for Solar System researcindeed, for all STFC-funded theoretical research.
The increase in computing power means that models that were origioatipre than a cartoon or simplified to a 1D or 2D
situation, can now be undertaken in full 3D and fully nonlilye@Imost all the scientific questions defined in the preceding sections
are dependent on HPC facilities. Specific examples include, bobatienited to, study of the following: (i) dynamo modelling,
magneto-convection, flux emergence and global coronaldigiution (S1); (i) MHD wave propagation in inhomogeneous
plasmas, MHD instabilities, magnetic reconnection, coronal heatohgarticle acceleration (S2 and S3); (iii) heliospheric and
magnetospheric simulations, plasma wave generation and wave-particle ionsré88); (iv) modelling impacts, ring and accretion
disc dynamics, and orbital evolution (P1); (v) modelling planetary spveres (P1, P3) and (vi) across the full range of universal
processes (U1-U3). We give just one example of the type of problealain/stem science that requires HPC: the UK has
traditionally been, and continues to be, a recognized world leademiputational magnetohydrodynamics (MHD) modelling. This
requires the numerical solution of eight coupled, nonlinear, partfatetittial equations, resulting in codes which must be able to
resolve small length scales, in order to describe, for example, theobtisdtulence or the breakup of a current sheet during
magnetic reconnection. Additional physical processes, (e.g.athpiibick radiative transfer) and instrument response functions can
be included in the codes, so that it is now feasible to comparlglifee outcome of theoretical simulations with high-resolution
observations. Kinetic theory requires solution of the plasma distribfutimtion (a function of 7 independent variables of space,
velocity and time), and Particle-Cell methods bridge the gap between kinetic and MHD scales.

In addition to the HPC needs of simulations, data analysis also requires signifi€aneddRrces. Currently, space missions
generate around 1 Tb of data per day, and accessing and protessendata is a major undertaking. Hence access to appropriate
HPC facilities is essential for the successful analysis and interpretatiosesfational data. In our quest to exploit, understand and
interpret the data from our observational facilities, a full theoret&sgription is dependent on HPC simulations. These become
more sophisticated and computationally-demanding as observatiatiaéfascrutinize the Solar System in greater detail. HPC
facilities should be seen as an analogy to an observational faaildyboth are essential for our goal to understand the SolamSyste

The recent investment in DIRAC Il was an unexpected windfall fromlw:(/www.stfc.ac.uk/247ll.asiaand STFC must ensure
this investment is used wisely. There are two main models for HR@Giorm either place all the computer nodes at one site or
maintain several, smaller but still extremely powerful, machines at diffeaampuses and invite the hosts to enhance the machine.
There should be a coherent plan for hardware refresh, since hamhpeogements are advancing at an impressive rate. A
sustainable strategy for HPC is an essential requirement for the UK to remaifoatfitomt of research, and this applies to all
science and not just that funded by STFC. In addition toaldware, PDRAs and students are required. The UK has a strong
tradition of writing and developing its own codes. This tradition is jpmieenefit to students, both those who wish to stay in the
field, and those who enter other fields, since students with good HIFCask highly sought after in non-academic positions.
Continued training in HPC, through annual summer schools, will etisatreur computational methods remaintoglate.

Recommendation 7: STFC must develop a clear and appropriate funding strategy fortelR@w the UK to remain competitive in
the critical area of HPC expertise, and to ensure adequatityfor future generations of scientists.

C4. Laboratory Infrastructure

Exploration of the Solar System, seeking answers to the questionsiptsedhree themes, is undertaken by a combination of
observation, theory, simulation and experimentation. The last, experimentaiobe carried out remotely, by instruments on-board
spacecraft, or mounted on landers (e.g., the instrumentation carriesl Rggsbtta spacecraftd its lander, Philae). However, the
number and duration of such experiments may be pre-prograramedjctated by technical and engineering factors, e.g., the
amount of power available, rather than by scientific considerations. Labotzdegd experimentation is the only way for direct and
unambiguous determination of key characteristics of planetary materialgassagh and composition. The benefits of laboratory
experiments include the ability to modify methods and techniques apaptgpthe capacity for repeat measurements to gain high
accuracy and precision, the opportunity to gain extra informatiapplying complementary techniques, and enabling inter-
comparison between different materials and laboratories. There is also ¢ldebatefit of being able to archive samples for analysis
in the future, when new techniques become available.

The SSAP recognises the important role that national and internationaittaigdacilities, such as the Diamond Light Source, have
for its research. However, whilst we draw attention to such facilitiessnot within our remit to assign priorities to their operation,
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or, within the context of this Roadmap, to comment on possible aeglapments (e.g., construction of specific beamlines, etc). The
SSAP also recognises that STFC is guided by (although not dictattteliypFRI roadmap for large facilities
(http://ec.europa.eu/research/infrastructures/index en.cfm?pg=esimagadnd again, we express our support for that road-
mapping process.

The UK has a long history of supporting laboratory infrastructure at thersitjvlevel. Over the past decade, this has resulted in the
formation of national consortia to share expensive equipmerd. r&sult of the development of stafethe-art laboratory
instrumentation, many groups are part of international consortia such asaBetfihttp://www.europlanet-eu.ofg/). Support of
laboratory instrumentation has enabled the UK to take part in high profile saraplsisprogrammes such as preliminary analysis
of material returned from a comet by the Stardust mission, from the solabywthd Genesis mission and from an astebgithe
Hayabusa mission. It is important that the UK maintains its high profile inisteshational consortia, especially as the UK Space
Agency, along with its international counterparts at ESA, NASA andAJad¢ currently designing missions to return material from
an asteroid (MarcoPolo-R, OSIRIS-Rex and Hayabusa 2) and alstotreand Mars. UK scientists are already playing important
roles in the science teams of these missions. Alongside analysis of materials &onuirect sample return missions are
internationally-recognised programmes of excellence in the analysjsotibAamples, meteorites (including from the Moon and
Mars) and interplanetary and interstellar dust.

In addition to instrumentation for sample analysis, the UK houses laboratoriesléstaking simulation studies. The UK has a suite
of world-leading impact facilities, split over several institutions, whictuihelone of the fastesto-stage light gas guns (LGG)
capable of impact velocities of up to 8 klmFhis instrument is also capable of simulating hot and cold temperaturereneints

There is also a pivoted LGG that can be moved from the horizonted teettical, for impacts onto granular surfaces and liquid
targets (one of only two in the world), and guns that can fire centimeti giggectiles, which represents the forefront of LGG
technology. The UK are key players in computer simulations of impactsewsing hydrocode modelling, as well deriving empirical
equations of state for a range Solar System materials for use in these oelsdsfacilities serve as a community resource for
impact scientists from the UK and from other international groups. This dlso home to a variety of chambers that simulate
different environments, from the cold, near-vacuum of spacesthahted atmosphere of Venus. These are used to test instruments,
to perform simulations of surface and atmosphere interactions for differeatglaenvironments, and also to investigate ice
dynamics, gas-grain collisions and the chemistry of interplanetary andetitgrspace

The expertise that the UK scientists have in laboratory instrumentation bearstinatirays. Firstly, of course, is their ability to
analyse samples in ground-based laboratories. Alongside this though t@rctomplementary development of instrumentation for
space missions. In conjunction with analysis of resdsamples, is a requirement to curate them, a process which encesnpass
preliminary examination, material selection and distribution as well agetofanaterial for future generations. Through the UK
Space AgencyJK-based laboratory experimentalists have expressed a desire to lead therEsaomaa curation programme for
material returned from future missions.

Recommendation 8: STFC maintains support for ground-based laboratory experimeamdadimulation facilities, to enable the UK
to maintain its high international profile in the relevant fields, dag a leading role in forthcoming sample return missions.

C5. Telescopes

The SSAP recognises that a detailed consideration of telescopeamyeeatd the relative prioritisation of instrumentation is beyond
its remit, and is part of the remit of the Astronomy Advisory Parel UK’s telescope provision has also been the subject of several
independent reviews over the past few years, and the SSAP isadwla@aecommendations that have come from the reviews (e.g.,
the Ground-based Facilities Report of 2(fA@p://www_stfc.ac.uk/Resources/P DE/GBEREIinaljpHiowever, Solar System science
requires telescope observations of Solar System bodies, across the campddtagth range; such observations are essential in
meeting almost all of the science goals described in Themes 1 andc2 e have included this very general consideration of
telescope facilities as one of our cross-cutting issues. These facilisenpneany opportunities to complement results from space
missions and related projects. Examples where telescope instrumentation is égsatiiale the required results include: higher-
spectral resolution data than available from space missions; long baseldsgations; global imagery to place spacecraft
observations into context; to complement and support spacecraftrtita, @ovide data that are sometimes not available because of
payload selection for a particular spacecraft. Reference is madbvioliral telescopes at various places in the discussion of specific
science questions, and these are also included in our table and timédimssential that STFC continues funding for both ground-
and space-based telescope facilities at an adequate level to shppmience programme laid out in this report. It is also essential in
supporting the goals laid out in the report from the Astronomy AdviBanel It must also be noted that even after instruments cease
operation, there are still opportunities to exploit data generatesbg thstruments, requiring support from the appropriate funding
lines. Investment in the development of new telescopes, instrumentatidatanéduction and processing techniques are key in the
advancement of UK Solar System scierared we welcome the opportunities that the UK will gain through teg@ahip in both the
SKA and E-ELT projects.

Recommendation 9: That STFC maintains its support for ground-based and space-ietéesrope operations and instrumentation
at a level that Wl enable the UK to maintain its high international profile in the eaiefields. This support should recognise and
balance the competing claims of new developments versus ert@fisiorrent instrumentation, such that UK scientists are able to
access the range of facilities they require to meet theisgoa
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Missions and Facilities key to Solar System Research

Missions and facilities are considered in two categories: (1) those that tbeddly supports, either through instrument build
and/or membership of science team and (2) those with no direct UK suppoxtiich provide data for exploitation (italicised in the
table). Both categories are equally vital for the successful progr&sdanfSystem scientific research.

Mission or Facility

i Near-term Medium-term Long-term
Theme Question o(;gorr;ﬁ':)tr:};l operational operational operational
(2013 - 2016) (2016 - 2020) (2020 - 2030)
What are the
causes, SOHO; STEREOQ; .
consequences| Hinode; BiSON; Solar-rocket studies iglg_rr.(ﬂib;{tlesriESolar-C SPARK
and ROSA '
predictability of
solar magnetic
variability and | SDO HiC
the solar cycle?
What are the | 5o0HO; STEREO; .
Solar structures, | Hinode: LOFAR: i?';‘;oépggésc"ar'c SPARK; Proba 3
Variability and dynam_lcs and ROSA; Bk
. energetics of th
its Impact on Us sun? RHESSI;IRIS; SDO | HiC
CENTINEL;
ggsgrﬁ?%ubggri‘,R Bepi-Colombo Solar Orbiter; JUICE AXIOM;
What are the Cluster: \EX: " | SWARM CENTINEL HAGRID: Uranus
underlying ' ' Pathfinder
processes that| ACE; Wind;
drive Sun-planetf Themis/Artemis; KuaFu: Juno
connections? | MESSENGER; MMS; Sunjammer !
RBSP; SuperDARN;
EISCAT
- . Main Belt Comet
Cassini-Huygens; mission: Marco-
SuperWASP; MEX; BepiColombo; Lunar Polo-R"JUICE' E-
How did the VEX; UKIRT; NGTS; Rosetta; Lander;_ExoMars (lander ELT M,ars Sarr’1ple
Solar System JCMT; ING; JWST; GAIA and orbiter); Sample Retu,rn' Uranus
HARPS-NEF; UK Return Curation Facility .
form and Pathfinder
CAN .
evolve? EnVision
MSL .
OSIRIS-Rex m(?%t;tﬁsNew Juno Hayabusa 2
MESSENGER
Uranus Pathfinder
Cassini-Huygens; land d Main Be.lt Comet
How MEX; VEX; UK | Rosetta; JWST:; ExoMars (lander an mission; Marco-
Planets and Life| widespread is | CAN; BISAL: GAIA: orbiter); Sample Return | Polo-R; JUICE; E-
life in the ELIPlS ' ' Curation Facility ELT; Mars S_ample
. Return; EnVision
Universe?

EChO

MSL; Osiris-Rex

InSight; New
Horizons

Juno

Hayabusa 2

What do other
planets tell us
about the Earth?

Cassini/Huygens;
MEX; VEX; JCMT:
UKIRT,; ING;
HARPS-NEF; UK
CAN; ELIPS

Rosetta; JWST;
GAIA

BepiColombo; Lunar
Lander; ExoMars (lander
and orbiter); Sample
Return Curation Facility

Uranus Pathfinder
Main Belt Comet
mission; Marco-
Polo-R; JUICE; E-
ELT; Mars Sample
Return; EnVision;
EChO

MSL; MESSENGER

InSight; New
Horizons

Juno
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2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2022 | 2025 2030| 2033
Rosetta Sample Return Curation Facility MP-R Main Belt Comet Mision
............. —> =
03 Mars Express - TGO ExoM Mars Sample Return
> g__) MoonLITE (Penetrator Development)
E — LunarM» Lunar Sample Return
o .
VeNnUS EXDIESSI, L BepiCy,  Envision
Tt 000 Juce
Cassini NGTS > EchO Uranus Pathfinder
g ESO E-ELT
& HST JWST
g LoFAR SKA
O SuperWASP
o Ground-based telescopes: ALMA, ING, JCMT, UKIRT, etc Green- in operation *Instruments, not missions
o GAIA Orange - selected, in development
T Data Centres (e.g., UKSSDC); Data bases (e.g., ADAS, CHIANTI) < rapewad, vt vt smacihnd. oo Gavalopmm
n High Performance Computing (for modelling and simulation) Purple:- i competition for launch )
g Laboratory Infrastructure (including BISAL, UK CAN, Diamond, ISIS, etc) Shaded-area - na firm date for lqunch.aroperation
c :
Q]uﬂﬁ_’ AXIOM
2 | &g SWARM —_— CENTINEL  PROBA-3
_..?3 Cassini > Alfven
—
9 O |SQHO ' HIRISE EST
4D 4=
§ o Hinode __y...iiiiieeeeneeaanananas 7. Solar Orbiter Solar C Uranus Pathfinder
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o0
& = [rosa* TR - J— ATST
BiSON* Solar Rocket Studies
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Prioritisation of Projects

One of the most important outcomes from the Roadmap is that it allowsrttmaunity to recognise its research goals and how they
can be prioritised to take greatest advantage of the funding availabléhedSTFC (as well as the UK Space Agency, FS30

and other funding sources). Any prioritisation process is painfulhaadhe potential to divide a community, rather than unite & Th
SSAP consulted widely for input during the roadmapping exeraisghas drawn heavily on the experience gained from its
predecessor panel, the NUAP. It would have been too epsgdace a wishist, rather than a roadmap. But we have remained
cognisant of the necessity of pragmatism in a time of financialikence, and so have kept our roadmap to, what we betisve,
realistic goals, within a landscape where progress towards our longer-gdhemgimg aspirations can still be maintained. In putting
together the Roadmap, the SSAP took scientific excellesitee main driver, followed by the international significance of the
project; the extent of UK leadership and the timeliness of the préjechave produced a roadmap (Figure), with key space- and
ground-based projects as the parameter employed to illustrate the milestoned tegléfime the direction of our research over the
next two decades.

The SSAP has not prioritised specific missions or projects over othersaw/'abt, for example, rated continued involvement with
Solar Orbiter over or behind our contribution to JUICE: we have nothteahformation, the time or a mandate from the community
to do this. Instead, what we have suggested is a rolling prioritigaéised on the status of the projects in question. The international
community frequently has the same science goals as the UK afavéfutaed mission is not selected, it is extremely likely that a new
mission will be proposed to cover that science area. We must réedite to adjust to such a situation In the Figure, the different
projects are coloured, according to this status. We suggest a flexible appeniaimesource, which might be possibly along the
lines of, for example60 % to projects in operatioB0 % to those selected and in developm#&f% to those not yet selected, but
requiring input for development. The split of 60:30:10 is gively as an example, and the actual figures shbalsubject to

continual monitoring and adjustment, but it would ensure tmatsfare distributed across the programme, both in terms of subject
area and timeliness. In making this recommendation, the SSAghises several additional details:

e Exploitation of data from a project continues long after the project itaslended, thus each project should be seen as
carrying on beyond the project end. Funds for this stage of rasgatdd, presumably come from the Fellowships, Grants
and Studentship lines.

e There is still a grey area, possibly not completely understood tptheunity, where responsibility for funding of
projects falls between the remits of the STFC and the UK Space Agencyfunding for building a detector for a mission
is the responsibility of the Space Agency, but funding for reséatclyeneric detector development belongs with the
STFC. This is why missions such as MoonLITE appear in the roadmapetiregent an opportunity for generic
detector/instrument development. Funds for such research would, ppdguroane from the PRD line, and/or the
Fellowships, Grants and Studentship lines.

e There are a large number of projects that have not been incloded Boadmap because they are not funded by the UK,
either directly or throughternational subscription, e.g., NASA’s MESSENGER mission to Mercury; NASA’s Solar
Dynamic Observatory. Data from such projects are available to the catynaum exploitation of these data is a vital part
of the community’s research effort, both in terms of preparation for future missions as well as helping to deliver answers to
our key research questions. The absence of specific mentio@sef projects must not be taken as an indication of
unimportance: they are a crucial part of our research effort. Agaiths fonthis research would, presumably come from
the Fellowships, Grants and Studentship lines.

Given the above considerations that go with the Roadmap, ildsbewclear that the SSAP rates maintaining (at the very least) the
Fellowships, Grants and Studentships lines at their current level as its highest puonitcrease in the number of Fellowships and
Studentships (butot at the expense of the Grants line) would be a welcome resiuotigerecent report from the Higher education

commission (cited previously) that the government is not doing sufficiéatms of postgraduate training and opportunities.

Post Script:

The time available to the SSAP to put together this report hacbagressed, because of the timetable for submission of
information to STFC’s prioritisation process. As a result of this limited period, there are certain aspects of Solar System research that
have not been included in this report. The topics are not ones tefpriienmediate project prioritisation, but are an important facet
of our work, and do attract grant funding. The topics that balebeen touched upon briefly inclu@eitr each, Economic I mpact

and specificT echnology Development. We draw attention to this omission from the Roadmap, so that review planeds,
mistakenly, infer that they are unimportant and so deny thadirfg. The SSAP will start, almost immediately, on a second edition
of this report, which will repair this omission and include discussidhesie issues.



