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1. Under the leadership of Monica Grady, 8aar System Advisory Panel (SSARjote a ORoadmap for Solar System
ResearchO in preparation for the programmatic rethiatwvas released in November 2012. This was baseddocument
written by its predecessor body, tRear Universe Advisory Panigl November 2009.

2. A new SSAP chair waappointed in December 2014 ahd $olar System Advisory Panel (SSA®)rried out adight-
touchOreview of the previous roadmap during Q2/2015 via aT&iall Meeting in London on 19 June 2015 and an
anonymous community consultation on the previoasimap. SSAP also included the results of consultataaried out
in Q1/ and Q2/2015 by SSAP on computing and in response tautise keview of research councils.

3. Solar System scienég not an island isolated from other research communitieticylarly the Astronomy and Particle
Astrophysics communities, and there is potentiabfcerlap in the research aims of the communitiésere possible, this
has been indicated in the text.

4. The STFC is not the sole Research Council that has interesiamSysem research. Both the UK Space Agency and the
Natural Environmental Research CourfblERC)are involved in different aspects of the reseafgiplied research in the
area ofSolar Systenscience is also funded by the Engineering and PalySiciences Reaech Council (EPSRCJhe
SSAP hope that this Roadmap will help these boaliethey also define their research prioritiedfacilitate cross
research council projects.

5. Three overarching themeseidentified which encompaskée outstanding scientific qs¢ions to be addressed over the next
two decades. These themes are: (1) Solar Variabilitytachpact on Us(2) Planets and Lifand (3)UniversalProcesses.

6. There are several crosstting activities that are also essential for ssséul delivery ofthe goals outlined in this
Roadmap. These activities are also relevant togbearch activities of the other communities funiofethe STFC, and are
(in alphabetical order): Data centres and Data archivirggGrants, Fellowships and Studentships lirkgh Performance
Computing and Laboratofgquipment andnfrastructure.

7. The Roadmap recognises specific strengths whergkhis particularly wellplaced to make significant contributions to
the questions, in terms of complementary areas of expestisergation, experimentation, simulation and numérica
modelling). Alongside each set of questions aresfiexific space missions and facilities (natiomal mternational) that
are required to help deliver the research goalssanised in the Roadmalp.is important to note that this roadmap does
not prioritise oneSolar Systentody above others.

8. There are several recommendations that the SSARsSalSTFC on more general aspects of its prograriese
recommendations are as follows:
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Recommendation 1The SSAP recommends that the STFC supports thepllte Bgend®s recent membership of ESAOs
ELIPS Programme with funding &xploit data from the ELIPS facilities in the sawegy as from other space missions
(including bilateralopportunities)and projectssupported via proper peer review via AGP.

Recommendatior?2: Thedualkey approach between the UK Space Agency (UKSAhenesearch councils is welcomed
and it is important that both bodies ategnisant of, and take into @sunt, the relative priorities of each organisatidfhere
appropriate, there should be cresspresentation on committees responsible for striatfdunding and prioritisation decisions,
and this Odualey® approach must be monitored and evaluatedybharepublically-circulated reportsSSAP recommends
that more be done to clarify the funding mechanisms and gseséetween UKSA and the research councils.

Recommendatior8: SSAP recommends that the STFC supportSAIK its partnership inESA's Spac8ituational Awareness
Programmewith funding to exploit facilities and carry out eggch in the same was as in other projects, supdori& proper
peer review via AGP and PPRP.

Recommendatios: The UK has invested millions of pounds in missamd instumentation, and the final product of this
investment is the publically owned datet. STFC has an obligation to preserve these ddgarecommend that the STFC
continues to fund its data centres, such as UKS@D®e level required to maintain efficteand effective operation, without
prejudicing the security of the data

Recommendatiors: Asa minimum STFC must maintain the Grants line at its current level (bastis, not percentage of the
programme): if it falls any further, the number of PDRA vimgkin the subject will be insufficient to keep the programme
going, resulting in a decrease in performance at all levels, and an inatoildgmpete for funding at the internationaldev

Recommendatiors: Asa minimum, the STFC must maintain its Fethip and Studentship programmes at their current
levels (cash basis, not percentage of the programme). Félipsvand Studentships are the main pathways for bringingg/ou
people into research, technology and academia. The Fellowship programme igaatatmnway of recognising future leaders
in the field, who will continue to drive research forward, ag the benefit of the UKlowever, there is aignificantfunding
gap in early career fellowships that enable us to identify these figaders and nurture theindependentlevelopment and
this must beddressedThe skills acquired through studying for a PhD afegreat benefit to the UKconomyas a whole, not
just for those who remain in STHGnded research.

Recommendatin 7: SSAP supports STFCOs recent computing consultation aimed atideneldpar and appropriate
funding strategy for HPC/HTC to allow the UK to remain cotitipe in the critical area of HPC expertise, and to ensure
adequate training for future generations of scientiBtgthermore, it is critical that STFC recognise thihe development of



I"HSYOHE (") *"+#)'* - [%*01/20/ 3'45+,'6789

new numerical models is essential for continued scientific ercellémpact, and international leadership in a wide vargdty
areas. STFC should consider the develeptof numerical models in a similar way to theelepment of new telescopes,
space instrumentation, or new detectors for pagtighysics.

Recommendatio8: STFC maintains support for growimhsed laboratory experimentalnalytical simulation fieldwork
activitiesand curationfacilities, to enable the UK to maintain its high internatibprofile in the relevant fields, and play a
leading role in forthcoming sample return missions.

Remmmendation 9 ThatSTFC maintaings support for grounebasedandspacebased telescope operations and
instrumentation at a level that wihable the UK to maintain its high internationabfite in the relevant fieldsT his support
should recognise and balance the competing clairmew developments versus extension of curremtimsintation, such that
UK scientists are able to access the range ofifa&slthey require to meet their goals.

Recommendation 10SSAP reommends that STFC, NERC and EPSRC work more gkosehable and deliver research that
cuts across the remits of the various research cisin
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9. Prioritisation of projects and facilities is a coe difficult and divisive process that is essential for an iefficscientific
programme which remains dp-date, is able to compete in an international arena and succedsiiusrs its desired
outcomesln putting together the Roadmap, the SSAP took sfieekcellence as the main driver, followed by the
international significance of the project; the extent of le&dership and the timeliness of the project.

10. The SSAP has not prioritised specific missidslar Systenodies,or projects over others: we havet had the
information, the time or a mandate from the community to do thstead, what we have suggested is a rolling
prioritisation based on the status of the projects in question. We sagitgdble apportionment of resource, which might
be possib} along the lines of, for example, 60 % to projects in operation, 30tB6se selected and in development, 10 %
to those not yet selected, but requiring input for developniér split of 60:30:10 is given only as an example, and the
actual figures shdd be subject to continual monitoring and adjustment

11. Exploitation of data from a project continues lafter theinstrumentitself has ended, thus each project should be seen as
carrying on beyond the project end. Funds for stagje of research woulpresumably come from th@rantsline and
Fellowshipsand Studentshiprogrammes

12. There is still a grey area, possibly not completaigerstood by the community, where responsibitityfunding of
projects falls between the remits of the STFC and the p¢& Agency. Thus funding for building a detector for a mission
is the responsibility of the Space Agency, but funding fogaesh into generic detector development belongs with the
STFC. Funds for such research would, presumabiyedoom the PRD lineand/or theGrantsline and Fellowshipand
StudentshigprogrammesWe recommend more clarity is provided on this aggeath by STFC and UKSAand that
communication between the two bodies is enhanaedigi interaction of their respective advisory gane

13. There are a large number of projects that havdeen included on the Roadmap because they aremided by the UK,
either directly or through international subscoptj e.g., NASAQRinomission toJupiter.NASAOs Solar Dynamic
Observatoryand JAXYAOs Hayabusa Rata from such projects are available, and exploitationeskthlata is a vital part of
the communityOs research effort, both in terms of prepafatifuture missions as well as helping to deliver answers to
our key research questiofe absence of specific mention of these projecistmot be taken as an indication of
unimportance: they are a cratpart of our research effofunds for such research would, presumably, come fre
Grantsline and Fellowshipand Studentshiprogrammes

14. Internationallyleading and impactful projects can be carried out basedecexibloitation and data mining of legacy data
sets from space missions and facilities that ar@ngdr operational. SSAP fully supports the fundinguath projectsia
the normal peereviewed routes vithe Grantdine and Fellowshipand Studentshiprogrammes

15. Given the above considerations that go with the Ranap, it should be clear that the SSAP rates maintaing (at the
very least) the Grants line and Fellowsips and Studentship programmes at their current level as ithighest
priority.
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At the heart of the research undertaken by the conities represented by tiS®olar System Advisory Panel (SSABR) drive to
understand the origin and evolutiohthe Solar System, and the nature ofghenomenghat influence its dynamic¥he remit of
the SSAPcovers all bodies in the Solar System, from itsierstar, the Sun, to the outermost fringes, dimeeé by the Oort cloud
that is a reservoir of enets. Within the Solar System is a variety of otgeplanets, their satellites and rings, asterdidsper Belt
Objects and comets, plus streams of interplanetadyinterstellar dust. Interactions between andraysioSolar System bodi@re
influencedby gravitational, magnetic aradectricfields. Controlling the entire dynamic of the Solgst&m is the Sun, a complex
interplay of plasmas and fields that connect with and infieghe behaviour of planetary magnetospheres and iomespfiée
Solar §stem came into existence some 4.567 billion years ago, and the evolupomegsses that we follow through study of
objects within the Solar Systeshould beapplicable to, andhoulddirect the study gfother stars and thgdtanetary systemss
well as magnetised plasmas in general

We are fortunate that over the next five or so yeae will be in a time of enriched Solar Systemleration, with ESAO#igship
Rosettamissionmaking observations abmet GiuryumovGerasimenkoPreparations for the launch of thieace Gas Orbiter to

Mars in 2016and its partneExoMars lander in 2018 are well in hand, as are launché&otdr Orbiter and BepiColomboin

2018 as well as the start of operationsJ¥¥ST. These are all ESA missiorte,which the UK has made a significant contribution in
terms of design and instrument build (as well as funds);dieatific community is looking to capitalise on this invesntwith an
exciting programme of research planned, based ploigation of d&a from these missions. We are also poised to take advantage of
partnerships with other agencies: UK scientific excellencedsgnised by invitations to UK scientists to participate ijoma
international consortjancluding those establisheéd study he surfaceand interiorof Mars, analyse material returned from an
asteroidexplore the jovian atmosphere and magnetospherelzsetve solar phenomena

In order to focus the efforts of the communitySolar Systemscientists and the expertise they brto ther researchwe have
definedthreethemes that encapsulate the sweep of our research goals.areegl)Solar Variability and its Impact on Us (2)
Planets and Lifeand (3)Universal ProcessesWithin each theme, a series of specific questi@mssbeen developed which are
pursued through a combination of observation (reliant on both-spadegrounebased instrumentation), laborat@yalysis and
experimentationsimulaton and theoretical modellin@€€omplementing the science themes is a s@ro$s-cutting Activities, areas
of significant importance that are relevant for all three othieenes (indeed, they are relevant for all of STFCOs research
communities)The questions speak to and extend the OBig QusfStibat currenthomprise STFC@&cience Roadmap
(http://www.stfc.ac.uk/Roadmap/index.a$pkhey are also questions of international importaasehey echo priorities that have
been recognised in roadapping exercises undertaikby several international bodies, specific#llstronet http://www.astronet
eu.org), and its Working Group ETFLA (the European Task Force on laatwyr Astrophysics We are also aware of the goals of
ESAOs Gamic Visions and Aurora programmes, as well asrttentions of the EU Horizon 2020 framework.

Although the specific request STFC made to the S®A®to produce a roadmap of the key goals andresgants for Slar System
research over the next 20 years, we have also taken the opportunity to consult with our commurttyrtoléte a series of
recommendations regarding our wider research programme.

It is within the remit of SSAP to consider Outreach, &etpand Technology Development. These areas werincluded in the
previous version of the roadmap and not addressed by the previously appointed pagéiscienure. We draw attention to this
omission from the Roadmap, so that review panels do not, mistakeelyttiaf they are unimportant asd deny them funding.
These aspects will be addressed by SSAP and dadiverSTFC in Q2/2016.
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Solar System research overlaps with astronomyvarst¢arease.g.,in the study obtellaractivity, asteroseismology draws on
results from helioseismology, and work on solar flares grominences informsonsideration of related stellar features. Simjlarl
study of solar and planetary dynamos feeds into resem astrophysical dynamos, tukence in disks, etc. The field of exoplanet
researctalso demonstrates complementarity between the Sgktem and Astronomy communiti@gth each community bringing
a different flavour to the research effort. As weva from detection to the characgation of exoplanets, the skills and knowledge
of the Solar System community become central to our understanding obtieeseorlds We are starting to reach the point in this
area where we have sufficient confidence in tha tagapply some of our mosimpleSolar Systenmodels. This is fundamentally
important as some of the newdyscovered planetary systsmontain objects for which there is Solar Systenanalogue (&.,
superEarths) and hence al severe tests of our physi&olar System resezh alsooverlaps with the field of Particle Astrophysics
particularlyin the study of neutrinos, cosmic rays, interstellar dust, vpavtcle interactions, shocks, and other particle acceleration
processesAs noted in the previous section, there areess issues which are common to the research communities nejeck by

the different Advisory Panels (data archiving, grants, fedliips and studentships, high performance computing ancalaly
instrumentation). In this report, we have brought tteesas together under the heading of CmgngActivities, in order to draw
attention to their importance.

2#1,&'305="7)<'&=)&=#)?@)*7,$#)>A#09,04)<'&=)!1*> )

The UK Space Agency now funds the development aredation of spaceflight instrumentation
"'/ developed and built by UK groups; such instruments are not just for E&fongsbut include
/ development and build for bilateral and t#ily missions. It is important that the UK Space Agency

strategy is consistent with the science requiremehthe misgins and instrumentation, as determined
by STFC (and other Research Councils, e.g., NERC), to reap thigheh®K participation in space

/ based projects in terms s€ience definitiondata exploitation and interpretation, training of PhD

UK SPACE 4

AGENCY
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students and PRA, researctiellowsand outreach opportunities. Additionally, the ST&t@ UK Space Agency share a common
impact agenda that is served through the continued growtie &K Space Sector and initiatives such as ISIC, the Spaagulat
and the creationf&ESAO&uropean Centre for Space Applications and Teleconitations (ECSAT.at Harwell.

The creatiorof the UK Space Agency has resulted in a change to some of thesSTiRihg

responsibilities, most particularly the subscriptiofE®A, which no longer features in STFC's \\\\\k\\_

budget line. Whilst consideration of the ESA subscription is not panipriaitisation exercise, \\\ &G e Sa

we deem it essential to highlight the importanc&8A to our research goals. The selection of \\\%—

space missions, and the development of spacefligiruimentation for those missions, are

critically important issues for tholar Systemscience communities, and so remaining a leading

member of ESA is a top priority. The UK Space Agerelies upon the STFC (and other Research Coyrioilsnformation and
advice when setting its own priorities. By ensurihgt ESA (and other space agiest) missiorrelated research is aligned with
STFC's roadnapping exercise, the UK Space Agency also hasresiientific basis for its recommendations. Thereuld also be a
reciprocal recognition from the STFC that missions eaiey become supportég the UK Space Agengyemain visible in the
Solar System Roadmap, when relevant to Solar Systeearch questions. We note tbit Space Agencgupported missions
include technical demonstrations that provide pathwaysetet future science requiremgim addition to mature science missions.

There is some confusion in the community regardigdivision in responsibility between STFC and UWK&or example, UKSA
funds some sciengdanning andexploitation funding via ESA@&uroralprogrammeand throgh bilateral space exploration
missions of opportunity (e.g., MSL, NASA, InsightASA; OsirisRex, NASA) STFC supports fundamental instrument technology
development, and UKSA supports more mature instrument develop@®hP have received anecdotal enickethathere is some
uncertaintyregarding where support from STFC should cease and WhH&BA should take ovelt is important to resolve this an
internationallycompetitive space science environment with impiaces for space exploration, humaraspflight, and Earth
observation. In parallel with these issues, there is no mechanibm the grant systems of UKSA or STFC to support mission
science planning, particularly the type that isuiegf to support instrument development and esllsicieice leadership during a
space mission flight hardware programme. The oldGiigHling grant system did provide the opporturidgybid for funds for sch
activities, but the new consolidated grants doamat UKSA does not consider these activities to likimtheir remit.t is important
that the UK community fully understanidet dualkey approacland that sufficient information on funding oppoiities is made
available.

Recommendation The SSAP recommends that the STFC supports thephlte BgendPs reent membership of ESAOs ELIPS
Programme with funding texploit data from the ELIPS facilities in the sawey as from other space missiqireluding bilateral
opportunities)and projectssupported via proper peer review via AGP.

As part of a desired expansion of the national sgaogramme, the UK Space Agency has joined ES#®arid Physical Scieac
in Space Programme (ELIPS). This is an optional programmeaaads an umbrella for a variety of activities, includingssto
the International Space Station, parabolic flights and tiraers. These facilities enable experiments to be carrieith aaro
gravity, and also at high gravity and at high speed. Subscription to tldge$aprovides the UK with access to a ledtory in low
Earth orbit, as well as new planetary simulatiarilfites and detector test beds. This is of gresatdfit to the Solar Sysm science
community as it enhances and extends the rangesefreations, experiments and simulations that eammertaken in pursuit of
our science goals, across all three of the themes described Hli@tieerefore important that STFC be aware of this new
subscription and provide funding to exploit data frBiiPS facilities(via the same AG&upported peereview mechanisms) in the
same manner as other space missions and projatisally.

Recommendation 2Thedualkey approach between the UK Space Agency (UKSAjhanesearch councils is welcomed and it is
important that both bodies amgnisant of, and tee into account, the relative priorities of eaclyanisation Where appropriate,
there should be crosepresentation on committees responsible for sgiatéunding and prioritisation decisions, and tidslual
key® approach must be monitored and eweduiay regular, publicallcirculated reportsSSAP recommends that more be done to
clarify the funding mechanisms and processes betWSA and the research councils.

In order to gain fully from participation in space miss, there must be sufficientfds both to prepare for future missions
(modelling, simulations, comparative studies, etcyel as to exploit data from current and past missidio date, as feas the

SSAP has been able to judge, there have beenmskssages from both STFC and th€ Space Agency about where the boundary
of funding responsibility lies. Whilst we very much welcome this aspleco-operation between the two bodies, the boundary is not
always apparent to the community at large. The S@KPs the opportunity given blgis roadmapping exercise to 1iterate the
importance of the synergy between STFC and the UK Space ygehere generic research and development for hardware (e.g.,
penetrators, detectors) is the purview of the STFC, whilst develatpinuild and opet@ns for specific missions lies firmly with the
UK Space Agency. Funding for exploitation of datanfi space missions, which often arises many ydtestae original STFC
investment in generic R&D and mission selection procesggais aery definiteljthe remit of STFC. It is essential that STFC's
funding in these areas remains at a level that esstontinued UK success within ESA missions, suh that ounational space
programmas able to expantb implement bilateral programmes that serve buglest new technologies and deliver science return.

Recommendatior8: SSAP recommends that the STFC supportSAIK its partnership inESA's Space Situational Awareness
Programmaewith funding to exploit facilities and carry out eggch in the same was in other projects, supported via proper peer
review via AGP and PPRP.

With space weather now included in the NationakMegister, the UK government recognises the piatieinipact of an extrem
space weather event to the national economy. Th&pde Agencyhasjoinedthe space weather core element of ESA's Space
Situational Awareness (SSA) programme which aindeteelop a space weather monitoring and forecastipgbility. The impact
of space weather at Earth depends critically on a detaileststadding of the generation of solar mass ejectitwes; propagation
through interplanetary space and their interaction wighirth's space environment. The UK science community aadginorld
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leaders in these areas of research and are ideallydgiadelp develop any instrumentation and forecasting models that would be
central to an operational space weather serVicese also provide a vital enabler of the Met @fiis Space Weather Operations
Centre, the European lead for space weather foregast

2#1,&'305="7)<'&=)3&=#-) 2#5#,-$=)B3%0$'15

The community represented by SSAP performs a rahgessdisciplinary research that is supported in various areas by STFC,
NERC, EPSRC and UKS/Yy its very nature, crosdisciplinary areas of researoften reside near the boundaries between the
remits of the individual research councils, for example

¥  Fundamental plasma physics: astrophysBmHr Systenplasma physics is funded by STFC, laboratory physics is funded
by EPSRC/STFC.

¥  Space Weather and @elTerrestrial Physics: supported by STFC/NERC/UKSA amding gaps are particularly acute in
this area given the role that Space Weather may play in eliahange.

¥  Planetary Science (STFC/NERC, STFC/UKSA), missilated activities (mission science ipténg, instrument
development) are supported by UKSA, science exploitation by STFC.

This type of research has suffered from a laclunfiing and the frustration of proposals being phssekandforth between
research councils until deadlines pass ang@sals are summarily reject&SAPrecogniss the difficulties in bridging these gaps,
especially in a constrained funding environment,ibwur view some formal mechanism is required. Mgte the mechanismsath
appear to exist at the RCUKvel (e.g, the CrossCouncil Funding Agreement, and RCUK multidisciplinaggearch themes) to
resolve these issues at research council boundarigs andble innovative, exciting, credsciplinary research. However, these
mechanisms sometimes do not appediltey down to the level of funding panels and so thagangements do not work as
effectively as one might expect.

Space Weather has recently been placed on therldaftisk Register for Civil Emergencies, has reddhe attention of the

Cabinet Offie, and recently a new forecasting centre has betarpsat the UK Met Office. The UK is leading Euedp this
endeavour. Unfortunately this research sits neabtiundaries between NERC and STFC. This is be¢hasativity which

ultimately drives SpaeWeather is initiated at the Sun, andhsis within the remit of STFC (and UKSA for space missip

through a region of space that may be in the remit of both SREGIERC in the neaEarth magnetic environment, whilst a large
range of effects are @ felt in the Earth atmosphere (e.g., radiation effects oraftipassengers) or even at EarthOs surface, which
is funded by NERC. Particularly relating to the NERTFC interface, it is not always clear where thertataries lie. In addition,
since Spee Weather has a particular concern with impacteohnology (both groundnd spacéased assets) and society, there is
substantial potential for research that involves E@&nd ESRC. Input from the community suggestsuhkess one research
council s willing to be preactive and take the lead it is difficult, if notpwmssible, to activate intetisciplinary and crossesearch
council funding. This suggests that arrangemeantsrossresearch council research are not as robust as miglesiralule leading

to a demonstrable loss in opportunities for the UK and theddarch community.

Recommendation 108SSAP recommends that STFC, NERC and EPSRC work more closely tcaedatdéiver research that cuts
across the remits of the various researchruzils.

*&-06$8&%-#)38)&=#)23,4+)7

The Roadmap is broken down irgix sections. The first is a simple listing of the sceenaestions withithe threghemes. This is,

in effect, a summary of the Roadmap. The nies¢esections take each of the themes in detail, desgrithie goals of each theme

and the facilities and instrumentation requiredd¢bieve the goal§Ve also detail specific areas where the UK hasquéar

strengths and expertise that support and driggebearch themeghe fourth part of the Roadmap covers areas tleahthethemes

have in common, such as the need for high performance computing resdwedemadrtance of studentships and Fellowshigs, et

The penultimatepart of the Roadmap is a timeline, showingghegramme of relevant space missions, and when resources are likely
to be required for mission preparation and exploitafidre final section of the Roadmap is a prioritisatid the resources required

to ddiver our goals, and the rationale behind this ordering.
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S1.1 What is the origin of solar magnetic fields? Howttley create the variety of observed magnetic &tras?
S1.2 What causes solar magnetic variability and theranjteles anchow can we predicor forecast this?

S1.3 How does the structure, evolution and predictabditsolar magnetic fields relate to dynamic pheenaf

*MH)I=,&),-#)&=#)5&-%$&%-#5J)4.0,+'$5),04)#0#-A#&)BB) &=#)*%DL
S21 What is the nature of the coupling between thersotarior, surface and the atmosphere?
S2.2  Why are there solar structures and dynamics oeraifft length scales and time scales, and what ggaseesponsible?
S2.3 How, and with what consequeng¢é&smagnetic energy transported, stored and released?

*NH)I=,&),-#)&=#)%04#-1.'0A)7-3$#55#5)&=,&)4-' (#0000 1,0#8$300#$&'30CBL)
S3.1 How does the solar wind, including transients, ggdhrough the heliosphere, amolw canwe predictforecast
conditions at Earth?
S3.2 How are geoeffective events produaaihow can we forecast them?
S3.3 How arethe magnetosphetienospherghermosphere systeyof the Earth and other planétgluencedby their
interaction with the solawind?
S3.4 What are the processes that cause enhancemenffi@tiation belts around planetary bodies?

C=#+#)M@)1,0#&5),04)P'8#
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P1.1 What was the primordial composition and state efstifar nebul@
P12 What are the@rocesses antimescale®f planet formatiof?
P13 What are the internal, surface and atmosphericeptigs of Solar System bodies and what processesdftected their
evolutior?
P14 How doessolar radiation affect the formation and evolutiorsofall bodies such as comets and asteroids?

9IM6)Q3<)<'4#57-#,4)'5)1'8#)'0)&=#)?0'(#-5#.

P2.1 Is(was)there life elsewhere@and what arés biomarker® Is (was) there life orMars, and how can we find it?
P2.2 Where do prebiotic molecules form and how do thetytg where they form life?

P23 What are the requiremerftsr and bounds of habitability the Solar System and elsewhare

P24 Where did the EarthOs water come from and whag isitler volatile inventory of thBolar Systerd

9NG)I=,&)43)3&=#-)71,0#&5)&#11)%5),G3%&) &) ,-&
P3.1 What is the impact record of the So®8ystem including Eartl?
P32 What does the Moon tell us about the origin of HagthMoon system?
P33 What can planetarmnagnetic fields, magnetosphegssd atmospherdsll us abouthanges on Earth
P34 How can we explorand exploit planetary resources?

C=#+#)N6Y0'(#-5,1) 9-3$#55#5
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Ul.1 How do waves behave in inhomogeneous plasmas?
Ul.2 Why and how do instabilities developimhomogeneous plasmas?
U1.3 How are magnetic fields generated and how do thejve?
Ul.4 What is the nature of turbulence in magnetisednpées®
Ul.5 How does magnetic reconnection work?
Ul.6 What is the nature of crossale coupling in plasmas?
Ul.7 How are energetic particlescelerated
U1.8 How do we know what we are seehg

?MH)Q3<)43)71,0#&,-.)5.5&#+5)<3-RIL
U2.1 How do fundamental plasma processes vary througheusolar System?
U2.2 What are the processes thate created, modified, and produce activity in the interiors, canstatmospheres of Solar
System bodies?
U2.3 How do we build an holistic picture of planetarygnatospheres?
U24 How are Solar system planets archetypes for planetther planetargystems?
U25 How common are Eartlike planets in other planetary systems?
U2.6 How stable are conditions the Solar System?

C:#+#)36)B-35$%&&'0ﬁ\$&'('&'#@(These are listed in alphabetical order, ndemms of priority:)
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The Sun is a fascinating and important object &raphysical and plasma research. It displays finuasber ofsurprisingdynamic
physical phenomena. As our closest star, the variability of the Sulmes@ profound consequences for the Earth and tdenmo
technological systems on which society reliese ifipact of the Sun and solar wind on our technology has becoaverkas Ospace
weatherand the UK government has recognisieelimpact of space weather on the econbmiistingit in the National Rik
Register(http://www.cabinetoffice.gov.uk/resourtibrary/nationairisk-registej. Lloyds of Londoralsorecently commissiceda
report into the potential risksf space weathend their associated coglgtp://www.lloyds.com/newsndinsight/riskinsighf). The
Met Office have recently established a Space We&bperations Centrhatis leading pace weather forecasting in Eurofelar
wind variability, resulting from solar variabilitgnd its evolution throughout the heliosphere pkgggnificant role irdriving
dynamics in planetary magnetospheres which are important in understandévgltiien of planetary surfaces and atmospheres.

The evolution of a Coronal Mass Ejection pictureeio24 hours by the Uked Heliospheric Imagers on the STEREO spacecr:
The bright OstarO on the right is Venus. Imagé:ciadkie Davies and the Heam(Rutherford Appleton Laboratory)

Through longterm observation and modelling, we are moving towards a @ephd detailed understanding of the solar interior
and atmosphere and we now see that the Sun exgibasevariability and complexity thaaver imagined. The quality of current
observations allows the study of thr@ienensional, timelependent and neimear behaviour on all length and time scales. This
poses enormous challenges for both analysis and theory, requiring the developimemtative methodsf observation and
modelling The UK has a proud history of major solar and solar terredisieoveries and has the expertise to meet these future
challengesThe study of the Sun, our star, is essential faleustanding other stars. Thiludes all aspects of solar physics from
the solar interior (e.g. generation and transport of energyragnetic field, S1.1, S1.2, S1.3), the solar atmosphere¢eanal
heating, flares, S2.1, S2.2, S2.3), and the solar wind (S2.3). Methed®ed for solar physicsuch as magnetic field
extrapolation and seismologgre now routinely applied to other stars. Manyhef tundamental processes, which occur in
astrophysical and laboratopfasmas, are observed remotely in high resolution on theuSlin situor remotely in planetary
magnetospheres, providing a unique opportunityfaterstanding magnetic field generation and evaytparticle acceleratn,
instabilities, reconnection, heating, plasma waves andlambe.

In order to address ¢trisks associated with space weather, it is ingmdtio understand the processes that drive sotebilty and
improve our ability to predict the occurrence, speed andtébreof coronal mass ejections (CMEs). These eruptiong eaergetic
plasmaand associated magnetic fields from the solar ghmare and into interplanetary space where theyénite the environment
around planetary bodies in a variety of ways. Bumth of a CME can enhance the radiation environfioerspacecraft and miraft,
while its arrival at Eartlean trigger a geomagnetic storm, driving geomagakyiinduced currents into grourtthsed power grids,
disrupting satellite timing and location signals and interfering veithior communications. The consequent heating of Bartipper
atmosphere and the resulting atmospheric expamesibances atmospheric drag on4altitude spacecrafMagnetic flux in the
heliosphere affects the cosmic rays impacting earthOs atmosgtierein turn affect, for example, cloud cover and albedo (S3).

The mechanisms by which the Sun, solar wind and €Mftuence the other planetary bodieshia Solar System varies, from the
entirely solar winedriven magnetosphere of Mercury to the largely interpddlyen magnetosphere of Jupiter. The inshlic
magnetospheres of Mars and Venus provide a defiisteedding of the atmosphere to loss processetheir interaction with the
solar wind. Thdactthat Venus has a thicker atmosphere than Mars, yet is subjecdarger degree of solar wind forgireveals
the complexities in understanding how the Sun and solar wfhences these systems (S3hderstanding the processes that drive
the solar variations, the production of heliospheric teamsiand their impact on planetary environments resdiegailed
observations, both multivavelength anéh situ, covering a wide range of spectral, spatial and temporalss@aemnaintain such a
comprehensive suite of observations, enabling dystfithe complete SuBarth or Surplanetary system in the required detail, the
STFC must liaise closely with space agencies, reseauncils and industry to ensure that the seehey fund meshes setassly
with other national and international programmesrtsure that all required measurements are madetfiesolar interior and solar
atmosphere through to the space environments qgfléfmets and down to the terrestrial bedrock.
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The UK has more than 40 research groups that sikeae solar, solaterrestrial and solgplanetary research (totalling more than
200 researchers) and holds a wdddding position within the international community intiasnentation, observational data
analysis, magnetohydrodynamics (MHD) and kineteotly, plasma physics and planetary plasgiance. A sample of UK
highlights and expertise for Theme 1 are listed below.

¥ UK research groups have a long heritage in soladwand heliospheric physics through world leadiogtdbutions to,
among others, the Ulysses and STEREO missionsinahdle expertise in exploiting both situand remote sensed solar
wind data, and #hassociated theory and modelling.

¥  The UK has several hardware groups developingumsntation for
space and grounebased projects, resulting the UK takingPI roles
oninstrumentghat contribute to the success of severrnational
space missions and groubdsed facilitiesParticipation of UK
physicists is actively sought in major new proje€&tsr example, the
UK now has major roles in four of the instrumernts $olar Orbiter,
due to be launched in 281In groundbased instrumentation, the
success of thROSA instrumenhas led to UK leadership in providing
visible camera$or the U.SDaniel K. Inouye Solar Telescope
(DKIST).

¥  Our pioneering theoretical work in MHD and kinettieory is valued
worldwide, including dvances in largscale simulations through, for
example, the DIRAC High Performance Computing facil

¥ UK groups are internathally leading in the provision of

atomic/molecular data for the interpretation ofraiwmolecular )
spectra from spectrometers and CHIANTI is the preféatomic Xhe Electron Analyser System for the Solar Wind
. . . . nalyser on Solar Orbiter, currently being built at

physics package throughout the international solar community. MSSL. Image credit: MSSL.

¥  The UK currently hoststateof-the-art modelf the coupled
magnetospher®nospherahermosphere jovian and saturnian systems. These aretbubeing extended to understand
physical processes including magnetic braking, auroral emissions, anargort of energy and angular mentum.

¥  The UK has considerable expertise in simulationsafeparticle interactions and their application to radiation belt
production/lossimportant for the forecasting of space weather.

¥  Through the use of groundnd spacéased observatories suchl§IRT andHST, the UK has built an international
reputation for the remote study of giant planet mamgpteres and ionospheres through the analysis of aimagés and
spectra and their theoretical interpretation.

Only througha strategic approach to mission and facility ineohent, data analysis, theory and modelling, atetjaate investments
in both staffing and HPC hardwateill our leading and productive role be maintained.

*EH) I1=,&) ,-#) &=#) $,%5#5J) $305#K%#0SH#5) ,04) 7-#8%5'1'&.) 38) 531,-) + A0H&'S)
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The SunOs atmosphere and its behaviour are cedtbyiits magnetic field, which owes its existence to dynarotion in the solar
interior and transport of the field from the interior to ttla@sphere. The Suvarieson a wide range of time scales, from the sudden
rapid release of energy and mass over a few seconith® propagation of MHD waves and oscillations thtaug the solar
atmosphere over minuteand to solar cyckeover a decadé/ariations over hundreds of yeaan bedetected through proxies in tree
rings and polar ice sheets. The main gda1is to identify and unravel all the physical processes resplenfor such a wide range
of solar variations with the possibility of mlieting or forecasting thepecificprocesses thafeneratespace weather.

Firstly, understanding the origin of solar magnetitivity requires a detailed description of howdsno action arises thugh the
interaction of magnetic fields with rotation,roection, shear flows and stable stratification (S1.1, S1.2, N8t causes the
structure and development of the solar tachoclimeca@ates differential rotatioi®oes the largescale magnetic field arise through
the interaction of turbulence withtagion orvia magnetic instabilities? Why does the solar cyclg¥& he recent extended solar
cycle minimum was unexpected and at odds to alegyredictions. What was special about the laske®/The largescale magnetic
fields generated by the dynarace transported to the solar surface by magnetigdncy, leading to sunspots whose structure is
determined by the interactions between the magnetic fields and thargling convective motions. Key questions includeZS1.
S1.3, S2.1): How does buoyaniateract with downward transparia the magnetic pumping of convective downdraft&®v does
the complex interlocking comb structure of sunspot penaemfarm? Why is this stable? What is the link between
magnetoconvection and the smstlale features isunspot umbrae (umbral dotS)Ris theoretical underpinning of the origin of
magnetic activity is constrained by our knowledf¢he solar interior through helioseismology. Therent experiments hayast
been going for long enough now for the firstgjty modes (oscillations that provide informatioithe density and temperature near
to the centre of the Sun) to become detectable. Continuestémming ground based helioseismology experimengs,BiSON,
GONG) together with the spatased instruents on SOHO, Hinode and SDO guarantees new results understanding of the
SunOs interior.
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Secondlymagnetic fields emerge on all spatial scales, rangi
from active regions to small ephemeral regions (83123, S2.1). ) H—alpha
What is the form of the fld in the solar interior and what are the wx107) )
physical processinvolved? Are the smalcale magnetic fields
in the quiet Sun a result of magnetoconvective processifigld$
rising from the main dynamo at the tachocline or axy thwe
their existence main to alocal smaliscale dynamo driven by
nearsurface convective motions? We need to improve our
fundamental understanding of how the interior magrféeid
couples to the solar atmosphere and how the emenggdetic
fields are subsequently processedhe photosphere. How are thg
many different coronal magnetic structures, sucaciise region
loops, prominences and coronal holes, formed?

|

Distan

Thirdly, how does the structure, evolution and podbility of
coronal magnetic fields relate to dynamic phenom(&1a3)? The
extreme diversity of dynamic solar phenomena méaaisthey
evolve on a wide range of timescales and lengthscé&lor
example fast dynamical evolution occurs in flares, spicules,
surges, coronal hole jets, CMEs (once the magfietitis
destabilized); more moderate evolution takes place during acti
region formation, active region outflows, coronal hofasar
plumes, magre carpet and small scale emergence; slow
evolution of the global coronal fieldOs structure its open flux,
quiescent and activeegion prominences (until they erupt). This ilmage chromospheric spicules in Hydrogen alpha

a subset of observed solar phenomena from SGHEBREQ observed with ROSA showing the structure of the dyr
Hinode and SDO. Howloes the Sun create such different scaleschromaphere down to the smallest spatial scatesdit:
Once we understand their magneticalbntrolled formation, QueensO University, Belfast.

magnetic characteristics and drivers, we can theestigate their
dynamical evolution in more detail.

@#.)+'55'305),04)-#K%'-#+#08&5)83-}E6

¥ BISON, SoHQ Hinode, HMI/SDO (and in the future Solar Orbiter,|&8a&C and HIRISE) provide global and local
heliosiesmology measurements as well as vector magnetograph meargsrermeasur&ccuratelyjthe emerging flux.

¥ Hinode, SOHOSTEREQ SDO and IRISnissions are key to understanding of physical gseg in emerging and developing
magnetic fields across all spatial scales.

¥  The Solar Orbiter mission, with its unique orbitjlyerovide a view of the poles to allow helioseisnmeasurements of that
unexplored regiorbthis will probe the fundamental behaviour of the magnetiteci the Sun.

¥ ROSAOsnulti-wavelength capability will continue to provide highdence observations of waves and oscillations fituen
photospherehromospherat highspatialand temporatesolutionsin addition,DKIST (and in the future Sola€ and ESTwill
resolve, with unprecedented sensitivitydividual magnetic flux concentrations, observirigeit emergence, structure and
dynamics, measuring their field strengths amdation.

*MH)I=,8),-#)&=#)5&-%$&%-#5J)4.0,+'$5),04)#0#-A#& $5838))*%60)

The magnetic fields, which thread the solar surfdkand structure the solar atmosphereeTiteraction of plasma and magnetic
field produces a wide range of dynamic phenom&raditionally, the solar interior and the differdevels of the solar atmosphere
have been treated as separate regiecause othe limitations of previous observations. However, the \mezflinew multi
wavelength observations, through both spacegaodndbased instruments, are giving us a simultaneous view throughout the
various atmospheric layers. The time is now righgttmlyhow these layers are coupled together (S2.1). The newchidggnce, high
resolution observations from the Hinode and SB@Iftes and from the grourithsed DST/ROSA instrument have shown how
dynamic the entire solar atmosphere is. Transient and explosive,eteitsaas nanoflares to microflares, spicules, CMEdlaresk,
occur throughout the solar atmosphere, at all sq&2.2). Flows are prevaleand waves and oscillations are omnipresent. Key
questions are: What is the nature of the coupling between the seléwringurface and the atmosphere (S2.1)? How is mass,
momentum and energy transported from the convectioe to the corona and solar wind (S2.3)? How tliesower atmosphere
regulate this transport (S2.1, S2.3)?

The distribution of the surface magnetic flux issknown to follow a power law over many decadeshwnany smaiscale
magnetic elements of 1Mx, the present resolvable limind fewer largescale sunspots of #x. Coronal active region loops are
conjecturedo consisbf many threads, with the elemental thread presently still unresdtesvever,DKIST, with a spatial
resolution of 25 km at the photosphere and 150 ktharcorona, will provide a steghange in resolutiorKey theoretical questions
include:Why are there solar structures on different lersgiles and time scales, and what processmnsible (S2.2)? How do
these solar magnetic fields evolve dynamically (S1.3, S2.2)& W the magnetic nature and properties of the elemergatitand
why?What determines such scatesariant distributions, how far do they extend, and whiclt@ssee are responsible (S2.2)? How
are the different scales coupled in dynamic evé®i2s2)? What are the characteristic magnetic tapetoacross the scalasd how
do they change (S2.2)?

11
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An underlying process involved in all solar atmospt phenomena ihe transfer of magnetic energy not only from its sourceen th
interior but also into thermal energy, kinetic energy andtteeleration of particles. Transfer from the interior isezilirectly by

the emergence of magnetic fields or through the praay of waves/oscillations along magnetic struesuiS2.3)Important
theoretical questions include: What role do small and Iscgée flows at the level of the photosphere play in the bpitaf energy
and the reorganization of atmospheric magneiilds into complex energy releasing structures (S2.3)? ldakis energy
transported and distributed in closed and open magndtiaégions (S2.3)? The release of magnetic energy can benttsighly
dynamic, as in flares, CMEs and other eruptionsjttcan also be less dynamic, as in heating (either due to wengrdaor
nanoflares). Why and how does energy release occur both over smati€tess) and large (solar radii) length scales leaiting
solar flares and CMEs (S2.1, S2.3)? How do wavepgmate in a highly stratified and structured magrestiGronment (S2.3)?
How is the plasma in in the upper corona acceldratgroduce the solar wind (S2.3)8w do fields, flows and particles interact in
the solar atmosphere (S2.2, S2.3)? How doeglitbal magnetic field store energy over periddsionths to years (S2.3)?
Understanding these processes require direct incatipn of observational data into theoretical msde first reproduceral
understand the physics behind these complex systaththen to predict them.

To transfer magnetic energy into other forms ofrgn€S2.3), the key questions relate to where, wdrehhow much energy is
transferred. What is the relative significance of the twanreakergy release mechanisms in corondl@romospheric heating:
reconnection and wave¥?hat are the mechanisms that remove the magnesitefiergy from the Sun? What triggers solar
eruptions and can we predict them? How do solammitégfields dissipate energy at all length scaled time sales? What are the
norrthermal processes that heat the solar atmosphiéna®is the nature and implications of the couptfid'lHD and kinetic scales
for nanoflares/flares/eruptions?

Many signatures of solar activity are produced bgrgetic particle$S2.3). Energetic accelerated particles are ubiquitous in
astrophysical plasmas, and all types of solar &igtare associated with particle acceleration. Magrnreconnection acts an
acceleration mechanism, but how this operategatticle or kinéic level is still unknown. There is a massive disparity ofesda

that plasma simulations can be used to investigate adiehepaocesses on the scale of the reconnection region,eflaté site has
a much larger scale, encompassing active regfimttures. Plasma modelling is required to undedsfundamental questions of
particle acceleration, such as the interplay between reconnentidnrbulence, but more global modelling is required weustand
fully the role of largescale magnetic sicture and interactions with lower parts of the corona. Therdsr@mblems of
interpretation, since particle propagation and emissifattsf mediate the observational signatures, needing awautglength
approach to disentangle their properties.E3Mire associated with solar energetic particlatsveeasured by spacecraft at 1 AU,
which fill a substantial portion of the heliospheantributing to the radiation environment in thade8 System. Shocks akeown to

be efficient acceleration sitesrfenergetic particles, and those formed ahead of CM&a aatural explanation for solar energetic
particle events. Testing theories of not only the shock acceleratioagses, but also propagation and time evolutiontsffec
requires modelling of theaher heliosphere. It is also necessary to know the initial stalbe @nhergetic particle populations, and this
can depend on previous activity events and flacelacated particles. Because of the efficiencynafrgetic particles entihg in

radio, opical, ultraviolet and Xray wavelengths, they serve as the unique signatfitee 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 thayXelescope onboard Hinode, in response to newly emergingetiadields
reconnecting with the background fiel@redit: Hinode XRay Telescope.

It has traditionally been assumed that the solar comlasma is in local thermodynamic and ionisationikhrium, but with the

new highly dynamic observations, we need to take a different, morerngial) approach to modelling the atomic processes and
solar plasma. We foresee a worldwide interest inemuilibrium processes in the next few years. Thgzakmodelling of some
dynamic solar features requires pequilibrium ionization. Observations from futureognd and spacdased instruments will enter
a domain where we cannot ignore remuilibrium and nosthermal effects. For example, IRIS, a nrgenherabn spectrometer with
much improved spatial (0.3") and temporal resohgjds designed to study the dynamic interface &etwthe chromospheredithe
corona, including structures notlacal thermodynamic equilibriunThe questions we need to address Blow do norequilibrium
processes affect the plasma modellmgl diagnostics? How can we improve the kinetic and plasma models fonsaghere flows
are prevalent, and where ion and electron distiibgtmay not be in equilibrium? Can we adapt atgmaickages, like CHIANTIto
take account of neequilibrium processs?

It is through the synergy of improvements in observatitimeory and simulation with High Performance Commuu(HPC) that &
will solve these major problems. Once the undedyphysical processes are understood, we will be @biake predictions.

@#.)+'55'305),04)-#K%'-#+#0&5)83- MG

¥  The Hinode and SDO missions provide higisolution data on the flows and magnitude of thgmatic field that drives
activity at all scales. The Uked spectrometer EIS provides critical information onmplaparamets such as flows as the
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magnetic field varies. This is complemented byltmg-established UKed SOHO/CDS instrument that has provided
EUV spectral imaging for 17 years and will contirwigh involvement in IRIS

¥ RHESSI continues to provide outstandingadan highenergy solar events, sites for particle accelematod in the future,
Proba3 (Fresndlens) willimage the hottest flare plasma, at-subsecond spatial scales that approach fundamental
structural coronal scaleSPARK is designed to targite whole range of particle acceleration, from supratheeteatrons
to relativistic ions, through the combination of imaging apdctroscopy.

¥  STEREOprovides a heliospheric imaging capability, led from the UK, whieinigue in the study of CMEs frormset to
Earth impact, feeding into studies of coronal streee and evolution as well as issues such as SadRiption.

¥ ROSA observations of solar flares provieleeptionaimaging of the fine structure of chromospheric filaments$ alows
us to relateltose with posflare eruptions and CMEROSA can determine the importance of waves as fuedtah
carriers of energy through the solar atmosphere.

¥ LOFAR, togethewith other groundand spacéased instruments that observe the Sun in radio, optical, &tt\¢ray
wavelengths, will study dynamical aspects of saldivity, such as solar flares.

¥  Solar Orbitewill provide Oencounter® type science by providitgresolution imaging and spectroscopy during the
unique orbitbthis will allow us to probe theolar atmosphere at close to fundamental scales.

¥  The SolatC mission focuses on analysing energy flow spectpisally all the way through the solar atmosph@tes is
not achievable with current instrumentation and will make huge steparfbinunderstanding fundamental processes

¥  The energy released in solar flares is storedréssed magnetic fieldBKIST, and later ESTwill provide accurate
magnetic field measurements in the photospherentbsphere and corona and determine thegmd pst CME magnetic
field configuration. The magnetic fields of prominenees eruptive filaments will also be measured t@oat heights.

¥  HIRISE with its outstandingspatial and temporal resolutionill provide highlights to the micrphysics underlying
magnetic coupling between the solar photospherearaha, with emphasis on the dynamics of the itiansregion
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The solawind and itsmagnetic field can have a profound influence onethdronment®f planetary bodies in the heliospheltas
thus criticalthat we understanioth the origin at the Sun, and the evolution of the wind and magnetidfieldierto recogniz the
variations that we sda situand their subsequent impact on the Earth and &blar System bodies (S3.1). Sughowledges
essential to underpin further research into predidhe propagation of solar wind transients (CMtigh speed streanasd
interaction regions) in a space weather context. Key queasitielude: What is the global structure of the solar coradahee near
Sun solar wind? How and where do the solar windmpkand magnetic field originate in the corona? Mdhathe diffeent origins
of fast and slow solar wind? How do solar transients drive heliogpbemiability? What are the drivers and effects of isafad
turbulence, and how and where are shocks formed? To answerghestions, it is essential to maksitu measirements of the
solar wind plasma, fields, waves, and energetidgestclose enough to the Sun that they are stitively pristine andhave not
had their properties modified by subsequent transport and propagation proddeseslement in undemmtding these phenomena is
the combination of observational data and theoretical lmadeeproduce the characteristics of these complex sgstachtien to
predict them. For example, MHD models of the solar wind can betaseddel the structure and eutibn of high speed streams
and stream interaction regions through the inndo$ghere, and the propagation of CMEs through¢bmmplex environment,
|nteract|ng with the solar Wlnd stream structure and evieer @MEsHowever, the current models assutiat the solar wind is in
= : thermal equilibriumDoes the fact that the solar wind is a +eguilibrium
plasma affect the propagation of CMEs and solar wind streams?

With the advent of space borne heliospheric imagersh as thse on
STEREO, our ability to track solar wind transiehés been greatly
improved. The techniques developed for tracking solar wartstents in
these widdield cameras have enabled preliminary predictionset made
of the arrival of the observed transiehtaiven location, be it a
spacecraft, the Earth or another planet. It is diean these predictions
that while some events could theoretically be tracked witteaision and
latency sufficient to provide a useful warning at Earth, et majority
are not. In particular, it is more challenging tockahose events that
interact with each other or propagate at speeds that difafisantly
from that of the ambient solar win8iccurate forecasting of solar wind
FA combination of two images from the STEREO EUNgiT conditions and_ the arrival of poteﬂljaggoeffective transients at Earth
and solar coronagraph, showingmominence breaking aw; therefore requires not only a_ba5|c ablllty_to detect aruk ttzese features
from the solar surface in October 2012. Credit: MASSFC. but also detailed understanding of the universal processes that govern
their interaction (Theme 3fror it to be useful to operators of grmh or
spacebased systems, a space weather forecast requires: an understétitrigackground solar wind conditions into which any
transient may be launched; an estimate of when a transiéetwyt; initial estimates of the speed, direction of pgaten and
density of the transient; estimates of the expansion rate and longitextieat; understanding of how a transient will ratg with
the solar wind; whether a shock front will develop that weitld to enhanced particle acceleration ahealdeofransient.

While advances have been made in tracking the spreeédensity of solar wind transients and estingatfireir time of arrivaht

Earth, their effect on the EarthOs space enviranraenot be anticipated sufficiently far in advate@rovideuseful warnings. The
main reason for this is that the strength of theirpling with the EarthOs (or another planetOs)atiadield, their geciectiveness,

is strongly dependent on the highly variable direction efrtiagnetic field in the transietitthis is opposite to the EarthOs field, this
maximises the efficiency with which the two fieldsn merge through magnetic reconnection, allowimergy and plasma to be
stored in a planetary magnetosphere. Additionallsteady solar wind with the appriate orientation can also produce geoeffective
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events in ways that are not fully understood. Tovecept of geoeffectiveness as extended to the naepteeres of other plats is

also of importance in generalising this concepiriderstanding the rolegf physical parameters (such as the strength of a planetary
magnetic field and properties of the incident selard plasma) in controlling geoeffectiveness ($30espite its importarg, the

only way currentlyto predict this quantityat Earthis via in situ measurementsom the ACEand DSCOVRspacecraft, orbiting the

L1 point approximately 0.01 AU upstream of the BaBuch measurements provide advanced warningedafaheffective naturef o

an event only about 40 minutes prior to its arrataEarth.
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¥  Widely spacedn situsolar wind observations from the two STEREO spadgénacombination with ACE at L1 and other
interplanetary spacecraft such as Venus Express and Nessee currently contributing our understanding of the
largescale structure of the solar widombinations of data from ACE, WinBSCOVR,Cluster and Themis/Artemis are
suited to smallescale multipoint studies of the solar wind.
¥  Solar Orbiter builds on our UK strengths and wavolutionise our knowledge of the solar origin and inmeliospheric
evolution of the solar wind by combinimg situ observations closer to the Sun than ever before, both in and above the
ecliptic plane, with high resolution multtavelength imagingnd spectroscopic observatiofie extensive investments
that the UK has made in this mission must be fully exploited.
¥  Operational space weather missions have been dttalgetermine the optimum configuration for roetspace weather
forecasting. Onegssible configuration involvgsiacing a heliospheric imager at L5 would allow exploration of whether
such instrumentation could be used in routine spagaher forecasting.his concept was the subject of a recent UK
Space Agencyunded feasibility studyHAGRID). The Carrington concept led by Airbus DS (UK) plabesh in situ and
remote sensing instrumentation at L5 to increasecthdtime on forecasting solar taty, improve the accuracy of
predicting Eartkdirected CME arrival times, and provid& 4o 4 day forecast of solar wind conditions before they rotate
to the Earth.
¥  Further development in modelling and simulatiorsafar wind evolution is also essential, includiraysequilibrium
plasma effectsGood neareal time models of the inner hedphere based on neal time solar and heliospheric
observations are needed and we need to improve our scientific understandadgetthese accurate enough to be useful.
¥  Developing techniques to measure the directiomefitagnetidield and partick propertieembedded in a transient well
ahead of its arrival at Earth (S3.2) would be agnaflvance and would be of great strategic valdattoe space weather
forecasting capabilitie§.his could be achieved in the following ways:
o Deployment of a #et of spacecraft in highly elliptical Earth orbitkich, between them, always have a
spacecraft significantly upstream of the Earth ingblar wind(Space Weather Diamond).
0 A single spacecraft orbiting much closer to the 8wam the L1 point using ®kar sail to balance the forces
necessary to keep it upstream of the Earth.
0 Use a groundbased radio telescope such as LOFAR to measure the Faradanrofatie signal from
astronomical radio sources as it passes througsaiae wind.

The interactio of the solar wind, and any embedded transients, with a planet istetedy the coupled magnetosphien@osphere
thermosphere system, which facilitates the transport afjgrasmd angular momentum between a planet and its surraundin
environment (S3.3)Under different levels of forcing from the solamdi different parts of this system become important
mediating and transferring the stress and energgited onto the Earth. These interactions are yigbitlinear and are of
fundamental importande understandingpaceweather events. The complexity and Amearity of this system is enhanced at the
giant planets by the strong role played by internal plasma sources sslacataupiter and Enceladus at Saturn, and tfeecement
of (partial) cerotation of the magnetospheric plasma thus extraetigggy and angular momentum from the parent planet. The
magnetospheric configurations of Uranus and Neptune
differ significantly from those of the gas giahiscause
of the large offsets between theérspnd magnetic axes
at both planets and UranusO large obliquity. Atthou
these effects must lead to unique configurations for solar
wind-magnetospher®mnospherehermosphere
interactions and interior plasma transport, almost
nothing is known about theasonallydependent
consequences. Clearly, the solar windgnetosphere
ionosphereghermosphere system varies considerable
across thé&olar System thus providing a laboratory to
study the relative importance of each component.

The influence of energetic particles on EarthOs

HST images of atrengthening aurora on Saturn, resulting from selénd atmosphere is a good example of the consequences of

pressure (F. Crary et al., Nature (2005) 433, 685). the Sunplanet connection. Ene_rgetic paktis
accelerated near the Sun and in the EarthOs

magnetosphere during geoeffective events precdpitad the atmosphere. The most energetic partpestrate further intthe
atmosphere before transferring their energy antifethe atmosphere. Thepth at which this energy is deposited has a bganin
the extent to which the atmosphere expands with deeperagmeicausing weaker expansion (since there is more altm@sgove
to lift). Somewhat unexpectedly therefore, weaker geoéffeetventamay have a greater impact on atmospheric expansith,
important applications to secondary effects such asigatlhg. A related important question in the study of gisarietl
magnetospheres is why their thermospheres are tmttér than can be elgined by current models of solar and auroral heating.
These issues highlight missing physics in our deson of planetary thermospheres or the preseficeknown energy sourse

14



I"HSYOHE (") <" +#)'* - /%*01/20/ 3'45+,'6789

One of the great challenges in understanding thhamijcs of planetary nganetospheres and their interaction with the Sun is dealing
with the vast range of scale sizes involved. Theml substorm cycle is a good example of the ehgles presented by
understanding a process that occurs across a range of scalel@petheveergy stored within the magnetosphere is transferred into
the EarthOs atmosphere, focussing a volume many times tihatzirth, into an area around the size of a continent anctee diy
electric current systems that may be present osdake of 108f km. Understanding the process by which solar wind energy is
transferred into the Earth system requires techniquesdlat both largecale observations made by spacecraft and grbasdd
facilities together with measurements of the detailed
interactons between particles and magnetic fields at much
smaller scales. A detailed understanding of thesprart of
energy from the solar wind into the Earth magnetesg and
then into the EarthOs atmosphere will provide vital input to
scientific subjects beynd the scope of STFC scien@he
modulation of ionospheric layers, thermospheric position
and circulation, the global electric circuit andideterm
change in the Earth's atmosphere are all subjeatg Istudied
by NERGfunded scientists using fadis suchas EISCAT
and SuperDARN. It is important to ensure that swéeat the
boundaries of research council remits is enabled through
consultation between research council strategiedy of the
magnetospher®nospherghermosphere system also has

Dramatic image of the aurora borealis taken in Ky rear Tremso, applications beyond our Solar System. The assat@mtaent
Norway. Image credit: Bjorn'Jg,rgenséhttp://www.suntrek.org/blog/the systems play a keple in the generation of auroral radio
northernlights-auroraeborealis emissions that may be used as a remote diagndstic o

magnetised exdanets as already demonstrated in tetection of auroral emission in brown dwaffis is a growing theoretical
area in which the UK has a lead and the growingbity of groundbased radio observatories, as well as sihased
observatories, willdad to important discoveries in this area. Keyrdiie questions include: How do magnetospheriactire and
dynamics arise from the interaction with the solar wind and inteepday magnetifield? What is the role of magnetospheric
substorms in sofawvind-magnetospher®nosphere coupling and how are they triggered? What iffetes geomagnetic storms
from other geomagnetic activity and what causes thelow are giant planet thermospheres heated? @axpiansion of the
atmosphere due to magnatberic activity be accurately predicteld®w does magnetospheric activity couple to the sphere and
atmosphere, and how do these regions influence etagpheric behaviour?

Quasipermanent radiation belts have been found at almost all the magretéiesiin theSolar Systenand are known to be
dynamic, responding to forcing from the solar wind and possibly internal gescasthe giant planets whose magnetospheresa
high degree of internal control (S3.4). At Earth these radiation lagitspaitularly their variability in spatial distribution and
intensity, are important factors to understand since theg fsks to satellites and astronauts and are a key compirgpece
Weather. At other locations in ti8olar Systenthey also pose riske spacecraft, for example they are critical mission drivers for
JUICE. In general it is important to understand hbese radiation belts are generated, maintainéddost. The acceleratioof a
OseedO population of particles up >MeV energidafénacions between waves and particles, is an active area of reseavbich
the UK plays an important role. However, the origin of thesd paeticles is an open question particularly in giant planet
magnetospheres (see also U1.7). Precipitationdiditian belt particles into the atmosphere of a planet is a general progeghich
radiation belts can decay, thus affecting the atiness possibly over long time scales. It is criticat@atinue the thaetical and
observational investigation of radiatibelt variability and particle acceleration in order to fully developsysterrlevel
understanding of Space Weather and to gain a general understanding of chdigjecapeeleration in the universe. The aaility

of radiation belts is also importafor understanding habitability, particularly of moarebedded in such radiation environments.
Key questions include: Are waymarticle interactions critical in generating radiation belts? Mdhathe energy and plasma sources
and sinks for planetary raation belts, do these vary between different pkmyetagnetospheres? What are the seed populations f
generating radiation belts and how are they produced? How do the takrasliation belts respond to quiescent solar wiiriging

and solar wind tmasients/CMEs? Do the radiation belts of the giant planets respoathtawénd driving? Modelling and

exploitation of future, current and heritage daits ®©n radiation belts at Earth and the outer pdaisecrucial in answerg these
questions. Explodtion of public data from NASA missions (e.gan Allen Probes, Juno) with a radiation belt measurements in
concert with data from UKed instruments will also be important in addressing thesstipns.
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¥  The development of Space Weather forecasting reliasnderstanding processes and structures ovily different scales
in the magnetosphere, from smsdlale current systems to the global magnetospiieeproposeMILE mission will
pave the way foglobal magnetospheric imaging and the studied CENTINEL mission isfodue roadmap for developing
a fleet of magnetospheric monitors. Sma#ieale current systems and structures will be prélyettie SWARM and
NASA MMS missiors, and continue to be stiedl by Cluster. The proposed AlfvZmission will continue this workAt
the boundary between the remits of NERC and STFC lie projaetstigating the transfer of solar wind energy to the
EarthOs atmosphere then to the EarthOs surfameahlle such piects to continue, support is required for exploitatién
data from EISCAT and SuperDARIMNd the development of new facilities, such as EISCAT_3D.

¥  Continuous auroral monitoring (e.gia RAVENS) is also important in understanding the global maapygtee since
these emissions map out to very large volumes in the maghetes

¥  Funding for the exploitation of data from giantme& missions (such as Cassini, and eventually 4ndaJUICE), and
remote telescopic studies, is essential in understgride magnetospher®nospherghermosphere systems at giant
planets and how internal magnetospheric processes change this coupliageiftual exploration of the ice giania an
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orbiter (e.g., Uranus Pathfinder) is essential to completgittisre. Fundindor remote sensing studies and to pursue
modelling and data analysis is required to suppach future mission development.

¥  Funding to exploit data from Messenger will enahke UK to meet important goals in magnetosphenesphere
thermosphere couplinand to prepare for BepiColumbo. Funding for data exploitation from JUKCEIso enable the
study of small magnetosphenga the JUICE orbital phase of Ganymede.

¥ A critical issue in understanding solar wind infiees on giant planets is the lack nfupstream solar wind monitor.
Current work uses modelled propagations of soladwinditions at 1 AU. The eventual developmentrofipstream
monitor for an outer planet mission will be an impot step in understanding the magnetospherdsedgjiantplanets.

¥  The UK has expertise in modelling the acceleratibcharged particles in the radiation belts of Eamd Jupiter.
Continued funding of this research will maintain th€Os position as a lead in this important area.

¥ NASAO$/an AllenProbesis adedicated radiation belt missicand the UK has a unique position in our abilitcembine
Cluster and/an Allen probedata to understand the production and loss of the terrestrial radiatti@ri-beding for
Cluster and for exploitation of publicly alable Van Allendata will enable us to exploit this position.

¥  Exploitation of data from Juno, Cassini, JUICE and a future ice gréiter will enable the complete exploration of
planetary radiation belts to give adetterunderstanding of the produeti, energisation and loss of radiation belts.
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The origin of the Solar System and the possibdityife beyond the Earth are questions that haveipied theminds of scientists for

many years; they are also questions that are at greerest to a more general public, and inspiteré astronomers andgpetary

scientistsSignificant progress is being made into understamdur distant past aralir placem the Universe. The UK planetary

science community is engaged in a variety of funddaalganetary science investigations targeted detstandinghe Solar

System; knowledge gained from these studies hastdipplication to the understanding of therfation of exoplanetary systems.

How the Solar System formed and evolved reachegtietheart of planetary science. In understartti@gnaterials thatave formed and
modified the planets, knowledge of tinansfer andnventory of
volatiles within theSolarSystemareimportantfactors.
Understanding the interior, atmospheric, surfackraagnetospheric
structures oplanetry bodieswithin theSolar Systens crucial to
providing constraints on the volatile budg#fe alschavean
increasing knowledgef geology and geomorphology of many of the
terrestrial planets and satellites in the Solar System hatl w
processes affect thetdowever, @en our understanding of surfaces
and surfaceatmosphere intecions of the besstudied bodies,
Mars and Venussistill far from complete. For examplbe
sedimentary rock record of Mars is only now begigrtim be
investigated through higresolution orbital investigations and
rover observationsand new high resolutiomages and spectral
datasets of airless bodies like Mercury and the Moon, are revealing
the geologically complex nature of small rocky worlds

The UK community is considerably active in the sador
evidence for past or present life beyond Eaetipeially the

search for life on MardNotwithstanding the significant emphasis that laggropriately, been placed on study of the redgilamr
understanding of the habitability of planetary environments is now moving beyonderarisin oMars andthe OGoldilocksO zone
of habitability. For example, investigation of tlearm environments inside the icy moons of the g@anets is extending our
understanding of the boundstatbitability. Researcbontinuesnto determining the biomarkers that are tigas of life, and how these
signs degradbecause oénvironmental effectEstablishing the geological framework of Solar Systodies underpins future
understanding of the evolution, habitability and current environment of téatgsanets and satéths. Questions such &slow
widespread is life in the Univergécannot be addressed without knowledge of the géamabgnd environmental contexts of a
planetary body, set within a chronological framework. Once such an uniinstas gained, thienowledge can be applied fature
explorationprospectsfrom orbital globalscale studies tm situ micro-scale investigation®©ver the past decaddiscoverieof
exoplanepopulationshave revealed a wideriety of planetary systemsanyvery differentfrom theSolar Systemno longer are
Ohot JupitersO the norm as exoplaxaetincreasing number of terrestrigbe and Osupdiarth(lanets are now also knowh
complete investigation dhe Solar System is essenttal provide a basis for comparistmenableunderstandingf exoplaneary
system formationFor giant exoplanets, it is already possible tot $tadetermine their atmospheric composition anacsure and
the presence of moonBut much more will be required to understand how they woloth familiar and extreme environments.
Fascinating new water worlds are being discovenatiay be scaledp versions of icy moorsuch a€uropa and Enceladusn
interesting and important corollary of such research issthidy of different classeof terrestrial planets willsoinform us about the
evolution of our own planet.

The Reull Vallis outflow channel on Mars. CrediSA

Studies of other planets yield information abouhemf the majoeventsfaced by our civilisation on Earth, such as magrfetid
reversals, asteromhd comeimpactsresource depletion, and climate change. Informationtgiianetary dipoles and magnetospheres
can shed light on the changing dipole of the E@rthgnetic reversals) and its resulting changiagnetosphere. The atmospheres of
other planets (e.g. Venusak) give us insight into climate change that f@sioed(and is still occurring) on Earth. Studies of Near
Earth Objects and missions to asteraidd cometsvill yield data about the natusnd dynamicef Earth-crossing bodiesyhich
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may be of majormportance in understanding the potential for majgracts on Earth. Furthermore, as eausthe resources of
our own planet, we may ultimately need to exploreentory, understand the origind exploit the resources of other planets.

2@)!"TH#-&'5#)-#1#(,0&)83-L=#+#)M)

The UK has around 30 research groups active inepday science research, totalling approximately i28@archers. It is regnised
as a leading exponent of the laboratbased analysis of extraterrestrial materialsyelsas remote sensing of planetary
atmospheres and surfaces, small body dynamicsxaplamet detection. The field of astrobiology isieaportant sukdiscipline
within planetary sciences; the UK was amongst itfs¢ o recognisehe subject as a cogeaarea, and is still a major international
driver of the subject.

¥  The UK has some of the best equipped laborataniéisel world for the analysiof extraterrestrial material, andK
expertise irthis fieldis world-renownedThe UK CAN (UK Cosmochenstry Analysis Network) is an example of how
access to facilities is wedlstablished between different laboratories natidewit is also a leading partner in a
complementary Eunded scheme under the Europlanet umbtella.

¥  The UK also provides major contributions to mingraysics at high pressures and temperatures, sutttose experienced
by metal and silicate segregating during the formation of the cotesre$trial planets. Through the use of facilitieshsuc
asDiamond and SIS, the UK has international leadership in the lalmwyastudy of planetary ices and volatiles which are
of key importance in understanding the interiors of planetary bodies.

¥ The UK is a world leader in laboratory astrochemyistlirecting the B) ITN LASSIE (Laboratory Astrochemistry and
Surface Science in Interstellar Environments). WKa@chemists are wortenowned for their contributions especially in
ice chemistry and physics, particularly in fundamentalesgrscience experiments and sissociated theory relevant to
planetary cometary and protoplanetary environments.

¥ The UK has a strong legacy of planetary remoteisgred observation, with UK scientists participgtin research and
modellingof data from VenusMars,cometsthe Mom and MercuryUK teamshavedevelogdinstrumentdor several
missions including Mars Express, Mars Climate Sounder (on MRO), VenpseSs and Cassirfior characterizatioof
the composition and ayamics of planetary atmospher&sey havelsoplayedmajor roles in developing software for
climate statistics and numerical models for thmalies of Mars, Venus and Titan.

¥ The UK is a world leader in the study of planetarggnetospheres and their interactions with moangs iand the parent
planets though participation in Mars and Venus Express, Cassini, Juno, JUICEelatedl studies at Earth.

¥  Astrobiological research is a majorte of UK scientific activity. In terms of attempting to deteé¢)iUK teams have built
miniaturised mass spectrometeX-Ray and IRspectrometerandenvironmental sensartlK groups have alsode
projects on characterising the nature of life in extreme environmarisrth, and characterised microorganisms in
samples exposed to space conditions in afbiipecialistastrobiology laboratory has recently been estadtish the
Boulby potash mine, 1 km underground, where it st experiments on extremophiles.

¥  The UK currently leads the world in groubdsed transit surveys for exoplanets (&MASP, SuperWASP, WFREM
Transit SurveyNGTS andhas pioneered the lowost discovery of exoplanefshe UKis heading théRIEL and
Twinkle missiors, which will characteristhese systems as planetary bodiesnicrolensing surveys, UK researchers have
produced software td®that allow efficient targeting and scheduling of potdhtiimportant objectsSeveralgroups are
undertakingnternationallyrecognisedbservational and theoretical studies of exoplanet atmospheres. ThasU#so
developed leading positions @&steroseismology and its application to planet btzst.

¥  Observation of planets in the process of formatising submm wavelength instrumentatias a recognised strength of
UK scientists as is the complementary discipline of numerical modellinganet formation.

¥  The UK istaking a significant paih the development of Europlanet, the European planetapaeinetworkied from
within the UK. Europlanet, and particularly its annual EuropeanePdayn Science Congress, provides a focus for European
co-operation and dissemination of its science to the wider communityypohi&ers and the general public.
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Our knowledge of the origin of all planetary sysgeraquires systematic and
detailed study of the Solar System, which contains the only predertiyn
abode of life, and investigations of exoplanetaistams whose architecture
is very different from that of our own. We need to understanchist ways
SolarSystemplanetsare archetypes fdrodiesin otherplanetary gstens.
To this end, we undexke studies of earlgolar Systermaterial, in the form
of asteroids, comets, primitive meteorites, and interplanetatypduscles.
Within meteorites, we can isolateegsolar grains (derived fromstellar
sources that existed prior to theth of the Solar System), refractory grains
(the earliest solid particles formed in tBelar Systery) chondrules
(producedduring high temperature flash heating events when the Sun was
very young), and fragments of planetesimals that were formed and ddstroye
in theearly history of theSolar SystenfP1.1 and P1.2) aboratory analysis
Thin section of a chondrule from a primitive metegr of these components allows us to derive very precise timescalkbe for
viewed through crossed polars. The chotelhas a thick  €volution of the solar nebula and the subsequenitigun of preplanetary
rim, showing that it accumulated smaller dust geaivhilst bodies.Materialremainingfrom theformation of theSolar System (comets,
still warm. Field of vew =1 mm. asteroids TransNeptunian Objec}ds also affected by changes in the
evolution of the Sun, and may have had a majorirotistributing material throughout the Solar &yst Outstanding problesrin
understanding #nearly history of the Sol&ystem include: (1) What was the primordial statéhefsolar nebula? (2) How did the
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evolving Sun affect the evolving planets? (3) Had dust and ice stick together in order to grove iptanetary bodies? (¥yhat
were thetimescales for accretion of the planefdfese questions can be addressadtudies of meteorites derived from
differentiated asteroids, lunar and martian samples (including fsém@lereturn missions)as well as observation ahcient
planetary sudces such as those of Mercury, Callisto and therMoo

Following accretion oflustinto small planetesimals and then planptanetaryinteriors, atmospheres and magnetospheres
developedU2) eventually resulting ithe structure observed todayDeterminng the structure and composition of the mazodlies

in the Solar System (P1.3) is a key diagnostiaifaterstanding the primordial structure and comositf thesolar nebula,

identifying where these planets formed, and the procesgdaneft formationThe subsequent evolutiontbe planets after their
formation is dependent on the size, location andpasition and so it is critical to characterise pifenets (P1.3) and understand the
impact history of the Solar System in order to understamgraesses by which they have evolved (P1.4). Obsensbf
exoplanetary systems show us that the orbital tactire ofthe Solar System is not common aibdhoughtthat the planets have
undergone orbital migration through tidal interactions between planetssipfeiets and the protoplanetary disc. Howeter, t
question of how the planeasid other bodiearrived at where we find them today (P1.5) hasbhe&n compehensively answered.
Many of the exoplanet systems that have been disedvare very different from the Solar System.drtipular, the size, th
eccentricity and the relative inclinations of tHargetary orbits show that their evolution must haeenshaped by forces and events
that our system did not experience, or did not experience teattme extent. Modelling the evolution of planetary systerdstover
which of the processes were dominant in produdilegobserved planetary configurations wlohelp us to understand how the
Solar System itself evolved.

The evolution of a planetary surface is recordetthinsurface observed
today, from internal dynamics to surface and atmospheric progethe
diversity of planetary evolution within our Solar System is best
demonstrated by the results of geological remote serigisgurobotic
studiesand in the future by human assisted exqtion A greater
understandin@f the evolution of Marbiasbeen made possible by access to
very high resolution images and topographic dataing from orbiters
including Mars Express and Mars Reconnaissance Orbliese same
methods can be used to urgtand the geological and geomorphological
evolution of other solid bodies in the Solar Systerm., MESSENGER at
Mercury (crucial in preparation for the forthcomiBgpiColombo mission)
LunarReconnaissance Orbit@rRO) at the Moon, Rosetta at comet
67P/Churyumo®GerasimenkoStudy of the interior structure of Mars will
be the prime goal of the future Insight missibmsitu studies ofplaneary
are alsamportant inour understandingf ther evolution although so far,
only the Moon and Mars(antriefly, Titan, with the Huygens landand
comet 67P by the Rosetta landeave benefitted from the deployment of instrumeatatiapable of providing appropriate
information. Although we are able to study planetary andaided bodies by remote methgdand also through analysis of
meteorites, measurement of material returned froeci§ic locations on Marer the moons of Mars (e.g., ES#hobos sample
return) as well as from a specific asterg¢elg., MarcePolo-2D), and new unsampled sites on thedvide.g., ESALuna 28
ChangQ®e)5remains key goals of planetary science resetim@hare essential fanderstandindundamentatjuestions about Solar
System evolution and planetary habitability (P1.3).

Electron microscope image of a particle from Coffvitd
Il embedded in aerogel then flattened onto gold foil

Hypervelocity impacts are ubiquitotiroughout the Solar System: cratare seen on every solid surface and occur atzalsiales.
They are thus a major evolutionary driver of sueathroughout the Sol&ystem and understanding the physical processes tha
occur in the higlpressure ahhigh temperature regime that occurs during an impactes@ssary to understatite compositional
makeup oplanetary surfacesaboratory work using light gas guns has shown sbiah impacts can changeneralogy and both
create and destroy organic lacules. Such work hdlped to underpin the analysis of cometary and interstellar dust sample
brought back by the Stardust missi@ecause ofhe nature of the collectiatevice, the material was shocked upon captarel
disentangling theffects ofshock from the original material has been a majsultdromthese analyses. Further, MSL is currently
exploring the geology in Galepact cater- and it is very likely that many of the samples wa#lve a shochkistory.However there
arelimitationsto the physical sizef agun,sohypervelocity impacts on planetary scales have to be simulatedhysimrodes. By
coupling the results from the experimental worlcliiingmeasurements of equatieafstate and material strengths) into
modellingwe ae gaining insight into planetary scale impact esetite formatiorof moons, the disruption of small bodies,
differentiation of impactetiodies etc. This modelling work is being extended to look at hmatarial changethroughshock
(phase transitionshock synthesjstc.)which is the next step in interpreted data fronufetsample return and situ space
missions (such as Exadvk, JUICE, and small body missiolilee Rosetta)Our knowledge of the physical and compositional
properties of cometary olei and related populationsicluding Kuiper Belt Objectsis limited.

Solar radiation is as fundamental as gravity in driving the physical andrdgaleevolution of small asteroid bodies (P1¥gt

many areas in the theoretical and observationdysifithese phenomena, and the full extent of their wider implications, Y&t to
be explored. Some examples include: (1) How are the physical and caormdgitoperties of asteroids influencing the stthraf
these radiatiofinduced forces, and over whtimescales are they effective? (2) How importaneffect is the interaction between
solar radiation and small bodies in the delivergmfll bodies to Earth, and thus to the evolutiolifefon our planet (se below)?
(3) How dynamic is the shapedimternal structure of small asteroids as a result of radiatduced forces acting on them, and is
this the main mechanism in the formation of binary or m@iisiteroid systems? These are questions that detiadecetical
studies, observational ggrammes and spacecraft missions will endeavour to answer.
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Stateof-the-art laboratories are essential for the successfilais of extraterrestrial materiathich contains components
dating from the earliest stageSplanetary formation. lterialwill come fromfuture asteroidody sample return missions
Marco-Polo-2D, OSIRIS_RexHayabusa 2ESA Phobos sample returas well as meteoritesicrometeorites,
interplanetary dust particlesd previous sample return missi¢R4.1)!

Observational studies of protoplanetary disks usgirmgindbased (e.g., SCUBA2 on JCMT) and sphesed facilities
(e.g., HST, JWST) are required to complement numericdefting and experimentatiotlPC is regired for the
numerical modellingP1.1).!

To understand the composition of primitive objeatsl the physical processes involved with the moalifon of these
bodies as they are transferred across the Solar SyteRosettamission is vital. Just asdRetta builds on Giotto and
Stardust, Rosetta will, in turn, feed into missisnsh as the New Horizons mission to Pluto, plpsoposed mission to a
main belt comefCastaliajand proposed sampling of comet deliveredrich deposits at the lunar poldsuna 27 and
Luna 28)(P1.1).

The only method by which the absolaige of planetary materials can be determined difegt measurement in the
laboratory, requiring statef-the-art instrumentation. For relative chronologies hhigsolution mapping qflanetary
surfaces is necessary, to obtain representativeesand dimensions of craters. This requires theeatimissions Cassini,
Mars Express, MRO, and Rosetta, as well as futussions, includindExoMars Trace Gas OrbiteBepiColombo,
EnVision Juno, JUICE, Uranus Pathfinder, New Horizons tod4undCastalia(P1.2). !

The currentlyoperational Mars Express continues to return excellentodetiae surface morphology of Maess desthe
NASA-funded MRO missionCompositional data from the suréais coming from MSLData from these are feeding
forward to what is the highest priority in the Matsand of the Roadmap: the coupExoMarsTrace Ga®©rbiter and
ExoMarslander missiongboth funded missions) and future MREP programme {ggetMars) Gas Orbitemwill examine,
in greater detail than ever before achieved, the structdre@nposition of Mars atmosphere, whilst the ExoMars lander
will drill below MarsO surface to investigate, adar the first time, subsurface deposits proteéteth lar irradiation.
Both of these missions are scientifically valuabléhemselves, but also acts as significant milestdowards a Mars
Sample Return MissiofP1.3, P1.4)Planetary escape from Mars is currently being sty NASAOs MAVEN mission.
To determine the surface morphologies of plangtadies, good imagery is required at high spatisbigion.High-
quality data from both the inner and the outer planets are returned bglsegentmissions: CassinMESSENGER and
Rosetta Future misgnswhich are necessary to continue the data flow,amginent images witbompositionabdata,
includeBepiColombaoat Mercury EnVision to Venus, JunandJUICE at Jupiterat its major natural satellite§ranus
Pathfinder, New Horizons to Plytand Castlia (P1.3, P1.4).

The dynamical evolution of the Solar System requstady by grounébasedacilities, including ESGVLT, ING, JCMT
and UKIRT,as well as through complex modelling of aggregatiequiring HPCand chronology studies of meteorite
samplesand those returned by missidifl.5).

The interaction between cometsd asteroidand solar radiation and the solar wind requiresatiadysis of data from
Rosettaas well as remote observations of coBig¥Churyumo¥Gerasimenkaising grounebased faitities. Samples
returned from asteroidal missions will contain signsagfiation damage on grain surfaces (P1.6)
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TheSolar Systenexhibitsa great diversity of planetary environments, mafwloich contain sme or all ofthe essential
requirements for life as we understand it: liquid wedarenergy source, nutrients, and stablgtered environmenthe more we
explore Earth, the greater is the diversity of tebiwhere life has been identified to exist. Ushrgsurvival of life a Earth as a guide for
where life might exist beyond Earth directs us¥plere many of th@lanets and satellitegithin the Solar System where similar
conditions exist (or have existed in the pabBhje detection of extinct or extant life relies on deg¢ection of appropriate biomarkeasid
a key question currently being explored is wdrat thsebiomarkers and howathey influencedby differentenvironmental effects

such as oxidising chemistry arefliation (P2.1)A key point in the
development of life is the formation of prebiotic molecitles chemical
processes tharoducedhese moleculeand the environmés where
they formed (interstellar space, asteroids, comets) areongiletely
understood. Bcent discoveries have identified potential foromati
mechanisms and environments in the atmospheredaf.Ti is not yet
clear whether tectonic and/or volcaaittivity is required for life to form.
Research will lead to a more complete understarafitigese processes
and how life formgrom simple prebiotianolecules (P2.2).

Our understanding of habitability includes the wamnvironments
inside the icy moons of the giant planets (P2.3). This is of clea
relevance for our understanding of exoplanetaryesys and the search
for extinct or extant life beyond Earth. Whether thisror was life

Radar mage taken by instrumentation onboard Cassini - g|sewhere in the Solar System depends largelyrgepce of liquid
hydrocarbon lake on the gface of Titan. The central water (although research into alternative life ctsries is orgoing),

island is ~ 150 km across. Image credit: ESA

the history and inventgrof liquid water in the Solar Systemnd the

manner in which water was delivered to the innanpts, including the Earth, and whether interastioetween the interiand
atmosphere of a planet are requirements for lée @so P2.4). We need notymvestigate places within the Solar System in
which there is or was liquid water and shelterebitiags (e.g. Mars, icgatellite$, but also areas where iveater has been
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sequestered since eaBplar Systentimes, such as the pslef Moon, craters of Mercury, Main Belt Comets and other cometary
populations, and the Kuip&elt.

The search for life beyorigarth has historically concentrated on studies ofdyiahich meets (or met) all of the essential
requirements for life. It alsoffers a chance to investigate the abigtiebioticbiotic transition that is not possible on Earth. The
stratigraphic record of Mars provides a rich reonirthe history of the planet, revealing time periads processes vit&éd
understanding the foration and evolution afarly life. Exploration of Mars includes the main objectives: (1) to charaet@ast and
present habitability and search for evidence of life; (2) to cheniaetancient and recent climates and climate procg83¢s;
charactese the nature and evolution of surface and interior presegsstructured exploration programme designed to address
questions of habitability and the subsurfacesquired such as a progression fraviars ExpressthroughMSL to ExoMarsTGO
and Roverleading to aMars Sample Returmission Investigations of analoguesid simulationsre complementary tmission
exploitation The key science investigations requireddadress the issue of habitabilityolve understanding the geological,
geochemicalphotochemical and radiochemical processes that control atmosphdecesand shallow crustal chemistry,
particularlywhere it bears on the provision of chemical enamyy the availability (abundance, mobilisation, eswycling) of
bicessential elemés and molecules. It is also crucial to ascertain the natdralamdance of possible chemical enesgyrces that can
drive organic and biological chemisttyis also important to understand the role of glolmal EBpcal magnetic fields in providing
envronments that can protect (pyéiotic molecules and liféorms themselves.

These questions and investigations are particufgttinent in the study of icy moons surrounding g¢ient planets. The @sence of

heat inside the volumes of icy planetandkes provides the necessary energy to drive organic chemistry leadfieg Thé presence

of oxidantsis an essential component to the question of habityakihd observational and laboratory studies claraing the

radiolytic processes in planetapes are essential in understanding the generation ofrdsgida the surfaces of the icy moons that
orbit the giant planets. A strongly linked question is the role of tectomd volcanic/cryovolcanic processes in cyclirgghrfaces

of terrestrial andcy bodies, thus transporting surface oxidants into intei@ans. These same oxidants and radiolytic processes are
also important in degrading the signatures of exttan

It is possiblethatat least part oEarthOs oceanre derived from watatelivered to Earth bgometary and asteroidal impacts.
Identifying the source population for this water iseg kcientific investigation with important UK leadeis. The key measable is
comparing the D/H ratio of cometary and asteropmgiulations. Util recently, the D/H ratioof comets was thoughd be
incompatible with that of EarthOs oceans. A new populatieolatile-bearing bodies was recently uncovered inAktroidBelt
which may have formeth situ. The Main Belt Comets (MBC) now represam opportunity to sample volatile matetaieadily
accessible by spacecréétg., Castaliapthat formed at its present location in the Solar Sysfdma.poles of the Moon provide an
accessible archive of hydrated asteroids and codediteered in te past to the Eartoon system (e.g., Luna 27 and 28jch data
would be hugely valuable for early Solar Systenmfation modelsnd
furthermore, isotope measurements could help establish a sourcetfifdEa
water. Other key questions include: (1) Hoould such bodies have
remainedn situthroughout the lifetime of the Solar Syste(@) How
widespread are the MB@¢3) What drives their activity, and how important
are interasteroid collisions in exposing volatile materigdp How are
volatile budgetsnodified during planetary collision process&sfly on
going theoretical modelling and remote observations, combinedmaitu
analysis, can we begin to understand the true eatuthe MBC population.
Further remote anih situ studies of comets arasteroids (such as Rosetta
and a future main belt comet missi@md also analysis of ice at the poles of
the Moon,are necessary to answer these key scientific qurssiin the
evolution of Earth and the emergence of life ortlEar

Identifying other locations in the Solar System wittuld water is an

essential step in understanding the wider volatientory of the Solar

System. In understanding the materials that hasredd and modified the
HalleyOs comet 985, during its closest approach planets, knowledge of the inventory of volatiles within the S8yatem is
the Sun. Credit: ESA. an important factor. We do not yet know what th&atite inventory of the

Solar System is, or the distribution of volatileghin and between the
planets ad their moons (P2.4). It is now well established that water doaed freely on Mars but the key question is now what
fraction of that volatile inventory has been losthtesolar wind and heliosphere, and what fraction has been stored inuteoé
Mars. Both modelling of climate change and wdtss processes, and a better understanding of these peoiretarens of the
environmental history of the planet are requireddérstanding the interior, atmospheric, surfaceraagnetospheric structs d
planets and moons within the Solar System is crucial to providing cimtstoa the volatile budget. We need to understahmyl the
giant planets (and their numerous moons) are so different from eachiothieler to constrain models of planet formatiBinally,
we have little understanding of how solar radiatma solar plasmas have affected the formatioregotution of Solar Sysm
bodies, from small bodies such as comets and asteroids,-szdlgl planets. Measurements of the compositiontefads, comets,
small bodies and the giant planets (particulargyite giants) is required to fully understand thdaxiinventory of volales such as
ammonia and methane. This requiiresituand sounding measurements of the giant planetfitesamdn situ observations of small
bodies, and sampieturn missions to various small bodies.

Beyondthe Solar System it is important to determine the eftécstellar class on these processes. In termptaoketary systems
elsewhere in the Galaxy, we do yet understand how habitability relates to 4yare, and have little in the way of planet population
statistics which are required to provide a powetdst of models of planet formation and the potentiahfbitability. The search for
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terrestrial plaets including supeEarths will provide us with the data for such sesdiFinally, we also need to know whether our
definition of life is appropriate for all life (for example liguid water necessary or are there alternative life chees8ir

@#.)+'55'305),04)-#K%'-#+#085)83-)OMp

¥  The search for life oMars is a flagship project that is currently betigfg from the successful MSL missiamd the
ongoing Mars Exploration Roversut looking towardshe Mars 2020rover. Building on this mission are the coupled
spacecraft Trace Gas Orbiter and ExoMars landerfdineer will determine the composition and structofélarsO
atmosphere, looking for biomarkers, or any othgnatures that might indicate the existence wiaatian biology.
Instruments on ExoMars will search below Mars® surfadedorarkers, and also determine the extent and deptteof
permafrost layer, parameters required to determine the exteldcatibn of an habitable zone in the martian reaface
(P2.1)

¥  The (currently foreseen) ultimate goal of searclordife on Mars isa Mars Sample Return missidample return from
Phobos, a moon of Mars is also an important gida. return of material directly from Mavsould allow much more
detailed ad sophisticated analystsbe carried out on the material in a controlled environr(ie1l)

¥ A necessary requirement for any sample return onissvhether from an asteroia cometthe Moon or Marsis an
appropriateéSample Curation &cility to undetake curation and storage of the mate@dad to house the instrumentation
essential for preliminary examination of the reedrsamples (P2.1).

¥  The search for life beyond the Solar System iseurthg only possible through investigation of exomtary gstemssuch
as would be undertaken by tARIEL and Twinklemissiors to characterise the atmospheres of transiting exoplaP2t$)(
and also for the search for magnetic fields aroexaplanets via SKA

¥  Determining the environment of formation of prefioholecules, the reaction chemistries they follow and thdymts of
the reactions requires laboratory infrastructure for ktran and analysis of appropriate molecular species, dsaselPC
to model reaction pathways (P2.2).

¥  The direct return of aample from a primitive asteroid, such as by thedd#olo-2D, Osiris-Rex and Hayabusa(and
from Phoboswhich is thought to be a primitive asterordjssions will allow detailed study of an intermediatage in the
transition from prebiotic to biotimolecules, as well dsow the organic molecules are bound with inorganic species (P2.2).

¥ In order to search for life beyond Earth, it is necesgacharacterig the nature of lifehat can survivén extreme
environmentsOne of the ways that this can tene is to undertake experiments in specialised environments, e.g., below
ground (as in the BISAL facility) or in space (on the M&the ELIPS programme

¥  One of the major goals of the Rosetta mission iavestigate the composition of the cometanjatiles, a significant piece
of information necessary to help understand the origin of the Earth@s andéahe distribution of water throughout the
Solar System. NASAOs New Horizons mission to Riiltde the first mission to visit a TrasdeptunianObject; data
from this mission are a necessary piece of the Sylstem volatile storyParticipation in ESA missiond oollaboration
with RoscosmosLuna27 and Lun&28) will provide the firstopportunityto visit the lunar South Pol&una28), where
one of its main science goals will be to search for ice withaded regions of the lunar surfaGallaborations on the
Chinese missions Chang@md other bilateral opportunitiesll lead to lunar sample retue.g., Chang@®. Similarly,
the Uranus Bthfinder mission to the ice giant will fill anothgap in our understanding of the distribution andhposition
of volatiles, as will a mission to a Main Belt Confep.4)

ONH)I=,&)43)3&=#-)71,0#&5)&#11)%5),G3%&)&=#)!,-&=L

Our increasing understanding oéthnvironments and history of other planets
within the Solar Systenis revealing a great deal of information which can be
used to shed light on the origin and evolutiothef Earth including perhaps its
nearfuture. One critical aspect to be investigated ésithpact record of the
SolarSystem and the record of large impacts upon the Earth (A3 d¢neral,
the surfaces of other planetary bodies offer a longer andtsoges cleaer
record than that of the Earth in terms of the processgdave operated
throughout the history of the Solar System (see also P1.3228} Phe early
crustal history revealed on other bodies recordonly external processes (e.g.
impact craterig, solar wind scavenging) but also internal processes (e.g. possible
plate tectonics, volcanic activity) that are not available oessible in the
terrestrial recordmpact cratering is a fundamental planetary process, an
understanding of which is essiah for our knowledge of planetary evolution. Yet
our knowledge of impact processes is based on a combination of theoretical
modelling, smaliscale laboratory impact experiments, and field stsidif
generally poorlypreserved terrestrial impact cratefee Moon provides a
unique record of essentially pristine impact craters of alsgfzem micron
sized pits up to 106Rm impact basins). Sample collectifsam andin situ
geophysical studies of pristine lunar craters of a range of sizeld \greatly &
in our understanding of the impact cratering procEse.Moon is an extremely
large satellite in comparison to the size of its host planeh that the Earth
almost no direct sunlight. Deposits of water ic Moon system is unique within th(_e Solar System. Eudf the Moon can teII_us
from comets may line the floor of the crater. about the ogin of our (a_s yet) unique O_double planetO (P3.2). Material e_Jected
Credit: ESA _from the_ early Earth by impacts may still be presa‘r!the__Moon, and may vyield
information about the early history of the Earth duringirst 600 Myr.
Likewise debrisand isotopic sigaturesfound on the Moon from asteroid and cometary colfisio the past will tell us about the

View of Shackleton Cratet ¢he lunar South
Pole taken by SMART. It is one of the deepes
craters on the Moon, and its interior receives
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sources of impactors through time, helping to prexadnstraints for dynamicaladels of Solar System evoluti@scertairthe
causes ofmpactspikes in thenner Solar System.

Studies of planetary atmospheres shed light oevbéution of EarthOs atmosphere. How do planetaiiyomments respond to
differing energy input in terms of climate, atmospheric chemiststeorology, cloud formation and atmospbeirculation?The
presence of heavy organics in the nitrogieh atmosphere of SaturnOs largest moon Titan anghtissibleevolution into OtholinsO
has prompted the discussion of Titan as a prototype for the atmosplteeeeafly Earth. Future stedi of TitanOs atmosphere and
the driving of both the atmosphere and atmospheric chgnhigtsolar insolation and the deposition of enerigycharged particle
precipitation is important in understanding the potential role thesegsemelayed in the atsphere of Earth and the OseedingO of
the primordial soup by the precipitation of tholins. The aph&res of other planets (e.g. Venus, Mars) can also giveigistimgo
non-anthropogenic climate change that has occurrediéstill occurring) on Eat These issues lead to clear scientific questions
enabling us to understand more about the Earthptenatary system and its evolution (P3.3). Kegsiific questions inclde: How
effectively issolarwind energy extracted by a ped@ magnetosphere dnvhat implications does this have for the coupled solar
wind-magnetosphermnospherehermosphere system? Is TitanOs atmosphere a suitablguarfalr the early Earth? Do other
planetary dynamos exhibit reversals? What role has and does the Eexj®ssphere play in modulating climate?

The Solar System presents a diverse set of planetagnetic fields produced by dynamo action inrtheeriors (see also 13),

and by remnant crustal magnetisation from extiyciagnos. We do not have a generalensthnding of planetary, stellar and
astrophysical dynamos and the continued studyasfgihry magnetic fields is essential for understandhanges in the Eas
dynamo and magnetic field over a variety of tisvales. The EarthOs magnetosphere imdisestudied in the Solar System but
because othe limited range of controlling parameters (such as fiethgth, solar wind properties, plasma sources) the range of
physical processes that can be investigated is necessarilydlififite study of planaty magnetospheres throughout the Solar
System is important to generalise our understandingdanetary magnetospheres and understand mtnemex dynamics in the
EarthOs magnetosphere. The geomagnetic reveesalarthOs magnetosphere is suspecteatottad a OpetnO configuration,
significantly modifying the input of solar wind energyo the magnetosphefenospherghermosphere system. The magnetospheres
of Uranus and Neptune have such pateconfigurations during parts of their orbit and dalnphase and so represent the only
opportunity to study such configuratiomssituwhere we can test terrestrial palaeomagnetospheritels.

Planetary magnetospheres provide valuable laboratoniestifdying fundamental planetary plasma processes, whiatetig leads

to a better understanding of the EarthOs magnetospheqmaadeather, whilst yielding internationathenowned science ittsi

own right (P3.4). The magnetosphere of Mercury is an example ofanOdelar winthagnetosphere interaction without the
influence of a significant atmospheseionosphere. In this case the solar wirassdirect access to the surface, driving spuriter
processes that can produce a tenuous atmosphere. Key questions aboytQdaragnetosphere include: What is the relatipnshi
between MercuryOs atmosphere and the upstream solar wind conditiond@eé&/MercuryOs magnetosphere respond so strongly to
solar wind forcinglthough results from NASAOs MESSENGER missias beetimportant inhelping to understand Mercury,
ESAOs BepiColombo missjomith anorbit much closer to Mercury than MESSENGEROs, will delsgnificant data that will aid

in addresimg questions about MercuryOs structcmenpositionand geological evolutigras well as about its magnetosphéars

and Venus do not have global scale magnetic fi@hdsso their magnetospheres are induced by intendog¢tween the solarind

and theonosphere. The configuration of these induced magnetosphad how they respond to the solar wind and solar cycle
appears to be crucial in influencing atmospherss Iatesbut we have a poor understanding of the underlying processes. This is
obviousfrom the observation that Venus is exposed to adrighgree of solar wind forcing by virtue of its laoatcloser to the

Sun, yet Venus has a thicker atmosphere than Massnot clear if thigesuts fromactive atmospheric regeneration at Venusf o
there is a magnetospheric explanation.

Plasma interactions can also affect the surfaces of

planetary bodies through processes such as sputtering. The

interaction of the solar wind with comets is another

example of an induced magnetosphere. The ictieraof

solar wind transients with cometary magnetospheres

produces largscale deformations in the magnetospheric

tail and can also cause these to become detached, thus

playing a role in the loss of volatiles from the comet. Key

science questions includdow are the induced

magnetospheres influergby solar wind and solar cycle

forcing? What are the atmospheric loss rates asaidumn

of upstream solar wind conditions, the solar cycle, and

shortterm variations in soldEUV outpu® How are

cometary magetotails detached by solar wind transients?

How does the solar wind and solar cycle drivinduafice

the cometsolar wind interaction and affect the rate of loss

of volatiles and dust? HO_W have plasma interactions e transit of Venus in 2012, captured by Hinoded®: JAXA
affected planetary evolution?

Themagnetospheres of the giant planets are currérglyocus of considerable international and UK ieséand present large
laboratories for the study of a wide variety of plasma andepéaly processes. The two key factors that distinguish gianet
magnetospheres from others in the Solar System are the importanessfriplasma sources internal to the magnetosphere and
rapid rotation of these planefapid rotation is imparted onto the magnetosphdésrpa by currents connecting the ionospherk wit
the magnetosphere as part of the magnetospbeospherehermospheric systerRapidly rotating magnetospheres are valuable
analogues for rapidly rotating astrophysical olgebat canotbe studiedn situ. Much of the dynamics of giant planet
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magnetspheres has an origin in mearagnetosphere and rimgagnetosphere interactigresg.,the interaction between lo and the
jovian magnetosphere. JupiterOs magnetosphere igshediglanetary radiation environment in the Solare®ysind a key
question $ how charged particles are energised to produsetivironment. Both the jovian and saturnian méasgheres display
evidence of periodicities at periods longer thaat tf the rotation period of the planet and unhavg the physical origin of these
modulations at Saturn is a key focus of the Cassigssion with considerable UK involvement. Missidaghe giant planetsave
also highlighted the importance of dusty plasmaspts/in our Solar System. Key science djioes on giant planet magnetospheres
include: Why are their thermospheres so hot? How doesteay mass loading affect the magnetosphere? Whatdaige from
moonmagnetosphere interactions can be applied to teeaictions with the Moon, Mars, Venusmmets and other small bodies?
How is plasma heated in giant planet magnetosphahésat is the physical origin of planetary peristitiations in SaturnOs
magnetosphere? What role does the solar wind playiving dynamics in giant planet magnetospb@relow does GanymedeOs
mini magnetosphere interact with the jovian magsghere? To what extent do dusty plasma processesirte in complex
chemical processes leading to the formation of hegvy ions and preiotic chemistry?

The exploitation of fanetary resources has recently become of internatioeaést and UK expertise can play an important role in
this effort (P35). Key areas in which the UK can play a role involve tletermining the inventory of planetary resourcelérSolar
System ad developing the expertise in reaching such bodies the UK space indugpigycarmajor role, supported by the UK
planetary science community, and sarmgieirn missions represent the technological steps tewarch exploitation.
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¥  The impact record of the Solar System can besstabkshed by detailed, high resolution mappinglahetary surfaces
from orbitand chronological studies of planetary materialstéurites andsteroid returned samples, lunar samples,
martian samples)This requires the current missions Cassini, Mars Express,,MiRDRosetta, as well as future missions,
including theTrace Gas Orbitest Mars, BepiColombo, EnVision to Venus, Juno, JEl|Oranus Pathfinder, New
Horizons to Pluto an@astlia, and investment in analytical laboratory equipment for $ampalysis studie§3.1).

¥  Simulation studies of impacts require the facifit@ssociated with membership of ELI®&] high powered computing
capabilities.

¥  Establishing the environment ofetlearly Solar System is an essential step in utatetig the origin and evolution of the
Earth and other planetary environments in the S®yatem. The Moon may preserve a pristine recottisfenvironment
andlunar missions, such asina 27, 28 an@€hang®d/5, will be important in exploiting this important source of
information (P3.2).

¥  Characterising and studying plasma physics in ptagehagnetospheres, and interior/surface/atmosfthagmetosphere
coupling processes at all the planets in therS®yatem is a key goal to develop a general undeiisiguod planetary
magnetospheres, as well as to address key uniysadsses (Theme 3). Missions include: Caddinigens, Venus
Express, Mars Express, BepiColombo, Rosetta, JUWB&Hus Pathfindegnd remote observations using UKIRT, ING,
JWST and EELT. Funding to exploit data from Juno and HST are at#t@cal (P3.3)

¥  Determining the interaction of flowing plasmas watinless moons and those with thick atmospheraks@important to
further aur understanding of surface and atmosphere evolution, requiring the explaifadiata from CassiAHuygens,
Venus Express, Mars Express, EnVision, Bagombo, JUICEJunar missions, and Uranus Pathfinder (P3.3).

¥  Characterising the atmospheres of S&gstem planets and exoplanets is important in mgetie goals of P3nissions
such as Cassitluygens, Mars Express, Venus Expré&ssyision, ARIEL and Uranus Pathfinder along with remote
observations frongroundbased facilities including KIRT, JWSTard E-ELT are essentia(P3.3).

¥  Studyof planetary atmospheres and their interactions with their parerdtptg bodies and magnetospheric environments
requiresparticipation in the CassinViars Express an/enus Express missionglusfuture participation in Juno, JUICE
Europa ClippeandARIEL, modelling and theise of HPC, and access to grouadd spacéased observatorieButure
capability to place solar wind monitors upstreana afiant planet magnetosphere will be importamraperlycharacterise
the response of a giant planet magnetosphere to the sothr(R$3)

¥  The advancement of our knowledge of planetary dysaism somewhat limited by the observations of therisic
magnetic field of the planets. High quality magoéigld measurements at Solar Systeadiesvia missions such as
BepiColombo, Juno, JUICE and Uranus Pathfindeeasential in furthering our understandi(®3.3).

¥ In order to exploit planetary resources, detailed mapiseofurface of different planetary besl are required. Specific
missions that can address this topic include (atlye Cassini, Mars Express, MRORO, and Rosetta, as well as future
missions, including therceGasOrbiter at Mars, BepiColombat Mercury EnVision to Venus, Juno, JUICBranus
Pathfinder, New Horizons to Pluto and a Main Belht@t mission. ExoMars and InSigiMars), Luna 27 and 28 and
Chang®4, and 5 (Moon), Phootprint and OsiRex and Hyabusa (asteroidsyvill probe the surfaces of treecessible
bodies to detectvater and other potential resour¢es.4).
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Complementary tthe science questioms Themes 1 and &re aseries of questions abduindamental physical and chemical
processesan understanding of which éssentiato deliverthe science goals of our Roadmd@pequestions aralso important
science questions in their own righhd he UK demonstrates considerable international leadership in movingioeaswering
these question8ecause the scope of this theme is so hrimettrms of application of the different processes to sipesitfiations or
environments, it is impractical to list areas of Bkcellence, omissions or facilities that are key to answering gjuestions.
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U1.1 How do waves behave in inhomogeneous plasmaaaves, and wavparticle interactions play an important role in
transporting and converting energy in a wide variety ofiISyatem contexts, from waves in the interior, photosphere,
chromosphere, and corona of the Sun, to the sotat,wo planetary radiation belfShey offer important diagnostic information as
they propagate through the highdgyructured plasma medium, now seen in the curreméigtion of higprecisionSolar System
observations, giving enormous potential for solar, stellar and othephgsical seismology. The key scientific questianariswer
are: What are the mechanisms for, and efficiencyaf/e generation and guiding? How does wave saajteconversiondispersion
and dissipation occur in regular and random dynahyievolving plasma inhomogeneities? What is thle of waves in inducin
and triggering of powerful energy releases andairtigle acceleration? How important is enhancemestuppressionf nonlinear
effects, including selbrganisation, in structured plasmas?

U1.2 Why and how do instabilities develop in inhomogeneauplasmas?The stability properties of magnetized inhomogeiseou
plasmas are key to predicting the onset of dynamic erupéind the collapse of length scales to create dusharets. In the complex
magnetic structures of astrophysical plasmas, wee e address the following key questions: Whenwlmg does the magnetfeld
generate current sheets? When and why do maggrefptions occur? If boundary motions continualhergise the magnetic fieli,
what state does an unstable magnetic field relax?

U1.3 How are magnetic fields generated and how do theywelve? Dynamo action and magnetoconvection occurs througtne
Universe, under widely different plasma conditions. Hence, theoratizainces in understanding all the complex interactions
between plasma motions and magnetic fields in general hasavigng applicability. Key questions include: Howeddhe dynamo
sauration mechanism determine the spatiotemporal behaefdargescale magnetic fields (such as periods of reducewdtgdike
the Maunder Minimum of the '%Century)? How are strong stable planetary interietd$ generated and why do they only rsee
on long timescales? Is there any evidence for reversals in phafietds beyond Earth? How do ice giant dynamos geneigltdyh
asymmetrical fields? Can dynamos work efficientigmall magnetic Prandtl number, when the fieldigistes on scalesuoh
larger than the turbulent flow? What is the energy sourcdyfioamos when the energy budget is tightly constraiSea®@pots are
the result of the transport of dynamo generated magnets tiy magnetic buoyancy to the solar surface but thaicstre is
determined through the interaction of magnetic fields with convectiom existence of starspots is weditablished, so soldike
dynamo and magnetoconvective processes are also occurring in these taatebjscts. Furthermore, other laype stars are
known to exhibit cyclic magnetic activity. Key questions include: whttdssimilarity between sunspots and starspotdtelsdlar
dynamo typical of that of a latype star?

U1.4 What is the nature of turbulence in magnetised plasas?Turbuence naturally occurs in magnetised plasmas and planetary
atmospheres, where it transports and deposits gaadjheat, between different plasma scales, dsawebntrolling the mpagation

of energetic particles from flares and even galactic cosmic Tairbulence can drive solar wind energy into the EarthOs
magnetosphere and heat plasmas in planetary maghetes. It occurs throughout tBelar Systemand is ubiquitous in

astrophysical plasmas. However, it remains poonlyaustood: How does theamnetic field affect the turbulence cascade? How is
turbulent energy dissipated at ion and electron scales?ddes/turbulence evolve, when unforced or driven? Resolvesgt
questions will improve our predictions of solar wind speeds and mass,flter particle events at the Earth and variations in the
galactic cosmic ray flux, and understand the general question plastimg lie@lanetary magnetospheres.

U1.5 How does magnetic reconnection work®lagnetic reconnection occurs in solar, space, pyrgical and laboratory plasmas,
converting magnetic energy into thermal energyk liinetic energy and driving energetic particleelecation. This processgas
been wellstudied in the EarthOs magnehasp but the application of these concepts to other Solar System ersitsrias not
been as comprehensively studied due to a lagk sifudata and changes in the controlling parameters, for example the gresenc
multiple plasma populations and vatifferent ambient plasma conditions. It enables the magnetictfigjbbally restructure, but
threedimensional reconnection is significantly different to the processardtimensions. 3D reconnection does not occur atra,poi
but continually and comiuously throughout a diffusive volume and the sites of reconnection are muckariece Through
exploitation of data from other planetary magnet@sps and remote studies of the Sun we can unddris&iter the conditianfor
the onset of magnetic reawection. Key questions include: What are the best ways of identifybogmection sites? What are the
consequences of reconnection for the global systéow®does reconnection partititime magnetic energy into thermal, kinetic &
accelerated particles? Wamportant is the coupling between macroscopic i&roscopic scales during reconnection? How do
reconnection rates depend on ambient plasma consition

U1.6 What is the nature of crossscale coupling in plasmas®olar System
plasmas exist under a range of conditions (from fully collisional tsniless).

In many situations, physical processes on microscgtes (described by latic
theory) influence what we observe on macroscopic scaleD(Mahd vice versa.
This crossscale coupling is not yet understdoglcause othe vast difference in
length and time scale ratios £:00'° for typical Solar Systenplasmas)Hence
theoriesof plasma heating, particle acceleration/transport and the intsipreof
observations, e.g. of solar radio emissi@ incomplete. Another fundamental
point is the transition from the collisional to the collisionleggme. For example,
laboratory econnection experiments, along with theoretical mmaherical
modelling, have demonstrated cleathat, as the plasma transits from collisional
to collisionless, the rate of reconnection increases sutiatp. Does this imply

for Solar Systenplasmas that transport coefficients increase by orders of
magnitudebecause ofollisionless processes (mietarbulence) as the
collisional/collisionless transition is crossed amgiat effects does this have on the

Loops above active regions of the Sun, viewedd
EUV imager of the SDO in Oct. 20X 2redit:
NASA/GSFC. 24
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macroscopic scalekey questions arddow is magnetic reconnection enhanced and howharged particles accelerated as length
scales collapse through the collisional to collidéss regime? How do shock waves evolve througlertesscale coupling? How
do fluid discontinuities lead to ttgeneration of high frequency Langmuir waves, accelerate particlggahace radio emission?

U1.7 How are energetic particles acceleratedAcceleration and propagation of energetic partiétgsracting on various physical
scales, remain a major theouoeti challenge in plasma physics. It is observesbiar flares, magnetic reconnectianjnterplanetary
shocks and planetary bow shocikanetary radiation belts, and energetic particle populations obsergkhetary magnetospheres.
Some of the keynpcessese.g.,waveacceleration of radiation belt particles, are redy well understood. However, a detailed
understanding of the acceleration of particles from low to very higlyieses not yet available. Improved understandingaoficle
acceleation and propagation, e.g., in solar flares and atks) is directly relevant to the study of galaxystdus, extragalactic jets,
magnetospheres of pulsars and planetary magnetesplaad the cosmic magnetic explosions that resgihmmaray burss.

U1.8 How do we know what we are seeirjLaboratory astrophysics must be an integral pacuofent and new investments, as
recommended by ASTRONET, in order to capitalise on atiard futureSolar Systemmissions. The UK has traditionally been
leadng atomic and molecular calculations with HPC, to provide tlathe wider astrophysical (and fusion) communities. TiKedJ
leading atomic data provision with CHIANTI, now the referedatabase for ions, and universally used in solar physicasbut
widely used by the astrophysical commun@pectroscopy features prominently in all major sgt@aund and space missions (IRIS,
Solar Orbiter, Sola€). Spectroscopy of the solar atmosphere providestity way we can remotely measure the plasma state
as densities, temperatures and chemical abunddrineswidths and Doppler motions provide informat@bout the processes
responsible for plasma dynamics. The UK has a strepgréise in solar spectroscopy, amaksignificantinvolvementin several
Solar Orbiter instruments, including the SPICE $meueter, an instrument that ESA decided to fungigiits fundamental
importance for the overall science of the mission.

2MH)Q3<)43)71,04&,-.)5.5&#+5)<3-RI).

U2.1 How do fundamental plasma processes varhtoughout the Solar System?2Vith our understanding of the fundamental
physical and chemical processes that are found in the Solar Sysidmyond, how do these fit together to give a sydésel
understanding of planetary systems? The fundamental plasma procességsd@s U1 wary in their importance and efficacy
throughout the Solar Systemg.,the atmospheres of Mars and Venus are quite different amdedpo similar erosion processes
viathe solar wind. This process should be more efficient at Vieecsuse ofiigher solawind pressurgbut Mars has the more
tenuous atmosphere. It is critical to understand how thasenpl processes vary throughout the Solar System. Key qusentitude:
How does the efficiency of magnetopause magnetiomeection differ from the Earth@agnetospherto those of the giant planets?
How do atmospheric erosion processeangfe with solar wind condition$fow do ionospheregary with distance from the Sun?

U2.2 What are the processes that have created and modifiehe crusts, interiors andatmospheres of Solar System bodies?
To understand the formation and evolution of theaS8ystenmore completelyand to interpret the specific properties of Solar
System bodies that we find today, we must undedsta® basic processes that have createimodified the crusts, interiors, and
atmospheres of Solar System bodf&sch processes include, and are not limited toagtggmagmatism angolcanism, aqueous
alteration and irradiatiohrough comparative planetology observations wmleat onlythe local 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 ma@netospheres?Although it is well appreciated that the magnetesph

of Jupiter and Saturare dominated by the angular momentum exchangéstmétplanetary atmosphere and by the gas/plasma
outputs from inner moons, major issues remain to be resolved befaresd gicture of these environments will emerge. Evgilon

of ice giant magnetosphes and a more complete investigation of MercuryOs rosghere is essential to complete this exploration
and build a full systerevel picture of how planetary magnetospheres work in géneey science questions include: How is
plasma transported thrghout these systems, resulting in variable magnetodisc structuigsetospheréonosphere coupling
current systems, and related aurondgfat physical processes occur within the poweraggiant auroral particle acceleration
regionsWhat is the physil origin of the duaperiod oscillatory phenomena in Saturn's magnetosphere, and is thereespaortiat
JupiterAWhat are the major solar wirrdagnetosphere coupling processes in these systemgjo they influence the outer
magnetosphere and tfmation of the extended tail, and what are theipeal signatures?

U2.4 How are Solar System planets archetypes for planeis other planetary systems?A key goal of planetary science is not
only to determine the nature of the planetary environmemsriown Solar System, but to form a foundation of knowledge from
which related aspects of exoplanetary systems lsarba understood. This necessitates understahdiwghe planets in oBolar
System can be used as archetypes for planetsén pldgméary systems. Key science questions include: To what extetihe giant
planets representative of exoplanets? How does varying solar insolatigteaetary heat flux affect the atmospheres ofqik?
How unique is the orbital architecture of our S@gstem?

U2.5 How common are Earthlike planets in other planetary systems? critical question with wide importance, both
scientifically and societally, is to identify how camn Earthlike planets are in other planetary systesddressing this question
will require reading the detailed record of thenfiation of the terrestrial planets in ddolar Systenthat is preserved in primitive
material, so that the dependence of the formati@ndEarthlike planet on the particular environment in which 8ofar System
formed can be assessed.

U2.6 How stable are conditions in the Solar System®/ithin the Solar Systermwe find a variety of planetary environments whose
characteristics vary on a number of timesc#ies are beginning to be revealed by ongoingrapeated observationkey science
questions include: How stable are the environmental charactesstibsas radiation anginpactflux? What is the seasonal
variability of planetary atmospheres, on what timescales do plgrststems change? On whatéscales do habitable zones last
andwhat implications does this have for theset,developmenand frustratiorof life, particularly related to planetary
bombardment¥hat configurations of planetary orbits and evaloéiry processes give rise to a fatystem?
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Having gathered data from the many missions, fasliand models, it is of great importance thaséhdgata are made freely
available to the community in order that they carelploited fully. Storing data is not just a matieputting data file®n apublicly
accessible website, it also involves gatheringstodng all information that explains where theadedme from, how the
measurements were made and what processing hasdreien out on them. Historical data sequencesfiremendous valuig
understanding the context of modern observations. Many are preserved aithe# form, as printed text or photograpblates.
Many highprofile experiments, while of fundamental importance, are not boungadiaular time and, if theneerethe political or
scientific will, could be recreated long after thegoral experiment had ended. This is not the casie data gathered for
environmental monitoring purposes. Many of the sltsigathered for solar and space environment ororgtform tme-series or
come from a specific epoch of particular significanThese data are irreplaceable and should tedraa suchThe Solar System
provides a wonderful opportunity study extreme astronomical environments at relptigiose quarters. Unli traditional
laboratory experimenthiowever, it is almost always impossible to influence the mediungtstudied. Instead, the range of
environmental conditions and specific events ofriest are captured through a mixture of leeign and targeted oésvations. When
developing a theoretical model, it is very important that a sufiiljievide range of data has been taken, preserved angl mad
available so that it can be exploited in constrairthe theory.

The STFC's scientific data policy, published?2011, requires all STFinded activities, facilities and grant proposalbdee a data
management plan. It states that ddtauld normally be managed and made publicallylalvi through an institutional repository.
The policy also states that STF&pects the original data to be retained for the longest possible peoiodata that, by their nature,
cannot be reneasured, effort should be made to retain theneipgiuity. The STFC data policy can be found at
http://www.stfc.ac.uk/About+STFC/37459.aspik is, therefore, important that STFC suppaidsaarchiving facilities to an
adequate level to ensure secure and easy accBsatoSystem science data sets, in perpetuity. SIFICAGP also must regnise
that longterm data storage (both forissions and HPC) requirements extend beyond tieeylearconsolidated grant lifetime.

While STFC missions (some now funded by th€ Space Agencyarchive their data through existiagd proposedata centres
(e.0.,UK Solar System Data Centr&olar and Heliospheric Cenjrehis process is funded through thesplaunch support for each
mission. Core funding for such data centres is méhi Nor are there the resources to secure archaterial from before # digital
age. As technology advances and the rate of ddiectionincreases with it, the issue afstainable data preservation is one that
needs to be addressed sooner rather than E8&P considers thaentralisation of data repositories where STFCgake
responsibility for the longerm preservation of data, would be better than incohereat &chiving of data associated with each
STFGfunded project.

Recommendatios: The UK has invested millions of pounds in missamtsinstrumentation, and the final product of this
investment is the publically owned datat. STFC has an obligation to pregeithese datalVe recommend that the STFC continues
to fund its data centres, such as UKSSDC, at the level requinedintain efficient and effective operation, without pdéjing the
security of the data.

BMH)0&5 J)W113<5='75,04)*&%4#0&5="75

/-,0&56 The best analytical facilities in the world are lass if they have no staff exploitthemand no technical support to ensure
that they are maintained and develop8itnilarly, the most detailed programme of space missiomsitets if therds no-one to
interpretand exploithe data obtained. Thus the highest priooityhe panel is to recognise the importance of the grants line, and the
Fellowshipand Sudentships programmeBhe Grants line funds exploitation of data fromjpets, proviés technical and secretarial
support for infrastructure, as well as resource fovel, consumable items and small items of capitaipement, including

computing. All these are essential for the sucetsiflivery of STFCOs scientific programrewever the most significant cost
against the Grants line is that of salaries. The éBmponent for academics named in a grant repldeeduatfunding model for
research several years ago, and has, supposedly, etimehieitionsto direct research monies into the specific areas that hésedr
thefunds This benefits the Research Coundils,it ensures that they support staff and infragire that are delivering on their
priorities. It also benefits the institutions, as they can usexternal peereview of submitted proposals to recognise excellence and
thus use it as a mechanism to channel funding to the appeom@@pients. The function of the Grants line to provide f&C f
academics igmportant, but not as vital, in terms of delivery of reshayutputs, as funding for pedbctoral research associates
(PDRA). The SSAP feels that this aspect of STFCOs protgas one of its highest priorities.

Recommendatiors: At a minimum, STFC must maintain the Grants lingsaturrent level (cash basispt percentage of the
programme): if it falls any further, the number of PDRA working instiigect will be insufficient to keep the programme going,
resulting in a decrease in performance at all Ilsy@lnd an inability to compete for funding at theinational level.

U#113<5="75),04)*&%4#0&5="7%6e functions of the Fellowship and Studentshigpimmes are slightly different from each
other, and from that of the Grants li@llowships and Studentships are the main pathfemytsringing young people into research,
technology and academighe Fellowship programme is an important way obggisingand trainingfuture leaders in the field, who
will continue to drive researclofward, to the benefit of the UK and its ability to compete &ffelst at international levels. They
alsoform the next generation of academigtudentships introduce young people to the reseametmunity, and equip them with a
variety of highlevel skills in communication, data manipulation and pres&m, that have application way beyond what might be a
relatively-narrow research topid@he skills acquired through studying for a PhD afrgreat benefit to the UK as a whole, not just for
those who rmain in STFCGfunded researctOver the pst few years, funding for STFC has gradually aeclin real terms, and,

from a maximum in 2006/07, the number of studentsaipsfellowships awarded has also decliAézb shown is the steep increase
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in the number of applicants for Fellowshipshowing that we areot able to fundn increasingiumber of gifted researchers each
year.

It is not just STFC that is failinBa recent independent inquiry by the
Higher Education Commission into postgratduaducation
(http://www.policyconnect.org.uk/hec/research/postgradadteation
published 2% October 2012) found that the UK was failing to mguise
the importance othis aspect of its education system. The report notes:
OA vibrant system of postgraduate education isif/Baitain is to
achieve its ambition to be Othe leading knowleuaged economy of the
world.OEEglobalisation and changes in the UKOs indakbase mean
that postgraduate degrees are more important than everéafo
getting ahead in the labour markeB®cause the recommendations of
this inquiry are so apposite, we reproduce two of thene, taken from
the Executive 8mmary of the report:

@ur international competitors are increasiimyestment in research
and development at a faster rate than theBB€ We should look
closely at the amount of funding we are investingastgraduate
research and benchmark this against the rest ofathid.
Recommendation &K industry, government and universities should
increase the amount they invest in research and develo@utvities,
in line with the UKOs major competitors.

Number of Studentships and Fellowships awarded si o ] ) ) o )
2000. Data from STEC website Academia is a profession which brings with it tip@aortunity to have an

(http://www.stfc.ac.uk/webstatistics/stfcStatistics.ayp  impact on the cultural life of the nation. We believe it shdeld
accessible to anyone with sufficient ability. The research councils,
learned societies and universities should ensure theremoegh doctoral studentships to replenish the research
baseEEE.Particular attention needs to be paid to funding for research mastiegrees, which are becoming increasingly
important for gaining admission to doctoral research parmgmes, and from which the Research Councils have largelgraitn
funding.Recommendation Funders, inpartnership with learned societies, should reflect on whether thesctiokly fund enough
studentships to replenish the research base in dastipline, rather than relying on seffinded individualsO

Based on its own consultation with the communite, #8AP recognises that the Fellowship and Studierpsbgrammes form a
vital part of STFCOs overall portfglEnd that any diminution of numberseither programmevould have a detrimental effesh
the UK research profile, beyond any shkieitm benefithat might be achieved by cesttting. A further issue ishe lack of funding
for early career fellowships that enable us to idgrmtnd nurture future leaderBhe Royal Astronomical Society has provided
temporary(limited) funds to mitigate the effexof this shortfall, but this is not sustainablehia tongterm and this gap must be
closed.

Recommendatiors: Asa minimum, the STFC must maintain its Fellowship and Studentship programtheis atirrent levels

(cash basis, not percentage of the pangme). Fellowships and Studentships are the main pathways for bringing young people i
research, technology and academia. The Fellowstogamme is an important way of recognising futieé@ders in the field, o

will continue to drive research forwardgain to the benefit of the UKowever, there is a significant funding gap in gacéreer
fellowships that enable us to identify these future leaaedsnurture their independent development and this musddresed.The
skills acquired through stythg for a PhD are of great benefit to the UK ecoryas a whole, not just for those who remain in
STFGfunded research.

BNH)'A=)9#-83-+,0$#)B3+7%& 0A)

High Performance Computin@PC)is essentialor Solar Systenmesearch and, indeed, for all STH@dedtheoretical research.
The increase in computing power means that motlatsaere originally no more than a cartoon or sifigal to a 1D or 2D

situation, can now be undertaken in full 3D and fulnlinearly. Almost all the scientific questions definedthe preceding sections
are dependent on HPC facilities. Specific examiplelside, but are not limited to, study of the feliog: (i) dynamo modeihg,
magneteconvection, flux emergence and global coronal fealdlution (S1); (i) MHD wave propagatidn inhomogeneous
plasmas, MHD instabilities, magnetic reconnection, coronal heatidgarticle acceleration (S2 and S3); (iii) heliosphemid
magnetospheric simulations, plasma wave generatidnvaveparticle interactions (S3); (iv) modelling imgagcring and accretion
disc dynamics, and orbital evolution (P1); (v) modelling planetary atmospfieL, P3) and (vi) across the full range of universal
processes (UU3). We give just one example of the type of problerBatar System science that reeps HPC: he UK has
traditionally been, and continues to be, a recognized waltblein computational magnetohydrodynamics (MHD) maugliThis
requires the numerical solution of eight coupled, imealr, partial differential equations, resulting in esavhich must be able to
resolve small length scales, in order to describe,¥ample, the onset of turbulence or the breakup ofr@ectisheet dimg

magnetic reconnection. Additional physical procesée.g., opticallythick radiative transfer) andi$trument response functions can
be included in the codes, so that it is now feasible to compardlylitee outcome of theoretical simulations with higisolution
observations. Kinetic theory requires solution of the plasma distribfutiantion (a funtion of sevenindependent variables of space,
velocity and time), and Particle-Cell methods bridge the gap between kinetic and Midéles.

In addition to the HPC needs of simulations, datayesis also requires significant HPC resources. Currespige missions
generate around 1BTof data per day, and accessing and processing these data is a majakinmgléHence access to appropriate
HPC facilities is essential for the successful gsialand interpretation of observational data.unquest texploit, understand and
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interpret the data from our observational facilities, athaloretical description is dependent on HPC simulationss& lecome
more sophisticated and computationadllgmanding as observational facilities scrutinize the SolaeBys greater detail. HPC
facilities should be seen as an analogy to an obtenal facility, and both are essential for our goalinderstand theoar System.

The recent investment in DIRAC Il was an unexpeetedifall from BIS fttp://www.stfc.ac.uk/24711.aspand STFC must ensure
this investment is used wisely. There are two main modelsR&@ ptovision, either place all the computer nodes at onersite
maintain several, smaller but still extreignpowerful, machines at different campuses and invite tiséstto enhance the machine.
There should be a coherent plan for hardware tefieace hardware improvements are advancing mhpressive rate. A
sustainable strategy for HPC is an essengigliirement for the UK to remain at the forefrontedearch, and this applies to all
science and not just that funded by STFC. In addiiiothe hardware, PDRAsd students are requiréthe UK has a strong
tradition of writing and developing its ownodesThis tradition is a major benefit to students, bibthise who wish to stay in the
field, and those who enter other fields, since sttslesith good HPC skills are highly sought after orwacademic positions.
Continued training in HPC, through araisummer schools, will ensure that our computatiomethods remain wip-date.

However, it is extremely important to recogniseithpact of a lack of funding for the developmennafmerical models, the
development of junior scientists trained in thesghniques, and the lack of human resources and programugpgrsin these
areas. Whilst many modelsrcaroduce scientific resulfsr yearswithout major upgrades, eventually significant ndswelopments
are required to keep pace with science andrdarnational competitors. It is critical that suchjonanodel developments are
adequately supported to maintain UK leadershipamdpetitiveness in a range of fields. It is SSAREs that STFC should
consider the development of numerical models imalar way to the development of new telescopescaastrumentation, or new
detectors for particle physics. These developments take timeringgdiévelopment of the basic formalism, considering the
numerical aspects, implementation, testing (on smadlate facilities enable capabilities to be checketice the requirement for a
range of HPC facilities), and documentation. Theseld@ments take time, often longer than a 3 yearalafzed grant peod, and
during this period publication rates will drop. This must be recognisedamysgpanels.

Recommendatior?: SSAP supports STFCOs recent computing consultation aimed atideneeldpar and appropriate funding
strategy for HP@HTC to allow the UK to remain competitive in the critica¢arof HPCexpertise, and to ensure adequate training
for future generations of scientist&urthermore, it is critical that STFC recognise thhe development of new numerical models is
essential for continued scientific excellence, ioipand international leadship in a wide variety of areas. STFC should coasid
the development of numerical models in a similar way to theldement of new telescopes, space instrumentation, or riestais
for particle physics.

BSH)P,G3-,&3-.)08-,58&-%$&%)#

Exploration of the Solar System, seeking answetkeaajuestions posed in the three themes, is waldertby a combinatiorf o
observation, theory, simulation and experimentation. The last, expegitio@ntan be carried out remotely, by instrumentsoard
spacecraft, or mounted on landers (e.g., the ingntation carried by the Rosetta spaceadttits lander, Pitae). However the
number and duration of suetxperimentsnay be preprogrammed, and dictated lBchnical and engineering factors, etige

amount of power available, rather than by scientifinsiderations. Laboratehased experimentatias the onlyway fordirect and
unambiguous determination of key characteristics of planetary mafesih as age and compositidhe benefits ofaboratory
experiments include the ability to modify methods &echniques as appropriate, the capacity foratepeasurements to gdiigh
accuracyandprecision the opportunityo gain extra information by applying complementary teghes, and enallg inter-
comparison betweedifferent materials and laboratories. There is #igoadded benefit of being able to archive samples for asalys
in the future, when new techniques become available.

The SSAP recognises the important role that nalti@né irternational laboratory facilities, such as the Diamond L&purce, have
for its research. However, whilst we draw attentimsuch facilities, it is not within our remit tosign priorities to tkir operation,

or, within the context of this Roadmap,domment on possible new developments (e.g., cangiruof specific beamlines, etc). The
SSAPalsorecognises that STFC is guided by (although not @idtay)the ESFRI roadmap for large facilities
(http://ec.europa.eu/research/infrastructures/index_en.cfm?pgraeadrnap, and again, we express our support for that+oad
mapping process.

The UK has a long history of supporting laboratimfyastructure at the unérsity level. Over the past decade, this has regitt the
formation of national consortia to share expensiwgpgent. As a result of the development of stftéhe-art laboratory
instrumentation, many groups are part of internationalartiassuch a Europlanethttp://www.europlaneeu.org). Support of
laboratory instrumentation has enabled the UK to take pdigh profile sample analysis programmes such as preliynaralysis
of material returnedrém a comet by the Stardust mission, from the solad Winthe Genesis mission and from an astebgithe
Hayabusa mission. It is important that the UK meiimd its high profile in such international congmrespecially as the UK Space
Agency, along \ith its international counterparts at ES®ASA, the Chinese Space Agency, RoscosmosJaxtA are currently
designing missions to returnaterial from asterogl(Marco-Polo-2D, OSIRISRex and Hayabusa 2) and also the Mddarsand
Phobos UK scientistsare already playing important roles in the scietieeens of these missionslongside analysis of materials
from recent direct sample return missions are i@tionally-recognised programmes of excellence in the analydgofio and
Lunasamples, meteites (including from the Moon and Mars) and interplanetacyiaterstellar dust.

In addition to instrumentation for sample analysis, tiK houses laboratories for undertaking simulatiodisgiThe UK has a suite
of world-leading impact facilitiessplit over several institutions, which includae of the fastest twstagelight gasguns(LGG),
capable of impact velocities of up to 8 l¢h This instrument islso capable of simulating hot and cold temperasargéronments
There is also a pivoted LG@&4dt can be moved from the horizontal to tieetical for impacts onto granular surfaces and liquid
targets (one of only two in the world), and guns that can finéroetresized projectiles, which represents the forefront@L
technology The UK are kg players in computer simulations of impact events using hydrocode moda8img|l deriving empirical
equations of state for a range Solar System métddause in these models. These facilities sas/a community resourder
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impact scientists frm the UK and from other international groupbe UK is also home to a variety of chambers thatigte
different environments, from the cold, ne@cuum of space to the heated atmosphere of Venus. These are esethtiruiments,
to perform simulatios of surface and atmosphere interactions for different planetanpemeéntsand also to investigate ice
dynamics, gagrain collisions and the chemistry of interplanetary and intersteplace

The expertise that the UK scientists have in latmoyanstrumentation bears fruit in two ways. Firstly, of courséhésr ability to
analyse samples in grou@sed laboratories. Alonige this though comes the compientary development of instrumentation for
space missionsn conjunction withanalysis ofeturredsamples, is a requirement to curate them, a prageish encompasses
preliminary examination, material selection and distribution akasedtoragef materialfor future generations. Through the UK
Space AgencyUK-basedaboratory experimentsts have expressed a desire to lead the European sampiercpragramme for
material retured from future missionsand an EU programme (e.g., EUROCares) study is being led by thelMiHdon, along

with a consortium of UK and European partn&slecton and curation of analogue materials by this facility will also aid
development of futurén situexperiment packages and sample return missionrmesig

Recommendatio8: STFC maintains support for growimhsed laboratory experimentalnalytical,simuldion, fieldwork activities
and curationfacilities, to enable the UK to maintain its high internatibprofile in the relevant fields, and play a leading role in
forthcoming sample return missions.

BVH)C#1#5$3 345

The SSAP recognises that a detatedsideration of telescope operations and theivelatioritisation of instrumentation is beyond
its remit, and is part of the remit of the Astronomy AdvisorgdtaThe UKOs telescope provision has also been the suiljecel
independent reviews ey the past few yegrand the SSAP is aware of the recommendations that have acoméhf reviews (e.g.,
the Grounebased Facilities Report of 2012&tp://www.stfc.ac.uk/Resources/PDF/GBIFnal.pdj. However, Solar System science
requires telescopabservations of Solar System bodies, across the complete wavelerggtsteeh observationsre essential in
meeting almost all of the science goals descrihethemes 1 and Hence we haventluded this very general consideration of
telescope facilities as one of our crassting issuesThese facilities presemtanyopportunities taaomplement results from space
missions and related projecExamples where telescope instrumentation isresgeo achieve the required results includigher
spectral resolution data thavailable from space missionang baselines of observatiorgipbal imagery to place spacecraft
observations into contextp complement and support spacecraft datdto provide data that asometimes not availableecause of
payload selection for a particular spacecfaéference is made to individual telescopes at vandaces in the discussion of specific
science questions, and these are also includegritabke and timelinelt is essential that STFEntinuesundingfor both ground

and spacéased telescope facilities at an adequate level to support ¢éneesgrogramme laid out in this repdttis also essential in
supporting the goalsid out in the rport from the Astronomy Advisory Panéi must also be noted that even after instrumentseceas
operation, there are still opportunities to exploit data generated kg ittsisuments, requiring support from the apprdagrianding
lines.Investment in thelevelopment of new telescopes, instrumentation and data reduction angipgpteshniques are key in the
advancement of UK Solar System scieramed we welcome the opportunities that the UK will gain thinateypartnership in both the
SKA and EELT prgects.

Recommendation 9ThatSTFC maintaingts support for grounebased and spaeeased telescope operations and instrumentation
at a level that willenable the UK to maintain its high internationabfite in the relevant fieldsThis support should recognise and
balance the competing claims of new developments vexseissiorof current instrumentation, such that UK scientists are able to
access the range of facilities they require to meet their goals.

)
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Missions and facilities are considered in two categs: (1) those that the UK directly supportsheitthrough instrumertuild

and/or membership of science teand (2) those with no direct UK support, but whichvide daa for exploitation(italicised in the
table) Both categories are equally vital for the successful pssgs€Solar System scientific researthe figure overleaf indicates a
timeline of missions, facilities and projects that are r@tévor the two mia themes (also applicable for theme three). In this

diagram the red, orange and green bars represent development/build acrdiisperational phases respectively. The puipted
indicate future projects that have been proposed but nselestted. Té yellow and brown boxes indicate internationallitées and
groundbased observatories/other facilities respectively. ProjectsesslIL®FAR and SuperWASP have angled edges to indicate that
the project end date is unknown.

3'45+,'6789

Mission or Fadlity

i Near-term Medium-
Theme Question . . term Long-term operational
Currently operational operational .
(2016 - 2019) operational (2022 - 2022)
(2019 - 2022)
SOHO, STEREO, Hinode ; Solar Orbiter, | SPARK, PLATO, EST
' ' ' | Solar rocket studies ' ' '
What are the causey BiSON, ROSA SolarC, Carrington
consequences and DKIST,
predictability of HIRISE
solar magnetic
variability and the
solar cycle? SDO

Solar Variability and its Impact on Us

What are the

SOHO, STEREO, Hinode,

Solar Orbiter,

SPARK, Proba 3, EST,

.| LOFAR, ROSA Solar C, SKA
structures, dynamic DKIST
and energetics of HIRISE
the Sun? -
RHESSI, IRIS, SDO HiC
EISCAT, SuperDARN, EISCAT_3D Solar Orbiter, | BepiColombo, JUICE,

STEREO, LOFAR, CENTINEL, SMILE, Uranus Pathfinder,
What are the Cassini/Huygens, Cluster, HAGRID SW Diamgnd, THOR,
- MEX, SWARM, SAMNET SKA, AlfvZn+, PLATO,
underlying RAVENS, Athenat
processes that drivg Carrington
Sunrplanet ACE, Wind, DSCOVR Juno, Chang'é
connections? : ' . ’ ’ 9
THEMIS/Artemis, Van
Allen Probes, MMS,
MAVEN, SuperMAG, HST
Cassini/Huygens, NGTS, JWST, Twinkle BepiColombo, Uanus
SuperWASP, MEX, ExoMars Lander, Pathfinder, Castalia, Mareq
UKIRT, JCMT, ING, ExoMars Trace Gas Polo-2D, JUICE, EELT,
How did the Solar | HARPSNEF, UKCAN, Orbiter, Sample Mars/Phobokvioon/comet
System form and | Rosetta, Gaia, HST, ALMA| curation facility Sample Return, EnVision,
evolve? ARIEL, PLATO
MSL, MAVEN, New InSight, OsirisRex, Mars 2020, Luna28, AIDA, Europa
Horizons, LRO Juno, Hayabusa 2, Luna 27 Clipper
Chang'e4, Chang'ées
L Cassini/Huygens, MEX, JWST, ExoMars Twinkle Uranus Pathfinder, Castalig
_;' Rosetta, Gaia, UKCAN, Lander, ExoMars Marco-Polo-2D, JUICE, E
5 HST, ALMA Trace Gas Orbiter, ELT,
%) How widespread is Sample curation Mars/PhoboéMoon/comet
Q life in the Universe?| facility Sample Return, EnVision,
f—f ARIEL
New Horizons, MSL OsirisRex, InSight, Luna27, Luna28, Europa Clipper
Hayabusa 2, Juno Mars 2020
Cassini/Huygens, MEX, JWST,ExoMars Twinkle BepiColombo, Uranus
Rosetta, Gaia, UKCAN, Lander, ExoMars Pathfinder, Castalia, Mareq
What do other HST, ALMA Trace Gas Or_biter, Polo-2D, JUICE, EELT,
lanets tell b Sample curation Mars/Phobodvioon/comet
panehs e ur?’)a ou facility Sample Return, EnVision,
the Earth? ARIEL, PLATO
New Horizons, MSL, LRO | InSight, Juno, Luna27, Luna28
Chang'e4, Chang'es | Mars 2020
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One of the most important outcomes from the Roadis#at it allows the community to recognise ésaarch goals and hohety
can be prioritised to takgreatest advantage of the funding available from the STFC (aaswble UK Space Agency, ESBSO
and other funding sources). Any prioritisation psg is painful, and has the potential to dividemmunity, rather thannite it. The
SSAP consulted wily for input during the roadmapping exercise, had drawn heavily on the experience gained from its
predecessor panel, the NUAP. It would have been too easy to produsielistwiather than a roadmap. But we have remained
cognisant of the necessity gragmatism in a time of financial turbulence, anchage kept our roadmap to, what we believe, are
realistic goals, within a landscape where progressridsvaur longeterm challenging aspirations can still be maintaiteg.utting
together the Roadrpathe SSARook <ientific excellencasthe main driverfollowed bythe international significance of the
project; the extent of UK leadershapd thetimelinessof the projectWe have produced a roadmap (Figure), with key speaue
groundbased projets as the parameter employed to illustrate thestohes required to define the direction of oueaesh over the
next two decades.

The SSAP has not prioritised specific missions or projects oversotver have not, for example, rated continued invoket with
Solar Orbiter over or behind our contribution tdQH: we have not had the information, the time anandate from the commity

to do this. Instead, what we have suggested is a rolling paiiitn based on the status of the projects in guresthe international
community frequently has the same science goalseadK and if a favoured mission is not selected; eéxtremely likelyhat a new
mission will be proposed to cover that science.afdamust remain flexible to adjust to suctitaationIn the Figure, the different
projects are coloured, according to this status. We suggest adlegjimrtionment of resourcehich might bepossibly along the
lines of for example60 % to projects in operatio30 % to those selected and invédopment, 10 % to those not yet selected, but
requiring input for developmenthesplit of 60:30:10 is given only as an example, and the actual figures shosidbjeet to
continual mortioring and adjustment, but itould ensure that funds are distribdtacross the programme, both in terms of subject
area and timelinesfn making this recommendation, the SSAP recognisesrakadditional details:

¥  Exploitation of data from a project continues lafter the project itself has ended, thus each prafmuld be seen as
carrying on beyond the project end. Funds for skége of research would, presumably come from éllewships, Grants
and Studentship lines.

¥  There is still a grey area, possibly not completeigerstood by the community, where resploifisi for funding of
projects falls between the remits of the STFC and the UK Shaeecy. Thus funding for building a detector for a mission
is the responsibility of the Space Agency, but funding foeaesh into generic detector development belongs thie
STFC. This is why missions such as MoonLlI{iftthe last version of the roadmagypear in the roadmap: they represent
an opportunity for generic detector/instrument depment. Funds for such research would, presumablye from the
PRD line, and/or the Fellowships, Grants and Sitslep lines.

¥  There are a large number of projects that havéeen included on the Roadmap because they aremded by the UK,
either directly or through international subscoptie.g., NASAQRinomission toJupite; NASAOs Solar Dynamic
Observatory. Data from such projects are availeibtbe community, and exploitation of these data vétal part of the
communityOs research effort, both in terms of pagipa for future missions as well as helping ttivdg answers to our
key researh questions. The absence of specific mentioneddltprojects must not be taken as an indication of
unimportance: they are a crucial part of our research effortnAfiaids for this research would, presumably come from
the Fellowships, Grants and Statighip lines.

Given the above considerations that go with thedRa, it should be clear that the SSAP rates mainta(at the very ledsthe
Fellowships, Grants and Studentships lines at thefient level as its highest priority. An increas¢henumber of Fellowships
(particularly at a junior as well as senior levatid Studentships (buabt at the expense of the Grants line) would be a vmeéco
response to the recent report from the Higher educationmission (cited previously) that the governmis not doing sufficient in
terms of postgraduate training and opportunities.

Front cover image creditSun seen by SDO (NASA); Saturn observed by Ca@siiSA/Space Science Institute); Comet
67PLChuryumovGerasimenkdESA/Rosetta/NAVCAN].
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