Part II.  Chapter 2:  Sun Solar System Connection – The Program

Principles & Policies:  The strategy presented in this document has been derived from the NASA Objective for SSSC to address the vital, urgent, and compelling needs of the nation.  The community based SSSC Roadmap committees have solicited input from the constituents of the program, both internal and external, in formulating the plan.  The proposed SSSC Program implements the best science and exploration effort that can be accomplished within the budget constraints of the program.  The recommended program has two options, one that fits within the expected resource cap with some specifically identified augmentations and another that is optimized to address the science goals in a more reasonable time frame with increased mission synergy.  The program is highly responsive to the requirements for the Vision for Space Exploration and consistent with the recommendations of the relevant decadal surveys of the National Academies and previous Road maps.  

Investigations sponsored by the division are selected through peer review of proposals submitted in open competitions.  Implementation is managed in accordance with NASA policies to assure safety, constrain cost, maintain schedule, and achieve success.  SSSC is committed to an open data policy.  

Implementation Strategy:  The science and exploration program described in the previous chapter occupies a valuable niche in the NASA Science Mission Directorate.  SSSC research will develop knowledge that transforms our understanding of the universe and our place in it.  SSSC investigations provide practical understanding and measurements of areas that affect our technological society and enable safe and productive exploration of the Moon, Mars, and beyond.  And missions and technology to explore the solar system enable the science of the division.

The interplay of exploration, discovery, and understanding provide the guidance for prioritizing the program elements.  Exploration of Mars and other destinations in the solar system provides the opportunity to measure conditions in different environments that help us understand our own world.  New physical understanding of the Sun and its interactions with planetary magnetospheres provide information about the habitability of worlds near other stars.  These all contribute to developing future operational systems that support the needs of our increasingly technological society. 

[FIGURE II.2.i:  The intersecting ovals illustrate the intersection of three categories of science: discovery science that is enabled by exploration, science that transforms our understanding, and science that informs to enable exploration.   At the intersection is the ‘sweet spot’ where the highest priority SSSC missions lie.]

The objectives, research focus areas, and investigations defined in the previous chapter describe realms of scientific inquiry that will take decades to complete.  The road map to progress can be charted by identifying a series of targeted outcomes necessary to accomplish the desired objectives.  The targeted outcomes in the accompanying table have been established after careful consideration of the research focus areas, consolidation of investigation requirements, the anticipated capabilities available and required at different times, and available resources.  The outcomes have been ordered in phases to develop the scientific understanding necessary to support the needs of society and the exploration program.

[TABLE II.2.i: SSSC GOAL STRUCTURE]

The table entries have been thoroughly considered.  Each targeted outcome requires advances in understanding of physical processes.  Measurement capabilities must be available to develop that knowledge.  Deployment of missions, development of theoretical understanding, and availability of infrastructure systems are required to provide that measurement capability.  For each outcome in the table the necessary understanding, capabilities, and implementation have been traced.  The scientific flow-down charts are available at the SSSC 2005 Roadmap web site and an abbreviated chart can be found in an Appendix.  The requirements in the flow-down charts often overlap; so the results have been consolidated.  Finally a balanced set of missions was chosen to address the most critical science and exploration topics in each phase.  The missions have been assigned to program elements and resources identified to implement them.  Information gained in earlier missions can be used to decide about the selection and ordering of later flight opportunities.

Strategic Considerations:  The SSSC objectives identify robust goals that are vital, urgent and compelling.  Obviously no unique strategy exists now that addresses the scientific and programmatic needs, fits within the anticipated budget profile, and anticipates all developments over the next 30 years.  The developing requirements of the Vision for Space Exploration, the increasing need for understanding external influences on our home planet, and the transformational science required to develop predictive capabilities for the space environment require a broad approach to address interlocking needs and considerable flexibility in the implementation.  

The program combines relies on several elements:  strategically planned missions in the Solar Terrestrial Probes (STP) and Living With a Star (LWS) lines to address widely recognized critical problems; competitively selected Explorers to optimize responsiveness to strategic needs; continued operation of existing space assets as part of the SSSC Great Observatory; low cost access to space for unique science, community health, and instrument development needs; technological development; supportive, targeted research and analysis programs; and a strong effort in education and public outreach.  Partnerships with other areas of NASA and other agencies, both U.S. and international are essential.  Each of these program elements is described in more detail below.

Flagships missions address very difficult problems in scientific areas that confront major road blocks to future progress.  Flagship missions have great promise for scientific advance, but may cost four or more times as much as an Explorer.  Missions of this scope cannot be accomplished within the current resource limits of the program without fatally compromising the rest of the program.  Flagship missions are identified separately as top priorities for additional funding.. 

Program Elements:  The implementation of the SSSC program is currently funded though several sources.  Missions come from the Solar-Terrestrial Probe Program, the Living With a Star Program, and the Explorer Program.  Rockets and balloons provide low-cost rapid access to space.  The fleet of existing missions makes up a Great Observatory that evolves as new missions are launched and new combinations of observations are made.  Focused research and analysis programs lead to new understanding and contribute to new investigation requirements.  The support of data, computing, and community infrastructure ensures that progress can continue to be made.  Each of these program elements is described below.  We first describe briefly the mission strategy for each line.  We then discuss each phase of the program and how the proposed mission set meets the requirements in the tables described above.

STP. The Solar Terrestrial Probes investigations focus on specific areas required to advance our fundamental understanding of the Sun – Solar System Connection.  Subsequent missions target the ‘weakest links’ in the chain of understanding.  STP missions are strategically defined and investigations are competitively selected. 

STP is one of two strategic lines for the Sun-Solar System Connection. Strategic mission lines afford the space physics community the opportunity to plan specific large missions to address one or more of the research focus areas and thus make significant progress in elucidating the fundamental processes of the coupled Sun-Earth system. In addition, such capable spacecraft missions often result in unexpected new discoveries. 

The future and existing mission priority has been re-evaluated in light of the new priorities at NASA that are reflected in the objectives derived in this Roadmap. STP missions currently in development are STEREO, Solar-B, and MMS.  The first STP mission, TIMED, was launched in 2001 to study the influences of the Sun and humans on  the mesophere and lower thermosphere/ionosphere.  These missions strongly support the current objectives explained in this Roadmap and musts be completed as scheduled.  Solar-B is a joint mission with the Japanese space agency, JAXA, and it will provide the high-resolution solar observations needed to understand magnetic energy storage and release in the solar atmosphere.  STEREO will observe coronal mass ejections and other structures moving in the interplanetary medium from two spacecraft in solar orbit to understand how CME’s reach Earth.  The set of four MMS spacecraft will probe the most critical small regions of geospace to measure magnetic reconnection.  In order to support the fundamental science necessary to open the frontier for prediction of space weather effects, this Roadmap identifies GEC and MagCon as the next two STP missions.  GEC will measure the poorly observed region just below stable satellite orbits where the interactions of the charged and neutral components of the atmosphere become more important – the linkage between the ionosphere and magnetosphere.  MagCon, now slated for launch in 2022, provides comprehensive measurements of processes in the magnetosphere with a fleet of spacecraft.  These and the other missions we identify are described in more detail in the next Section.

Coupled with the rest of the program, this provides the best attack on the important problems facing SSSC.  The five-year spacing between launches in the current budget is not ideal, not only because progress is slow, but because synergy between missions is lost.  We have identified participation in the L1 Earth-Sun mission that is being proposed in the Earth Science roadmap as one exciting candidate for augmentation of the STP line.  Measurements of the external radiation and particle inputs to the Earth environment are essential for understanding the radiation budget.  The scope of this mission will depend on the timing and capabilities of the Earth science mission.

If additional funds can be made available to restore the planned 2.5 year cadence of STP missions the MMS, GEC, and MagCon missions should be flown more quickly.  They should be followed by Doppler & SEPP, two smaller missions that could be combined to provide spectroscopic observations of the solar corona (DOPPLER) and remote sensing of the sources of solar energetic particles (SEPM).  These two missions particularly benefit from overlap with the inner heliospheric and solar missions planned for the LWS line.  AAMP focuses on particle acceleration too, but in the auroral region around Earth.  Two more smaller missions, HIGO and ITM Waves complete phase 2 of our plan in this optimized scenario.  A revamped HIGO complements the IBEX Explorer recently selected to explore the outer boundary of the heliosphere by measuring the components of the interstellar medium that survive into the sub-Jovian solar system .  ITM Waves concentrates the wave processes fundamental to the coupling between distinct altitude regions and to the overall dynamics of the Earth’s atmosphere.

In the more distant phases, missions to measure reconnection near the Sun, lower latitude disturbances in the ionosphere-thermosphere-mesosphere, and a stellar imager to resolve activity on other stars would enable us to complete our objectives.  More ambitious missions to explore the interactions of external drivers with other worlds in the solar system, specifically Titan, Venus, and Io, could be accomplished in partnership with others to address questions of habitability and atmospheric evolution.  Larger telescopes to remotely probe the solar transition region would complete our understanding of how energy propagates from the Sun outward and remote sensing of other planetary environments would close the path at the receiving end.

[FIGURE STEP 10 and STEP 11 or Equivalents]  The figure shows the mission identified for flight through 2025 in our current budget projection and our optimized scenario.  The synergy of mission is apparent in the optimized chart.

LWS.  The Living With a Star program emphasizes the science necessary to understand those aspects of the space environment that affect life and society.  The ultimate goal is to provide a predictive capability for the space weather that affects us.  LWS missions have been formulated to answer specific science questions needed to understand the linkages among the interconnected systems that affect us.  LWS investigations build on the fundamental knowledge gained by the STP missions and very directly address the needs of the Vision for Exploration and Objective H and J of this Roadmap.  Significant planning has informed the crafting of a coordinated program that includes strategic missions, targeted research and technology development, a series of space environment test beds, and partnerships with other agencies.  Partnerships are crucial to LWS because the vast number of complex physical connections between and within the Sun-Earth system cannot be addressed by a few missions.   Two missions are currently in development or about to be announced: the Solar Dynamics Observatory (SDO) and the Radiation Belt Storm Probes (RBSP).  The first LWS mission, SDO, is expected to launch in 2008 to understand the mechanisms of solar variability by measuring the solar interior, atmosphere, and EUV spectral irradiance.  Two pairs of geospace storm probes complement SDO to measure the terrestrial environment at the same time.  The first, RBSP, is planned for a 2011 launch; it will quantify the source, loss, and transport processes that generate Earth's radiation belts and cause them to decay.  The second, the Ionosphere-Thermosphere Storm Probes (ITSP) also includes a separate imaging instrument.

Our Roadmap concurs with earlier recommendations that the next LWS missions should complete the geospace storm probes by launching ITSP and explore radial evolution of structures with the Inner Heliosphere Sentinels (IHS).  The priority of the ITSP mission is driven by the very practical need to aid communications and navigation; ITSP will survey the global distribution of ionospheric and thermospheric densities, ionospheric irregularities, and geomagnetic disturbances as a function of varying solar and geospace conditions.   The Exploration Initiative raises the priority of the IHS mission because hazardous space weather near Earth cannot be understood without it.  In our realistic scenario for LWS these two missions are launched within a year of each other in 2015 and 2016.   Our optimized scenario moves these missions up to increase the synergy with RBSP and SDO and to provide earlier information for the design of systems for the return to the Moon later in the decade.  We also identify an important partnership opportunity with ESA's Solar Orbiter mission that complement the IHS in situ measurements and provide solar observations from a different vantage point.

The next LWS missions in Phase 2 address understanding solar energetic particle (SEP)  production near the Sun (with the SEPMission) and better measurement of the inputs to geospace with Heliostorm or an L1 Mission.  These two missions should be smaller in size than typical strategic missions.  The choice bewteen Heliostorm and an L1 mission is complex.  Heliostorm would use solar sails to hover another hour or two upstream of the L1 point; this mission depends on a timely demonstration flight of solar sail technology.  Measurement of incoming solar wind parameters is crucial to many other investigations, so depending on Heliostorm, the status of the Earth Science L1-Earth-Sun mission, lifetime of existing assets, and partnerships with other agencies, we have reserved some small amount of resources for L1 observations.

Subsequent Phase 2 mission selection in the LWS program depends on future developments in the program.  Priorities will shift based on progress of the Exploration Initiative and what we learn from spacecraft launched in the next ten years.  Our baseline program shows a choice preceding the 2022 launch of either Solar Weather Buoys (SWB) or a pair of smaller missions, SECEP and GEMINI.   The SWB mission provides for in situ observing platforms circling the Sun at 1 AU to fully understand how the solar wind and hazardous disturbances propagate outward from the Sun.  SWB could become the warning system needed to support safe and productive journeys to Mars and beyond.  SECEP (Sun Earth Coupling by Energetic Particles) will explore the destruction of ozone by solar energetic particles; SECEP will measure the precipitating energetic particle influx as well as the descending odd nitrogen and odd hydrogen compounds and ozone densities.   The Geospace Magnetosphere-Ionosphere Neutral Imagers (GEMINI) will provide the first 3-D observations of the global geospace dynamics in response to external solar drivers and internal coupling.  The decision will be based on what is learned from STEREO, SDO, and the IHS missions on the one hand and MMS, RBSP, ITSP, and GEC on the other.

Later Phase 3 choices in the LWS program would provide high-latitude solar observations necessary to understand the solar cycle and interior, two or three solar imagers stationed far from Earth to provide global coverage, a constellation of spacecraft to understand the inner magnetosphere, and exploration of the day-side boundary layer where energy from the solar wind crosses the magnetosphere.  The prioritization of these missions depends on results from earlier investigations.

In our optimized scenario the ordering changes slightly as shown in the accompanying chart.

[FIGURE: STEP 11 Chart for LWS]

Explorers:  The Explorer program is an indispensable element of the strategic Roadmap plan.  Explorer missions can fill important gaps in the proscribed program.  The investigations target very focused science topics that can augment, replace, or change strategic line missions.   Highly competitive selection assures that the best strategic science of the day can be accomplished.  

Missions currently in development, AIM, THEMIS, and IBEX, address important targeted outcomes.    AIM (Aeronomy of Ice in the Mesosphere) will explain polar mesospheric clouds formation and variability as well their relationship to global change in the upper atmosphere and the response of the mesosphere to solar energy deposition.  THEMIS (Time History of Events and Macroscale Interactions during Substorms) addresses the spatial and temporal development of magnetospheric substorms – one of the fundamental modes of the magnetosphere.  IBEX, the Interstellar Boundary Explorer, will image the entire 3D configuration of the boundary region of our heliosphere, the vast (~100AU thick) region where the solar wind decelerates because of the pressure of the local interstellar plasma.

Because future selections are not predetermined identifying specific future accomplishments is impossible; however, numerous candidate missions have been identified (see the SSSC Roadmap web site for examples).  The Explorer program has long been critical to maintaining the strength of the Sun-Earth Connection (now Sun-Earth System) science program. It affords a regularly recurring unique opportunity to fly exciting new missions, selected by peer-reviewed science with a relatively short response time, utilizing state-of-the-art instrument development. In addition, the program provides the opportunity for instrument teams to participate in missions-of-opportunity provided by other agencies (DOD, etc) or international programs. These missions-of-opportunity allow the space physics community to obtain the data necessary for specific strategic goals at a fraction of the cost of a dedicated mission. SEC Explorers are responsible for major scientific achievements that have profoundly transformed our understanding of the Sun-Earth system. Some highlights include: visualization of the global dynamics of the geospace system by IMAGE, the first gamma ray imaging by RHESSI, discovery of coronal magnetic complexity by TRACE, discovery of trapped anomalous cosmic rays in Earth’s magnetosphere by SAMPEX, and discovery of small-scale size parallel electric fields in the auroral acceleration region by FAST.

Explorers demonstrate the ability of the science community to respond rapidly to decision points, an important element in the strategy put forth in the Vision for Exploration initiative.  Decision points can take advantage of a new scientific discovery that suggests the need for a new mission, new instrumentation development that provides the opportunity to address questions previously not accessible, or new technologies or analysis techniques that enable a less costly mission. Enabling rapid response of the SSSC community to such promising scientific opportunities ensures that science goals are met in the most cost and time effective manner. Results from such missions in turn may lead to development of new strategic missions or modifications of existing ones.

The Explorer program also plays a key role in developing and maintaining the scientific and engineering community needed to meet the objectives the Roadmap and NASA. Explorers provide hands-on training of instrumentalists, both scientists and engineers, thus enabling SSSC strategic missions, and directly contributing to the NASA Mission “to inspire the next generation of explorers”. Managing cost-constrained missions such as Explorers requires specialized expertise.

Flagship and Partnership Missions.  Urgent need for progress in many areas means that all of the SSSC resources cannot be applied to a single problem for an extended interval.  Yet some insurmountable roadblocks to progress cannot be overcome with missions supportable in the strategic lines available to SSSC.  Solar Probe in the immediate term, and Interstellar Probe and Stellar Imager in the more distant future are flagship missions that address such problems.  

Solar Probe will transform our understanding of the physical processes that control the heating of the solar corona, the acceleration of the solar wind, and the release of eruptive activity.  Solar Probe is the first flight into the Sun’s corona, only 3 solar radii above the solar surface.  Accurate predictions of events that disturb the Earth's human systems and affect deep space explorers require this understanding.  Probe can only be achieved with specific budget augmentation because the work to ensure surviving its difficult environment make it significantly more costly than any line mission.   That said, the science and technology definition team currently investigating Solar Probe concludes that the mission is ready for a new start now.  The decadal surveys and this roadmap identify Solar Probe as the highest priority flagship mission requiring an augmentation in funding.

Interstellar Probe will be the first mission to leave our heliosphere and directly sample and analyze the interstellar medium.  It requires an advanced in-space propulsion system, such as a solar sail or nuclear electric propulsion, to reach the upstream interstellar medium at a distance of 200 AU within 15-20 years.  The mission will be the first specifically designed to directly measure the characteristics of the local interstellar medium, including dust, plasma, neutral gas, energetic particles, and electromagnetic fields.  On its way, it will provide only the second opportunity after Voyager to directly observe the  region of interaction between the solar wind and the interstellar medium, from the termination shock to the heliopause and beyond.

Stellar Imager (SI) is a challenging mission that will obtain the first direct resolved images of surface magnetic structures in sun-like stars.  The SI will develop and test a predictive dynamo model for the Sun and Sun-like stars using asteroseismology and by observing the patterns in surface magnetic fieldsthroughout activity cycles on a large sample of Sun-like stars.

Partnerships provide another method to increase scientific return.  Several missions have been identified in our plan that rely on partnerships with other pasts of NASA, other U.S. government and international space agencies.  Within NASA the solar sails demonstration project will lay the ground work for Heliostorm, Solar Polar Imager, and Insterstellar Probe.  The Jupiter Polar Orbiter planned by the solar system exploration division has direct relevance to understanding planetary mangetospheres.

Multiple opportunities for partnership have been identified as part of the International Living With a Star (ILWS) program.   Partnership with ESA on Solar Orbiter should be explored in the very near term as a way to optimize and enhance the IHS, SHIELDS, and SEPM investigations.   

Enabling information about the aeronomy and dynamics of the Mars atmosphere is required for aerocapture, entry, descent, and landing.  The Mars Scout program provides an opportunity for a collaborative mission.   Future missions to refine our knowledge of the interaction of the Martian environment with the Sun will also be collaborative.

The SECEP mission designed to understand ozone production is a prime candidate for collaboration with our Earth Science colleagues.  The L1-Earth-Sun mission to understand the Earth's radiation budget is another potential partnership with Earth Science.

Science by Phase.  The Roadmap committees considered three decade-long phases in formulating a plan.  The achievements of each phase inform decisions made about implementation in subsequent phases.  The phases roughly correspond to development cycles in the Exploration Initiative.  Phase 1 ends in 2015 and includes missions launched by that date;  Phase 2 ends in 2025 and Phase 3 in 2035.   Achievements identified in Table 2.1 correspond to these phases.

In our  Phase 1 program presumes the continued operation of missions in the Great Observatory.  The baseline Phase 1 program includes only new missions that are already in development or whose announcement is expected in the very near future.  STEREO, Solar-B, and MMS in the STP program, SDO and RBSP in the LWS program, and the selected Explorers AIM, THEMIS, and IBEX.  Andditional Explorer will close gaps in the program.  The solar sail demonstration mission and the ADAM Mars Scout mission also occur in Phase 1.   Solar Probe should be launched in this phase, though data from the plunge into the corona will not be available until Phase 2.  This set of investigations provide a very powerful tool for accomplishing the achievements listed in Table 2.1.  An optimized program would accelerate these and some of the missions identified for early in Phase 2.  The multiple synergies and comprehensive views afforded by the Great Observatory as it evolves and develops during this interval are a testimonial to the investments and achievements of the past decade in Sun Earth Connection science at NASA.   The first crucial set of questions required to open the frontier to space weather predictions, understand the nature of our home planet, and safeguard our outward journey have been largely anticipated in the existing program plan.   SSSC is clearly poised to make significant progress in the next 10 years on these important questions.

Phase 2 includes missions scheduled for launch between 2015 and 2025.  GEC and MagCon address the next set of fundamental problems in the STP program.  They depend on continued context observations from the evolving SSSC Great Observatory.  The LWS Program plans to launch two missions relatively early -  IH Sentinels and ITSP.  These rely on measurements from SDO and RBSP to realize their full potential.  Later two smaller missions, SEPM and Heliostorm/L1 will address questions about hazardous space weather directed toward the Earth-Moon system.  Toward the end of Phase 2 a choice between terrestrial and heliospheric mission priority will need to be made (as described in the previous section..  The pace of launches is somewhat slower and the comprehensive coverage of the connected system available early in phase 2 will likely toward the end of the decade if mission do not continue to function past their expected life times.

Missions beyond 2025 in Phase 3 have been identified in the previous section because we know now many of the scientific questions that will remain unanswered.  The priorities will be adjusted depending on what is learned and on progress in the Exploration Initiative, but it is clear that constellations of spacecraft will be required in new regions to resolve spatial and temporal changes in the magnetosphere and in interplanetary space where remote global sensing is not possible.  Technological development and selection of Explorers may allow some objectives to be achieved earlier.     

Several missions of great interest cannot be implemented even during this time period.  A few are limited by technology, but  more are limited by resources, particularly those having to do with comparative magnetospheres and planetology.

Summary.  The SSSC Roadmap promises significant accomplishment.  The science requirements derived from the national objectives for NASA can be accomplished with the resources available.  With additional resources an optimized plan has been crafted that will be significantly more productive.  The near term course is clear and decision points for the future have been identified.

