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Executive Summary.
A revolution in solar and heliospheric physics is in progress.  A variety of measurements, together with numerical simulations and theory, have created fresh insights into phenomena that occur in the Sun and Heliosphere, and have sharpened our basic understanding of the underlying physical processes.  Powerful modern computing capabilities now allow us to examine these physical processes and predict their observable signatures in considerable detail.  To continue this revolution, we have formed an aggressive plan for solar-heliospheric research in the coming decade.  Our plan is built upon a systems approach to this broad, yet strongly coupled, domain. 

Research Themes.
The prime guiding principle behind the major research issues and challenges for the next decade is to connect the Sun-Heliosphere-Earth system.  Our recommended new programs are centered on five basic themes that stretch from the solar interior to the outer Heliosphere:

1. Exploring the solar interior.

2. Understanding the quiet Sun.

3. Exploring the inner Heliosphere.

4. Understanding the active Sun and Heliosphere.

5. Exploring the outer Heliosphere and the local interstellar medium.
Science Questions for New Research Initiatives in Solar-Heliospheric Physics for the Coming Decade (Prioritized).

In this report we prioritize only those broad science questions that require major new initiatives. Existing missions and programs, as well as those that have been approved for new starts, have been designed to address high priority science questions that may or may not overlap with those of the present report. Although our report does provide scientific support for existing and approved programs, our prioritization of science questions is based entirely on requirements for new initiatives. These priorities are as follows:

1. What heats the corona and accelerates the solar wind, and how does the solar wind develop in the innermost Heliosphere?

2. What determines the magnetic structure of the solar atmosphere, and how does that structure emerge from beneath the surface and evolve in time? 

3. What is the physics of explosive energy release in the solar atmosphere, and how do the resulting heliospheric disturbances evolve in space and time? 
4. What is the physical nature of the outer Heliosphere, and how does the Heliosphere interact with the galaxy? 
Approved Programs.

These approved programs are prerequisite to our recommended new programs.

1. Solar Dynamics Observatory (SDO) is a NASA Living With a Star mission to study the Sun from the subsurface layers of the convection zone to the outer corona. It will carry an array of telescopes to image the Sun over a wide temperature range, an advanced Doppler and vector magnetograph package to image subsurface structures and detect sunspots developing on the far side of the Sun as well as producing vector magnetograms, and may include one or more coronagraphs to image the solar corona out to ~30 Rs. This mission is in the pre-proposal stage. Estimated cost: $350M; estimated launch date: 2006-2007; NASA. 
The Advanced Technology Solar Telescope (ATST) is a ground-based NSF program to provide precise, sensitive, high resolution (0.1 arcsec) measurements of the solar magnetic and velocity fields with a broad set of diagnostics over a wavelength range from 0.3 to 35 micrometers. The telescope will have a very large aperture (4m) and employ adaptive optics to attain these measurement goals and will be used to study solar magnetic fields from the density scale length of the photosphere up through the 5,000,000K coronal plasma. This program is in the definition phase and is a major technical challenge. Estimated cost: $70M for construction, and $14.0M per year for 5 years of operations and science; anticipated completion date: 2009-2010; NSF.

Recommendations for Major New Initiatives (Prioritized).
2. 1. A solar probe mission to the near-Sun region (4-60 Rs) to determine the origin and evolution of the solar wind in the innermost Heliosphere via in situ sampling.

The region inward of 0.3 AU is one of the last unexplored frontiers in our solar system, the birthplace of the Heliosphere itself. Remote sensing observations and in situ sampling of the solar wind far from the Sun have provided tantalizing glimpses of the physical nature of this region. However, to understand how the solar wind originates and evolves in the inner Heliosphere, our top science priority for the coming decade, we need direct in situ sampling of the plasma, energetic particles, magnetic field and waves as close to the solar surface as possible. Such measurements will determine how energy flows from the interior of the Sun through the surface and into the solar atmosphere, heating the corona and accelerating the wind, and will also reveal how the wind evolves with distance in the inner Heliosphere. These measurements will thus revolutionize our basic understanding of the expanding solar atmosphere. The panel therefore strongly recommends a solar probe to the near-Sun region that emphasizes in situ measurements of the innermost Heliosphere. (Here and throughout this report we indicate generic missions by lower case letters, boldface and italics.) We note that the generic solar probe we recommend is not necessarily identical to the Solar Probe mission for which NASA released an Announcement of Opportunity in September 1999 and which placed equal emphasis on both in situ and remote sensing observations. For a first solar probe, the panel strongly believes that the in situ measurements are of the highest priority and should not be compromised. In general, our panel did not find compelling various scientific reasons given for including remote sensing instrumentation on a first mission to the near-Sun region. Nevertheless, the panel appreciates that a solar probe mission provides a unique opportunity to measure the photospheric magnetic field in the polar regions of the Sun via remote sensing. Such measurements will address our second science priority and should be a secondary objective of a solar probe mission. Estimated cost for this NASA Living With a Star program: $600M for one pass by the Sun 3 Rs above the photosphere.

2. The Frequency Agile Solar Radio Telescope (FASR) to image the Sun with high spatial and spectral resolution over a broad frequency range (0.1 - 30 GHz). 

Radio imaging and radio spectroscopy provide unique insights into the solar chromosphere and corona.  Combining radio imaging with radio spectroscopy provides a revolutionary new tool to study energy release in flares and coronal mass ejections (CMEs) and the thermal structure of the solar atmosphere in three dimensions.  Moreover, radio imaging spectroscopy provides a range of powerful techniques for measuring magnetic fields in the corona.  For example, measurements of gyroresonance emission can be used to determine the magnetic field strength in active regions at the base of the corona, observations of gyrosynchrotron radiation from mildly relativistic electrons can be used to probe the coronal magnetic field in solar flares, and multiband Stokes-V observations of solar free-free emission can be utilized to provide a measure of the longitudinal field to strengths as low as a few Gauss.  In addition, observations of radio depolarization and Faraday rotation can be used to measure even smaller magnetic fields in particular source regions (e.g., CMEs), or along particular lines-of-sight within the outer corona.  FASR will probe both the quiet and the active solar atmosphere and is uniquely suited to measure coronal magnetic fields, non-thermal emissions from flares and CMEs, and the three-dimensional thermal structure of the solar atmosphere.  It thus directly addresses our top three science priorities.  Estimated cost for this largely NSF program: $30M for construction, and $6M per year for 5 years of operations and science.

3. Virtual Sun, a focused, interagency theory /modeling/simulation program to provide physical understanding across the Sun-Heliosphere-Earth system.
Connecting the Sun-Heliosphere-Earth system is the prime guiding principle behind the major research issues and challenges for the next decade. The system is strongly coupled and highly nonlinear, linking spatial scales from current sheets to the size of the Heliosphere and varying on time scales from fractions of a second to millennia. Its complexity has long stifled attempts to understand key mechanisms and processes, let alone construct global models of the entire system. However, during the last decade we have collected a rich observational base to study the Sun-Heliosphere-Earth system and have witnessed a rapid development of supercomputing architectures. Together, these suggest that the time is ripe to complement the U.S. observational program in solar and space physics with a bold theory initiative that cuts across disciplinary boundaries. The Virtual Sun program will incorporate a systems-oriented approach to theory, modeling and simulation and ultimately will provide continuous models from the solar interior to the outer Heliosphere. We envision that the Virtual Sun will be developed in a modular fashion via focused attacks both on various physical components of the Sun-Heliosphere-Earth system and on cross-cutting physical problems. Two such modules that appear ready for such a concentrated attack are the problem of the solar dynamo and that of three-dimensional reconnection in the solar atmosphere and heliosphere. Estimated cost for this interagency program: $5M per year for 10 years.  

3. 4. U.S. participation in ESA's Solar Orbiter mission for a combined in situ and remote sensing study of the Sun and Heliosphere 45 Rs from the Sun. 

Solar Orbiter is a natural successor to SOHO to explore the Sun and its interaction with the Heliosphere. Selected by the European Space Agency (ESA) for launch in the 2008-2015 time frame, Solar Orbiter will use a unique orbital design to bring a comprehensive payload of imaging and in situ particle and field experiments into an elliptical orbit with a perihelion of 45 Rs. At this distance Solar Orbiter will approximately corotate with the Sun. The orbital plane will increasingly become tilted with respect to the ecliptic plane so that near the end of the mission the spacecraft will attain a solar latitude of 38˚. Over the course of the mission Solar Orbiter will provide data essential for understanding the solar dynamo, the magnetic structure and evolution of the solar atmosphere from the equator to the poles, and the effects of this evolution on the inner Heliosphere. The panel finds U.S. participation in this mission to be a cost-effective way for U.S. scientists to address  various aspects of our top three science priorities. The mission is particularly attractive if it includes instrumentation to investigate particle acceleration close to the Sun. Estimated U.S. cost depends on the level of NASA involvement in the mission (~$100M). 

5.  A multi-spacecraft heliospheric mission to probe in situ the three-dimensional structure of propagating heliospheric disturbances. 

Solar wind disturbances driven by CMEs are inherently complex three-dimensional structures. Our understanding of the evolution and global extent of these disturbances has largely been built on single-point in situ measurements obtained at and beyond 1 AU, although some multi-spacecraft observations of heliospheric disturbances have been obtained and STEREO will provide stereoscopic imaging and two-point in situ measurements of CME-driven disturbances. The panel believes that a multi-spacecraft heliospheric mission, consisting of four or more spacecraft separated in both radius (inside 1 AU) and longitude and emphasizing in situ measurements, promises a significant leap in our understanding of global aspects of the evolution of these events. A mission of this nature will illuminate the connections between solar activity, heliospheric disturbances, and geomagnetic activity, directly addresses our third science priority, and is an essential element of NASA’s Living With a Star program. Estimated cost: $325M; NASA.

6. A reconnection and microscale probe (ram) to examine the solar corona remotely with unprecedented spatial (~10 km) and temporal (millisecond to second) resolution.

Observations and theory have long indicated that magnetic reconnection plays a key role in rapid energy release on the Sun.  Although magnetic reconnection and its repercussions have long been studied intensively in the Earth’s magnetosphere via both observations and theory, many questions remain about its operation in the solar corona where physical conditions are considerably different than in the magnetosphere.  Moreover, in situ sampling deep in the Sun's atmosphere is clearly out of reach.  High resolution spatial and temporal observations of the solar atmosphere are required to make further progress for understanding how magnetic reconnection operates in the solar atmosphere, in particular in understanding its role in the rapid release of energy in solar disturbances.  This mission thus addresses our third science priority for the coming decade.  The panel finds that a ram mission also will provide data extremely useful for understanding how wave transport and dissipation occur in the solar atmosphere, our second science priority.  Estimated cost: $275M; NASA.

7. An interstellar sampler mission (ism) for the remote exploration of the interaction between the Heliosphere and the local interstellar medium. 

The boundary between the solar wind and the local interstellar medium (LISM) is one of the last unexplored regions of the Heliosphere.  Very little is currently known about the shape and extent of this region or the nature of the LISM.  The physical nature of these regions will be studied by ism using a combination of remote sensing and in situ sampling techniques at heliocentric distances between about 1 and 4 AU.  The panel finds that this pioneering mission will reveal new properties of the interstellar gas and the transport of pickup ions in the Heliosphere and thus directly addresses our fourth science priority.  This mission is a natural precursor to a more ambitious probe to penetrate directly into the interstellar medium. Estimated cost: $315M; NASA.

Programs in Development.
Our recommendations for new initiatives presume that the missions and programs presently under active development and listed below will become operational within the coming decade to address the high priority science objectives in solar-heliospheric physics for which they are designed. 

High Energy Solar Spectroscopic Imager, HESSI uses arc-second-scale imaging and spectroscopy to study impulsive energy release, particle acceleration, and particle and energy transport in solar bursts. This NASA mission is ready to be launched in 2002.

4. Solar Terrestrial Relations Observatory (STEREO) is a two-spacecraft mission with identical in situ and remote sensing instrumentation on both spacecraft and is designed to study the origin and heliospheric propagation of CME-driven disturbances and their products in the ecliptic plane out to 1 AU. Estimated cost: $280M; expected launch date: December 2005; NASA. 

5. Solar B is a joint Japanese-U.S.-U.K. mission that provides coordinated optical, EUV, and X-ray measurements to determine the relationship between changes in the photospheric magnetic field and changes in the structure of the chromosphere and corona. Estimated U.S. cost: $80M; expected launch: 2006; 
ISAS(Japan)/NASA(US)/PPARC(UK).

6. Synoptic Optical Long-term Investigation of the Sun (SOLIS) consists of a suite of three National Solar Observatory instruments at Kitt Peak that are designed to make sustained and well-calibrated observations relating to long-term solar variability. Estimated construction cost: $7.3M; estimated completion date: 2002; NSF.

7. The Global Oscillations Network Group (GONG++), which includes identical Michelson Doppler imaging instruments at six sites around the world to allow nearly uninterrupted full-disk observations of solar oscillations and magnetic fields, is in the process of being upgraded. Estimated cost: $3M for construction, $2M per year for operations; expected completion date: 2002-2003; NSF.

Operational Programs and Missions.
8. If the current pace of progress in solar and heliospheric physics is to continue over the next decade, it is essential that key capabilities of the current space program in solar-heliospheric physics continue at least until they are replaced by missions in development (Table IV.2.a) or among the new initiatives (Section V).  These capabilities are needed both for high priority science objectives and for the routine monitoring of the Sun and Heliosphere that is critical for accurate specification and prediction of short-term space weather and longer-term space climate. In particular, it is essential that NASA maintain present capabilities to image the corona in X-rays and the EUV, image CMEs in white light, do helioseismology, and measure the solar wind plasma, magnetic field, and energetic particle variations in near-Earth interplanetary space up to a time when these capabilities may be taken over by new missions such as STEREO and SDO. We support the continued active tracking of the Wind mission for targeted research topics and as a backup to the Advanced Composition Explorer, ACE, as a 1-AU monitor of heliospheric conditions. We also specifically recommend continuation of two missions that are uniquely sampling difficult-to-reach heliospheric regions: Ulysses, until it completes its second polar orbit; and Voyagers 1 and 2, as long as they are capable of providing measurements necessary to characterize the locations and natures of the termination shock and heliopause. 

We also recognize that extended, continuous, well-calibrated observations from space are critically important for detecting and measuring the now indisputable variability of the Sun's irradiance and strongly recommend that continuous irradiance measurements from both the ground and space be continued indefinitely. 

The ground-based solar observatories carry out a variety of research programs and also provide valuable long-term synoptic observations.  Each of these observatories contribute to one or more of our research priorities, as do those of the ground-based neutron monitor network.  The panel has not attempted to prioritize the ongoing programs of these institutions. 
Programs Requiring Technology Development (Not Prioritized).  

Several missions have been identified that address our high priority science questions but that, as presently conceived, require further technology development. The panel recommends that in the coming decade NASA develop the necessary technologies (for example, propulsion, power, communications, instrumentation, etc.) to prepare for the following solar-heliospheric missions: 1. An interstellar probe, to pass through the boundaries of the Heliosphere and penetrate directly into the interstellar medium with state-of-the-art instrumentation; 2. A multi-spacecraft mission to the global Sun, to reveal the Sun’s polar magnetic field and internal flows, to provide three-dimensional views of coronal mass ejections, and to observe internal flows, surface magnetic fields, and the birth of active regions everywhere; and 3. A particle acceleration solar orbiter (paso) to investigate particle acceleration in the innermost Heliosphere and in solar flares at an observation point 0.2 AU from the Sun.
New Research Opportunities (Not Prioritized).  

The panel recognizes several opportunities for new solar and heliospheric measurements that could provide breakthroughs in understanding, and recommends specifically that the following measurements and/or developments be pursued with vigor:
9. Instrumentation to observe the chromosphere-corona transition region in the 300 -

    1000 Å band;
2. Low frequency helioseismology measurements to search for g-mode oscillations; 

3. Radar studies of the quiet and active solar corona; 

4. Instrumentation and techniques for imaging and mapping the global Heliosphere; and

5. Spectral-spatial photon counting detectors for the X-ray and EUV regions to study

reconnection on the Sun.
Policy Issues (Not Prioritized).  

The panel wishes to make several policy recommendations, some of which parallel those in the recently released report of the Committee on the Management and Organization of Astronomy and Astrophysics (COMRAA).

1. We strongly encourage NASA, NSF, and other agencies that fund solar and heliospheric physics to continue interagency planning and coordination activities to optimize the science return of ground and space-based assets. Within NSF we similarly encourage a high level of planning and coordination between the AST and ATM divisions.

2. We recommend that NSF plan for and provide comprehensive support for scientific users of its facilities. This includes support for data analysis, related theory efforts, and travel.

3. We recommend that NASA support instrumentation programs, research programs, and software efforts at both national and university ground-based facilities where such programs are essential to the scientific aims of specific NASA missions and/or the strategic goal of training future personnel critical to NASA’s mission.

4. We recommend that both NSF and NASA study ways in which they could more effectively support education and training activities at national and university-based facilities. The need for this support is particularly acute for training scientists with expertise in developing experiments and new instruments. Specifically, we recommend that both NSF and NASA study the idea of forming Centers of Excellence with strong university connections and tied to national facilities as a means of sustaining university-based research efforts and of educating and training the scientists, technicians, and instrument builders of the next generation. These centers would be funded on ~5-year cycles and would be competitively selected.
I. Introduction.
The Sun is a magnetic star and the solar wind is the prototype stellar wind.  Solar, heliospheric, geomagnetic, and ionospheric activity are all linked to the variability of magnetic fields that pervade the solar atmosphere.  Solar activity and resulting heliospheric disturbances can have profound impacts on our technological society, while long-term variations in the Sun’s total radiative output are thought to affect Earth’s climate.  The source of the Sun’s magnetic field resides in magnetic dynamo processes occurring within the turbulent convection zone that occupies the outer 30% (by radius) of the Sun.  These fields emerge from beneath the photosphere on a wide range of scales, from small fibril concentrations in the intergranular lanes to large active regions.  The Sun exhibits a 22-year cycle of global magnetic activity, involving sunspot eruptions with well-defined rules for field polarity and emergence latitudes during the cycle.  A major challenge is to understand the physical processes that produce the Sun’s magnetic field and that connect the solar interior to the solar atmosphere, to the Heliosphere, and to the Earth's magnetosphere.  It is also a challenge both to measure changes in the solar irradiance and to understand how such changes in irradiance might affect Earth's climate.  These interactions of the Sun, Heliosphere, and Earth are the foci of NASA’s Sun-Earth Connections Theme and its Living With A Star program, as well as the National Space Weather Program led by NSF.  They are also of considerable practical importance to agencies such as NOAA, DoD, and DOE.

Throughout our study the Solar-Heliosphere panel has considered the Sun and Heliosphere as a strongly coupled system, and has identified five basic research themes that encompass most of the major unsolved problems and unexplored frontiers in solar-heliospheric physics for the coming decade.  These Themes (Section III) relate to perceived opportunities for the future and extend from the solar interior to the outer Heliosphere.

1. Exploring the solar interior.

2. Understanding the quiet Sun.

3. Exploring the inner Heliosphere.

4. Understanding the active Sun and Heliosphere.

5. Exploring the outer Heliosphere and the local interstellar medium.
Within these themes we have identified and prioritized the outstanding science questions requiring new initiatives as follows:

1. What heats the corona and accelerates the solar wind, and how does the solar wind develop in the innermost Heliosphere? (Themes 2 and 3)

2. What determines the magnetic structure of the solar atmosphere, and how does that structure emerge from beneath the surface and evolve in time?  (Themes 1 and 2) 

3. What is the physics of explosive energy release in the solar atmosphere, and how do the resulting heliospheric disturbances evolve in space and time? (Theme 4) 
4. What is the physical nature of the outer Heliosphere, and how does the Heliosphere interact with the galaxy? (Theme 5)

The panel's recommendations for new initiatives take into account the capabilities of existing missions and programs and those either approved and waiting development or those already in the development stage. Our recommended programs and missions all link to the above four basic questions and address science issues that will not be resolved by existing, approved, or in-development missions and programs. Section IV provides a summary and limited detailed information on these existing and already-in-the-queue missions and programs.

The panel decided to limit its recommendations for new NASA initiatives to those missions that address science priorities that , in the panel's view, cannot be accomplished in total with Explorer or Discovery-class missions. Similarly, we considered only major NSF initiatives. We feel strongly that there must be a component of the nation’s research effort that allows for the infusion of new ideas and permits changes in direction based on new research results. Explorer and Discovery-class missions and smaller NSF initiatives are ideal for that purpose.

Our highest priority for new initiatives (Section V.1) is for a solar probe mission to the near-Sun region that emphasizes in situ measurements to determine how the solar wind originates and evolves in the inner Heliosphere. Answering these questions is our top science priority for the coming decade. We note specifically that our recommendation is for a generic type of solar probe that is not necessarily identical to the Solar Probe mission for which NASA released an Announcement of Opportunity in September 1999 and which placed equal emphasis on both in situ and remote sensing observations. (Here and throughout this report we identify generic missions by lower case letters, boldface and italics.) A solar probe mission will be a part of NASA's Living With a Star program and is of the highest priority because it will address fundamental questions concerning the basic nature of the solar atmosphere and inner Heliosphere, will provide the first direct measurements of the innermost Heliosphere, and will revolutionize our basic understanding of how the solar wind originates.

Our second priority (and our top priority for a ground-based facility) is the Frequency Agile Solar Radio Telescope, chosen because it addresses our top three science priorities by opening up dramatic new possibilities for measuring coronal magnetic fields, for mapping the thermal structure of the solar atmosphere in three dimensions, and for imaging non-thermal emissions from flares and CMEs. 

Our third priority is for the development of a Virtual Sun, a theory, modeling and simulation effort that ultimately will provide continuous modeling from the solar interior to the outer Heliosphere.  Specific modules of this recommended interagency program that appear ready for development include one on the solar dynamo, which builds on new understanding of the solar interior derived from helioseismology, and one on magnetic reconnection, which is fundamental to understanding a rich variety of energetic solar and heliospheric phenomena.

Our fourth priority is for a significant U.S. participation in ESA's Solar Orbiter mission.  This mission will place both in situ and remote sensing instruments into an elliptical orbit about the Sun with a perihelion of 45 Rs and is selected here because it provides a cost-effective way for U.S. scientists to address our top three science priorities. 

Our fifth priority is for a generic multi-spacecraft heliospheric mission to probe in situ the three-dimensional structure of propagating heliospheric disturbances inside Earth's orbit.  This mission, which directly addresses our third science priority, should be an essential element of NASA's Living With a Star program.

Our sixth priority is for a generic reconnection and microscale (ram) remote sensing mission to study reconnection, wave transport, and dissipation in the solar atmosphere with unprecedented spatial and temporal resolution.  This mission addresses our second and third science priorities.
Our seventh priority is for a generic interstellar sampler mission (ism), designed to explore remotely the interaction of the Heliosphere with the local interstellar medium. This mission addresses our fourth science priority and is a natural precursor to a more ambitious probe to penetrate directly into the interstellar medium.

Our report recommends technology development in the coming decade for missions that can be realized in the following decade in Section V.2, and recognizes several experimental areas that pose opportunities for research and/or development in Section VI. In Section VII we discuss solar-heliospheric connections to other physics disciplines, and in Sections VIII and IX we make several policy recommendations.
Finally, the panel recognizes here that a number of ongoing missions and programs are vital to the continued health of solar-heliospheric and solar-terrestrial physics, to the NSF-led National Space Weather program, to NASA’s Living With a Star program, and to NOAA and DoD requirements. As these do not necessarily require new initiatives they are not discussed in detail in this report. Nevertheless, we note that the last two decades of solar observations from space have clearly demonstrated the critical value of extended, well-calibrated observations for detecting and measuring the now indisputable variability of the Sun's irradiance. It is only because of a sequence of overlapping, well calibrated experiments that we are beginning to understand why the solar luminosity varies and how it could change sufficiently on human time scales to affect terrestrial climate. We strongly recommend that continuous irradiance measurements from the ground and space be continued indefinitely. In addition to the need for long-term synoptic observations to address scientific questions on periodic and secular solar/heliospheric variability, routine monitoring of the Sun and solar wind is critical for accurate specification and prediction of short-term space weather and longer-term space climate. Regular patrol of the various solar emissions by existing missions (Table I) provides vital underpinning and infrastructure for the National Space Weather and Living With a Star programs and for NOAA and DoD needs; such measurements should be continued indefinitely.

II. Significant Accomplishments in the Last Decade.
Recent years have witnessed an extraordinary and ongoing revolution in solar and heliospheric physics, as is evident in the following short, and necessarily limited, summary of some of the research highlights from the last decade. These highlights are spread across the wide domain of solar-heliospheric research and form the basis and framework for our recommended new initiatives for the coming decade.

Interior

Differential rotation as a function of depth has been measured in the convection zone of the Sun, and surprisingly strong velocity shears were discovered at the base and top of the zone.  These shear layers are likely birthplaces of the Sun’s large and small-scale magnetic field respectively.

Large-scale meridional flows of order 10-30 m/s were discovered within the convection layer.

Signatures of newly emerging active regions were detected beneath the solar surface, yielding a potential new tool for predicting future sites of solar activity. 

Improved pressure and temperature models of the solar interior provided by helioseismic measurements still appear to rule out an astrophysical solution to the neutrino problem; neutrino oscillations were discovered.

The solar irradiance has been shown to vary in a complicated way with the advance of the solar activity cycle.

The helium mass fraction abundance in the Sun has been sensitively measured to be 0.2468, in disagreement with estimates for the cosmic helium abundance. 

Quiet Sun

Even the quiet Sun was found to be ceaselessly dynamic.

More than 95% of the magnetic flux in the quiet Sun was discovered to emerge from beneath the surface in less than a day (Figure II.1). 

Heating of coronal loops was found to originate just above their footpoints with scale length ~10,000 km, overturning classical static scaling-law approximations.

The cross-field inhomogeneity of the coronal plasma was found to be extremely small, of the order of a few hundred km or less (Figure II.2).

Coronal ions were discovered to have large thermal anisotropies, suggesting that ion cyclotron waves are a dominant source of ion heating in the corona.

Microflares were revealed to be common in and near the chromospheric network.

Coronal magnetography was pioneered in radio and infrared measurements.

Quiet  Heliosphere
Fast solar wind from high latitudes was found to dominate the three-dimensional Heliosphere at solar minimum (Figure II.3); slow and variable wind from all latitudes was found to dominate the Heliosphere in the years prior to and at solar maximum.

The acceleration of the slow solar wind was found to continue out to at least 30 Rs; both fast and slow wind showed evidence of extended heating to distances beyond 60 AU.

Slow and fast wind were discovered to have uniquely different ionic composition signatures, providing keys to understanding their different origins at the Sun.

The global structure of corotating interaction regions was determined; these interaction regions have opposed north-south tilts in the opposite solar hemispheres.

Corotating energetic particle events were discovered at very high solar latitudes near solar activity minimum, suggesting a new model for the heliospheric magnetic field.

A new source of pickup ions, thought to be solar wind deposited on and re-emitted from interplanetary dust grains, was discovered in the inner Heliosphere.

Active Sun
The vital role of magnetic reconnection was recognized in most forms of solar activity.

The notion that solar flares are the cause of CMEs and major space disturbances was seriously challenged; a new magnetic field- and CME-centered paradigm emerged.
Blast-like, global coronal waves were discovered propagating across the Sun in association with some large flares and CMEs.

Two classes of solar energetic particle events were recognized in the Heliosphere: impulsive events accelerated during flaring activity and the much larger gradual events accelerated in the solar wind by CME-driven shocks.

Trans-iron nuclei with 36 ≤ Z ≤ 83  were found to be overabundant in impulsive solar energetic particle events by a factor of ~1000, providing a key to understanding acceleration processes at the Sun.

Active Heliosphere
CMEs were identified as the cause of transient shock wave disturbances, non-recurrent geomagnetic disturbances, gradual solar energetic particle events, and Forbush decreases of cosmic rays.

The solar wind was discovered to be highly structured at all latitudes during the approach to and at solar maximum.

Mixtures of closed, open, and disconnected magnetic topologies were discovered within CMEs in the solar wind. 

The vital role of shocks was recognized for accelerating particles to high energy throughout the Heliosphere.

A variety of seed populations for solar energetic and corotating particle events were discovered; the relative importance of these seed populations varies from event to event.

Distant Heliosphere
Radio signatures of the interaction of globally merged interaction regions with the distant boundaries of the Heliosphere were detected for the first time.

The composition of the local interstellar medium and the cosmologically significant 3He/4He ratio were deduced from pickup ion and anomalous cosmic ray measurements.

A gradual deceleration of the solar wind associated with mass loading by pickup ions was detected in the distant Heliosphere.

The termination shock was determined to be a powerful accelerator that energizes some particles up to GeV energies.

Cosmic rays were discovered to have limited access to the Heliosphere over the poles of the Sun, contrary to expectations, while the modulation of cosmic rays was observed to extend to distances beyond 100 AU.

A hydrogen “wall” was predicted and detected at the nose of the Heliosphere in the direction of the solar system’s motion through the local interstellar medium.

III. Science Themes for the Coming Decade.
The panel's recommendations for new initiatives in solar and heliospheric physics in the coming decade are based on science questions arising in five basic research themes, beginning with the solar interior and working outward: 1. Exploring the solar interior; 2. Understanding the quiet Sun; 3. Exploring the inner Heliosphere; 4. Understanding the active Sun and Heliosphere; and 5. Exploring the outer Heliosphere and the local interstellar medium.  These research themes and the underlying science questions are discussed below in some detail.  Our prioritization of the particular science questions that drive our recommended new initiatives is provided in the Introduction and in the Executive Summary.

III.1. Exploring the Solar Interior.

The complex turbulence within the solar convection zone exhibits remarkable properties that have largely defied theoretical explanation.  One fundamental question concerns how convection redistributes angular momentum to produce a differential rotation that varies with radius and latitude.  A second issue concerns local and global magnetic dynamo processes occurring within the convection zone.  We believe local chaotic processes cause small-scale magnetic fields while global processes create the cyclic magnetic "active regions" that have very well defined rules for field polarity and emergence latitudes. These two issues are intimately linked, for the global dynamo action yielding the 22-year cycles probably is very sensitive to the Sun’s internal angular velocity profiles and meridional circulations.  Little is known in detail about the operation of the global dynamo, partly because it is a difficult region to observe and partly because of problems in simulating the complex and highly nonlinear dynamics in the convection zone.  A major challenge for the coming decade is to understand the complex operation of this deep convective shell that is responsible for solar magnetism.

Helioseismology, the study of the acoustic p-mode oscillations of the solar interior, has provided a remarkable new window for studying dynamical processes deep within the Sun.  Nearly continuous helioseismic observations from SOHO and GONG have revealed that the deeper radiative interior rotates as a solid body, possibly due to the existence of primordial magnetic fields, while the convection zone exhibits prominent differential rotation. These two regions are joined at a complex shear layer, the tachocline (Figure III.1.1). Near the surface a thin but pronounced shear boundary layer, in which the angular velocity increases with depth at intermediate and low latitudes, has been discovered.  Local domain helioseismic studies have begun to probe that near-surface shear layer, revealing large-scale flow patterns that are modulated by surface activity, evolving meridional circulations, propagating banded zonal flows, and complex evolution of flow patterns that may be associated with the largest scales of deep convection (Figure III.1.2). Solar Dynamics Observatory (IV.1.a) will provide an unprecedented examination of the near-surface convection zone region.

What is the origin of the solar cycle? Observations and simple models suggest that strong, organized, toroidal magnetic fields, generated from existing poloidal field in the tachocline, emerge through the photosphere to form active regions. The weaker poloidal field is then thought to be regenerated  either by turbulence throughout the convection zone or by break-up of twisted active regions near the surface.  Recent mean-field dynamo models have shown that a dynamo that generates toroidal and poloidal fields in separate regions can produce field strengths similar to those inferred from observations. Hence, differential rotation, cyclonic turbulence, and magnetic buoyancy all must play important roles in the generation of the observed large-scale magnetic fields associated with the 22-year activity cycle.  Rapid advances in massively parallel computer architectures are now enabling detailed studies of the processes thought to be crucial to the global dynamo.  Although fully self-consistent MHD simulations of the dynamo will be computationally infeasible into the near future, many elements of solar dynamo processes can and should be tackled in the next decade within a focused theory initiative (Section V.1.c.).

What is the structure beneath the convection zone?  The radiative zone spans the inner 70% by radius of the solar interior, with the innermost 25% occupied by the nuclear burning core. The stratification and rotation of much of this deep interior have been probed with helioseismology using p-mode data, and the results have greatly improved stellar structure models.  It also appears that the nuclear core probably has not experienced recent mixing events.  The now well-determined models yield estimates of neutrino generation that are about three-fold greater than what has been detected experimentally. The recent discovery of neutrino oscillations may reconcile neutrino observations with structural models.  In addition, there are hints of interesting 1.3-year variations in rotation rates that are out of phase above and below the tachocline, suggesting dynamic magnetic links between the convection zone and the radiative interior (Figure III.1.1). Our knowledge of the innermost Sun remains very incomplete, largely because few p-modes can penetrate into these central regions. The critical issues summarized above call for renewed efforts to seek to detect internal gravity or g-modes associated with the deep interior, with astrometry possibly providing new routes to be explored (Section VI.2).

III.2. Understanding the Quiet Sun.

The “quiet” Sun is a misnomer, as a decade of intense scrutiny has revealed.  The magnetic field inside and outside active regions emerges through the photosphere, spreads, and cancels constantly, accompanied by ceaseless dynamic and radiative manifestations of ongoing energy release on a wide range of spatial and temporal scales. Even long-lasting structures like prominences are far from static.  Some fraction of the energy emerging through the photosphere heats the solar atmosphere to temperatures far above the 6000 K photosphere.  We know that heating the corona requires only a small fraction of the energy flux heating the chromosphere, yet both regions still present major theoretical and observational challenges to understanding the heating processes.  A coherent program of observations and model development of the evolving plasma and magnetic field properties in the chromosphere and corona is needed to address the following unsolved problems during the next decade. 

How does magnetic structure emerge and evolve? Solar magnetic flux emerges on virtually every scale of convection. In active regions, where the flux distribution as a function of size is now well-characterized, the flux turnover time appears to be days.  In ephemeral regions, which collectively contain over 95% of the photospheric flux, the turnover time is much shorter, of order several hours.  Strong magnetic fields of mixed polarity, which have spatial scales at or below the resolution limit of current instrumentation, collect in the chromospheric network, which thus is poorly characterized.  An active topic of investigation is to determine how convection distorts and twists these flux concentrations as they rise through the convective zone and penetrate the photosphere.  Existing models are highly simplified and generally treat one or two discrete flux tubes instead of the complex, continuous distribution present beneath the Sun’s surface.

The large-scale distribution of magnetic flux on the Sun can store large amounts of energy that may be released gradually or explosively, and ultimately determines the coupling from the Sun to the Heliosphere.  The small-scale mixed polarity fields, on the other hand, may provide most of the energy that heats the "quiet" corona and powers the solar wind.  In order to understand the evolving distribution of fields over the Sun and into the Heliosphere throughout the solar cycle, we must identify and understand the sources of magnetic flux, the flux emergence process, mechanisms for spreading the flux, and the manner in which flux disappears from the surface. Progress has been made on all fronts over the last decade, due both to new observations and to advances in computer capabilities, but more work in this area is needed. We recommend two pertinent observational quests for the coming decade: measurements of the time-varying magnetic field from photospheric to coronal heights, and detailed measurements of the spatial and temporal scales on which magnetic flux emerges and dissipates through the solar cycle (Sections V.1.b, c, f, VI.1). These observations will not only open a window into the governing processes beneath the surface, but will also establish fundamental properties that any successful model of the Sun’s magnetic field must reproduce. We also recommend that a substantial effort be made to introduce greater realism into models of the subphotospheric rise and resulting emergence of magnetic flux with a wide range of spatial scales, as a logical extension of theoretical advances in understanding the solar dynamo (Section V.1.c).

What heats the solar atmosphere? Many fundamental aspects of the chromosphere are unknown: e.g., the heating mechanism(s), the source of the highly inhomogeneous flows, and the relationship between the thermal and magnetic topologies.  Substantial improvements in observational techniques and modeling are needed to determine which of several promising mechanisms transports subsurface energy into the chromosphere and dissipates it there.  The chromosphere poses a special challenge to simulations, as the presence of neutral atoms and molecules, the comparable energy content of plasma and magnetic field, and the effects of radiative transport cannot be ignored there.  The detailed thermal and dynamical structuring also remains puzzling: for example, static, one-dimensional semi-empirical models do not predict the observed amount of cool gas or the thick vertical structure and do not incorporate important dynamical effects.  Sorely lacking are temporally and spatially resolved observations of the thermal state of the inhomogeneous and dynamic chromosphere (Sections V.1.b, d), as well as physics-based models that include all relevant thermodynamic processes, radiative transport, and realistic three-dimensional topologies.

The corona is thought to be heated either by wave resonance processes or by a distribution of discrete events ("nanoflares"), although alternative models exist.  Wave heating models specifically predict where and on what time scales energy deposition occurs in coronal holes and loops. To discriminate among various models, we need to derive the rate of energy deposition in coronal structures as a function of position and time from observed histories of the temperature, density, and magnetic field. In addition the observed wave spectrum must be extended to higher frequencies to determine whether the waves enter the corona from below or are generated in the corona by particle beams or reconnection (Section V.1.f).  Numerical studies of wave heating are only beginning to include appropriate three-dimensional magnetic geometries and enough of the important physics to enable comparison between calculations and observations. 

The contribution of nanoflares to coronal heating and dynamics depends sensitively on several factors, including their rate of occurrence and energy output per event. At present, the corresponding properties of observed X-ray bursts, which are orders of magnitude more energetic, have been extrapolated to small energies in order to determine the occurrence rate and energy content of nanoflares. It is thus critically important to obtain more sensitive, high-cadence observations of the smallest energy release events on the Sun. Moreover, we need to understand the mechanism responsible for energy release in nanoflares, currently believed to be reconnection and its by-products. Direct observations of the signatures of reconnection as it operates in the corona (Section V.1.f), coupled with greater theoretical insight into the physics of reconnection (Section V.1.c), would enable substantial progress to be made on the long-standing problem of coronal heating.

III.3. Exploring the Inner Heliosphere.

The most important unexplored region of the Heliosphere is within ~0.3 AU of the Sun, where the solar wind originates.  The processes operating in this near-Sun region create the Heliosphere and, apart from solar irradiance variations, determine the influence of the Sun on the Earth and its magnetosphere.  It is in the near-Sun region that the corona is heated and the plasma is accelerated to supersonic speeds in both a quasi-steady form and in the episodic coronal mass ejection events.  This is also the region where solar wind turbulence arises and where coronal structures, such as plumes, streamers, and holes, evolve into solar wind structures of varying speed, density, temperature, composition, and magnetic field strength.  In order to understand the processes that heat and accelerate the solar wind and that determine the evolution of coronal structure into solar wind structure, this region must be explored directly as close to the Sun as a spacecraft can survive. 

To date the solar corona has only been observed remotely, through imaging, radio sounding, spectroscopy, and downstream in situ sampling. These observations have improved dramatically over the past decade and provide tantalizing glimpses of the physical nature of the innermost Heliosphere. To discriminate among competing theories and to make a major breakthrough in our understanding of the coronal origins of the solar wind, however, we need to know physical parameters that are difficult or impossible to measure remotely: the structure, strength, and fluctuation spectrum of the ambient magnetic field, the hydromagnetic waves/turbulence down to scales comparable with the thermal ion gyroradii, phase-space distribution functions of both thermal and suprathermal particle populations, and the manner in which these quantities evolve with distance from the Sun in the innermost Heliosphere. Thus, there is a compelling need for direct in situ measurements in the inner Heliosphere close to the Sun (Section V.1.a). Our exploration of this heretofore unsampled environment almost certainly will also yield unanticipated results that will modify our understanding of the Sun and the Heliosphere.

What is the origin of the solar wind? Since the initial prediction of the solar wind by Parker in 1958, numerous theories have been developed for mechanism(s) by which the corona is heated and the solar wind is accelerated. Because in situ measurements at 1 AU and remote observations of UV emission from the corona by SOHO show indirect evidence for ion heating by resonance with ion-cyclotron waves, most theories assume the introduction of hydromagnetic waves at the base of the corona. Various sources have been suggested for this wave energy. The wave excitation may be stationary or episodic in nature. Measurement of the magnetic fluctuation intensity spectrum in the corona and its variation is required to discriminate between possible wave origins. Measurement of ion distribution functions in or near the solar wind acceleration region will establish whether the ions are indeed heated and accelerated by ion-cyclotron waves, or perhaps by an entirely different mechanism such as plasma jets from nanoflares. 

Solar wind acceleration is closely linked to coronal heating. Although some early models suggested that the energy flux responsible for the solar wind acceleration is supplied by electron heat conduction, it is now generally thought that the electrons do not carry sufficient energy to drive the coronal expansion. Instead the solar wind acceleration is thought to be associated with the ion thermal pressure gradient and with the outward pressure gradient of Alfven waves. Model independent in situ measurements are required to settle this issue and to determine if the acceleration process is fundamentally the same or different in high and low-speed wind respectively. Direct measurements in the innermost Heliosphere (Section V.1.a) should answer fundamental questions about coronal heating, solar wind acceleration, and inner Heliosphere evolution that have dominated much of solar and heliospheric physics since the discovery of the corona.

Exploring the fundamental physics of collisionless plasmas. The solar wind is a superb laboratory for direct investigation of processes in collisionless plasmas that have general application to other space plasmas and to astrophysical domains where the plasma can not be directly sampled. These processes include those that govern: the basic evolution of plasma particle distribution functions; the development and evolution of waves and turbulence; the generation and structure of collisionless shocks; particle acceleration to relativistic energies by shocks, turbulence, and magnetic reconnection; and plasma instabilities associated with various forms of phase space “free energy". These processes occur throughout the solar wind, and much of our present understanding of these processes and phenomena is derived from past heliospheric investigations. However, the near-Sun region in the innermost Heliosphere is unique. Here the ions are subject to scattering on ion-cyclotron waves, solar gravity, and magnetic focusing, and their distribution function is expected to change dramatically with increasing radial distance. The electron distribution function should reveal the development of the field-aligned beam component that carries the electron heat flux and its modification by plasma microinstabilities and wave-particle scattering. The wave power spectrum will reveal clearly for the first time the onset of hydromagnetic turbulence. Collisionless shocks driven by CMEs are expected to peak in strength in this region with high intensities of proton-excited waves, and effective acceleration of ions to GeV energies. In this region solar energetic particle fluxes should be intense and their acceleration mechanisms should not be obscured by interplanetary transport. The electromagnetic emissions due to solar energetic particle interactions with the solar atmosphere are also more intense in the inner heliosphere and secondary neutrons can be observed at low energies before they decay.  These secondary photons and particles provide high-resolution information on solar energetic particles trapped in solar active regions that are not otherwise directly observable.

III.4. Understanding the Active Sun and Heliosphere.

Stressed magnetic fields are thought to provide the free energy for a wide range of transient energetic phenomena on the Sun, ranging from the smallest microjets and microflares to the largest flares and CME/filament eruptions. The largest of these energetic bursts drive solar wind disturbances, accelerate particles to high energies, and contribute to variations in the solar irradiance, all phenomena directly affecting the near-Earth environment. A primary goal of the Living With a Star and National Space Weather programs is to understand the underlying physics of these events sufficiently well to predict geoeffective solar disturbances. In part, this requires that we establish the precise relationship between flares and CMEs as well as the relationship of flares and CMEs to newly emerging magnetic flux, active prominences, transient coronal holes, and the global waves that propagate away from some flare and CME initiation sites. Some of the fundamental questions that must be answered to understand the physics of eruptive events are summarized below.

How is magnetic energy stored and explosively released? Solar magnetic fields can accumulate and store excess energy through twisting, either before or after emergence through the photosphere. These stresses are transmitted to the coronal field which, according to most models, then serves as the reservoir to be tapped by explosive energy release. Consequently, measuring and understanding the degree to which the coronal field is  nonpotential is one prerequisite to understanding solar eruptive activity.  To date, the energy content of nonpotential coronal magnetic fields has been estimated through extrapolations of photospheric vector magnetograms, and through field morphologies inferred from EUV and soft X-ray images and/or white-light coronagraph data. Although such estimates have demonstrated that ample magnetic free energy is available to drive observed energetic phenomena, we need direct, quantitative information about the coronal magnetic field strength and topology to form a complete picture of the physical origins of these events. Prospects for the coming decade are encouraging in this regard: both microwave imaging spectroscopy and coronal magnetography in the optical/IR regime may provide reliable measurements of the coronal magnetic field for the first time (Sections IV.1.b and V.1.b).

Theory and observations by Yohkoh, SOHO and TRACE indicate that magnetic reconnection plays a key role in rapid energy release on the Sun. On macroscopic scales, results from the first generation of three-dimensional MHD models of reconnection demonstrate that two-dimensional models are of limited applicability to the real solar atmosphere. Efforts are underway to construct physics-based models for many forms of solar activity. For example, new models of CMEs have been developed in which magnetic reconnection operates in different ways: as a pre-eruption trigger, as a "tether-cutting" mechanism, or as a post-eruption path to relaxation. The scenario actually preferred by the Sun in the initiation and evolution of CME eruptions remains controversial, requiring more realistic models and definitive observational tests. Because competing CME models assume distinctly different initial conditions, a pressing observational issue for the coming decade is to determine the pre-eruption magnetic field and plasma conditions. We now know from in situ observations that at least 30% of CMEs in the solar wind have a magnetic flux rope structure, yet it remains uncertain how and where these flux ropes are generated. In addition, we do not yet understand the origin of observed mixtures of closed, open, and (occasionally) disconnected field lines within CMEs in the solar wind, how those mixtures relate to the problem of magnetic flux build up in the Heliosphere, or how the observed anomalous ionic compositions within CMEs arise. Finally, models capable of exploring the macroscopic consequences of reconnection cannot address the microscopic means by which field lines are first severed and then reconnected, nor can they predict the kinetically-determined by-products of reconnection such as particle acceleration or plasma wave generation. To understand the reconnection process and its links to solar and heliospheric activity we need a combined and well-focused theoretical/simulation, observational, and experimental effort (Sections V.1.b, c, f).

When magnetic energy is released, particles can be accelerated to high energies in several ways: as a direct consequence of reconnection-associated electric fields, by shocks, or by stochastic processes such as wave-particle interactions. Models of stochastic acceleration in flares successfully account for certain properties of energetic electrons and ions derived from both remote and in situ data, yet full closure between theory and observation remains elusive. Precisely when and where particle acceleration occurs in a flaring volume, as well as the properties of the waves on which they resonantly scatter, have not been determined. There are also questions about the relative roles of acceleration and transport in producing observed charge state and composition characteristics of solar particle events that have been observed by ACE, Wind, and Ulysses during the current solar maximum. Further progress in this area will require observations of ion charge state and composition at high energies, observations of low-energy neutrons and particles close to the Sun where transport effects are minimized, and sensitive, high resolution hard X-ray, gamma ray, and radio observations (Sections V.1.d, f).

How do heliospheric disturbances evolve? The recognition that CMEs are the primary drivers of heliospheric disturbances with the greatest impact on the near-Earth space environment has been one of the most significant highlights of the past decade.  Their intrinsic variety and evolving three-dimensional structures have been made acutely apparent by observational advances (e.g. SOHO) in detecting these events both close to and relatively far (30 Rs) from the Sun (Figure III.4.1).  In addition, in situ heliospheric observations and simulations have demonstrated that the effect of a given CME on the Heliosphere depends critically not only its on inherent mass and momentum but also on the nature of the flow regime into which it is launched.  Indeed, a particular CME can produce radically different effects at different heliocentric distances, latitudes and longitudes (Figure III.4.2).  The physical processes involved in CME-disturbance propagation in the Heliosphere are reasonably well understood in principle, but the application of these principles to a specific event is constrained by our lack of knowledge of initial conditions within the CME and the state of the ambient plasma and magnetic field into which the CME propagates.  In order to test and validate models of disturbance propagation in the Heliosphere, we need accurate measurements of CME characteristics close to the Sun and in situ measurements of heliospheric conditions before and during the disturbances as functions of heliocentric distance, latitude, and longitude (see Section V.1.e).

To date, CMEs have been detected near the Sun through imaging (e.g., SOHO), while heliospheric disturbances have been identified solely through their plasma, magnetic field, and energetic particle signatures, currently being provided by ACE and Ulysses. Despite key advances in analysis techniques over the past decade, unambiguous identification of CME material in the solar wind far from the Sun remains difficult. The disconnect between solar and heliospheric observations has frustrated many attempts to relate coronal and solar wind disturbances, particularly at times of frequent solar eruptions. Missions such as STEREO should begin to bridge this gap and will help provide a comprehensive picture of the entire disturbance process from birth at the Sun to heliospheric response. However, full understanding of disturbance propagation in the solar wind, an essential component of both the National Space Weather and the Living With a Star programs, will require multi-point observations at different heliocentric distances and longitudes (see Section V.1.e).

Acceleration at CME-driven shocks produces the most dramatic solar energetic particle events observed within the Heliosphere.  The physics of particle acceleration at shocks is understood in principle, but a number of crucial questions remain unanswered.  For example, we don’t know what seed particles are accelerated in these events, whether shocks acting alone are capable of accelerating particles to the GeV energies sometimes observed, and whether scattering near the shocks is primarily produced by ambient or self-generated waves.  There is a pressing need for self-consistent numerical models of the complex interplay between particles and waves in the vicinity of the shock front, and for incorporation of fluid and kinetic effects into a coherent picture of CME-driven particle acceleration.  Observations designed to probe acceleration sites with both in situ and remote sensing (Sections V.1.d, e, V.2.c) will play a critical role in deciphering the physics of shock acceleration.

III.5. Exploring the Outer Heliosphere and the Local Interstellar Medium.

As the solar wind expands through the solar system it eventually reaches a point where it can no longer hold off the pressure of the interstellar medium and undergoes a shock-transition, forming the solar-wind termination shock (Figure III.5).  We have only limited knowledge of the termination shock, the interface between the solar wind and the interstellar plasma (the heliopause), and the local interstellar medium (LISM) beyond.  Although high-energy cosmic rays, neutral interstellar gas, and large interstellar dust grains are able to cross the heliopause, the solar system is effectively shielded from the interstellar plasma, magnetic fields, low-energy cosmic rays, and small dust grains. One of the great frontiers for space science during the 21st century will be to explore the boundaries of the Heliosphere and the interstellar medium beyond. 

How do the Sun and heliosphere interact with the galaxy? The Sun is moving through the LISM with a relative velocity of ~26 km/s. As interstellar plasma encounters the blunt nose of the Heliosphere its flow is diverted, much like the solar wind is diverted around the Earth’s magnetosphere.  The Heliosphere and its boundaries provide a unique laboratory for studying plasma processes and the interaction of a star with its environment.  The termination shock and heliopause are expected to move by ~10-20 AU over the solar cycle in response to changes in the dynamic pressure of the solar wind.  Indeed, those boundaries may never be truly stationary. Some of these changes are caused by large interplanetary shocks created during violent outbursts of solar activity.  The Voyager spacecraft have discovered intense and long-lasting radio emission from the direction of the nose of the Heliosphere, occurring approximately a year after the largest episodes of solar activity. This radio emission is apparently excited as strong interplanetary shocks interact with interstellar plasma in front of the heliopause. 

In the course of the Sun’s journey around the Galaxy it traverses a wide range of interstellar conditions. For the past few thousand years the Sun has apparently been immersed in a low-density (~0.2 cm-3) cloud with a temperature of ~7000 K.  The portion of the interstellar gas that is neutral (including a large fraction of H, He, N, O, Ne, and Ar) is able to penetrate the Heliosphere, where some of the material is ionized by solar UV or charge exchange with the solar wind to become pickup ions.  These pickup ions are convected into the outer Heliosphere where some fraction are apparently accelerated to cosmic ray energies at the termination shock to become the anomalous cosmic rays. Some of the accelerated anomalous cosmic rays charge exchange with neutral hydrogen to produce energetic neutral atoms (ENAs).  Charge exchange processes involving shock-heated solar wind beyond the termination shock produce lower-energy ENAs that may provide a means of imaging the global Heliosphere. A combination of in situ and remote sensing measurements are needed to explore the many processes occurring in the dynamic boundary region.

The location of the termination shock and heliopause and the size of the Heliosphere are somewhat uncertain and undoubtedly variable. As of September 1, 2001, Voyager-1 was at ~82 AU and moving outward at 3.6 AU/year, followed by Voyager-2 at ~65 AU. Although the termination shock has not yet been detected directly, evidence from several approaches indicates that the shock is presently between 85 and 100 AU from the Sun in the upstream direction, suggesting that Voyager-1 should encounter the shock one or more times within the next few years. These encounters will establish the scale-size of the Heliosphere, provide a direct measure of the pressure of the LISM, and initiate a new era of studies of the interaction of a star with its environment. Since it will be two decades or more before a more capable spacecraft can reach this boundary region, it is critically important to keep the Voyagers operating as long as they are returning useful scientific data on the Heliosphere’s interaction with the LISM. 

What is the physical nature of the local interstellar medium?  The nearby interstellar medium includes species that are predominantly ionized (e.g., C, S, and Si), those that are mostly neutral (H, He, N, O, Ne, and Ar), and others that are mainly locked up in grains (e.g., Al, Ca, and Fe). Although pickup ions and anomalous cosmic rays provide information on species that are predominantly neutral in the LISM, we presently have no information on the elemental and isotopic composition of elements that are mostly ionized, nor do we know to what extent refractory elements have condensed into grains. In addition, we have almost no knowledge of the direction and strength of the interstellar magnetic field, or of the intensity and composition of low-energy cosmic rays outside the Heliosphere.  Direct sampling of the composition of interstellar matter would provide a benchmark for comparison with solar-system abundances and provide constraints on galactic chemical evolution. Abundance measurements of isotopes that include 2H, 3He, 13C, 18O, 22Ne, 26Mg, and 30Si would constrain cosmological and nucleosynthesis models and provide a more accurate picture of the evolution of the solar system, the Galaxy, and the universe.

To advance studies of the outer Heliosphere and LISM over the coming years we need a program that includes: (1) continuation of the Voyagers, (2) a mission to several AU that would measure the neutral LISM that penetrates into the inner Heliosphere and provide ENA and EUV images of the heliospheric boundaries (Section V.1.g), and (3) a technology development program leading to an interstellar probe (Section V.2.a) carrying advanced instrumentation to explore the boundaries of the Heliosphere and our local interstellar environment.

IV. Existing and Anticipated Programs.
Our recommendations for new initiatives in Section V presume that missions and programs already under development or approved for development will become operational within the coming decade to address the high priority science objectives in solar-heliospheric physics for which they are designed.

IV.1. Approved Programs. 

IV.1.a. Solar Dynamics Observatory (SDO)
Solar Dynamics Observatory is a Living With a Star mission that is designed to provide essential data for understanding the near-surface region of the convection zone, the emergence of magnetic fields from the convection zone, the resulting restructuring of the chromosphere and transition region, and the processes that reconfigure magnetic fields in the solar atmosphere while releasing energy gradually or explosively.

SDO will obtain whole-Sun images and will fly in a geosynchronous orbit that allows very high data rates (~200 Megabits/s) almost continuously, obtaining:

* Maps of the interior flows, temperatures, and magnetic fields.

* The surface magnetic field vector and velocity pattern.

* Images of the inner corona at temperatures from 50,000 to 5,000,000 K.

* Irradiance maps of the surface.

If a coronagraph is selected (currently a second order priority), SDO will also obtain white-light images of the corona out to ~30 Rs.

The mission plan is to obtain:

* Full disk vector magnetograms at high cadence.

* Continuous high resolution Dopplergrams for acoustic imaging of subsurface regions.

* Full-disk solar and coronal imaging in multiple wavelengths.

3D acoustic images that show full history of active-regions development in space and time.
* Spatial spectroscopy to follow the connection of structures from the photosphere to the corona and to measure temperature and densities.

* Irradiance monitoring to measure solar luminosity variations.

SDO is presently in the pre-proposal stage and is scheduled for launch in the 2006-2007 time frame. The panel strongly recommends that this program proceed to the full development stage.

IV.1.b. Advanced Technology Solar Telescope (ATST)
Upcoming solar space experiments will provide intermittent observations of photospheric magnetic fields, and EUV measurements of coronal plasma conditions with angular resolution characterized by their 1m-class telescopes. However, a larger aperture telescope that operates in the infrared is needed to measure coronal magnetic fields above the solar limb. At optical and IR wavelengths Zeeman splitting measurements are a model-independent remote sensing technique for measuring magnetic fields. With current developments in infrared array technology, coronal Zeeman observations with sensitivities of a few tens of gauss have been achieved while observing regions tens of thousands of kilometers above the limb (Figure IV.1.b). A telescope larger than any currently practical space solar telescope is required for such measurements to become a routine tool for understanding the solar atmosphere and to achieve high angular resolution measurements of the photospheric magnetic field. The Advanced Technology Solar Telescope (ATST) is a current NSF/NSO/solar-community effort to design and build a 4 m facility that employs adaptive optics and that is aimed at determining the solar magnetic field from the photosphere up through the 5 MK corona. In the lower atmosphere ATST will achieve flux density sensitivity of a few gauss or smaller. It is anticipated that ATST will begin operations in the 2009-2010 time frame. The panel believes this is an extremely promising avenue for extending our understanding of the Sun's magnetic field and strongly recommends that the program proceed to the full development stage.

IV.2. Programs in Development.

IV.2.a. Space Missions
The space missions listed (alphabetically) in Table IV.2.a are presently either awaiting launch or are in development for launch within the next few years. Major programs in development include the following:
High Energy Solar Spectrographic Imager (HESSI) is an Explorer mission with X-ray and gamma-ray imaging spectrometers to study explosive energy release in solar flares. HESSI will locate the energy release site of flares, trace the propagation of particles from the release site, locate and determine the role of secondary particle acceleration, determine the composition of accelerated ions, and examine the role of long-term storage and acceleration of ions in flares.

Solar B is a joint Japanese-U.S.-U.K. mission that will obtain coordinated optical, EUV, and X-ray measurements to determine the relationship between changes in the photospheric magnetic field and changes in the structure of the chromosphere and corona. Solar B will provide quantitative measurement of the full vector magnetic field in the photosphere down to 0.2 arcsec to isolate elemental flux tubes with a sensitivity to the transverse component of the field vector of about 100 gauss.
Solar Terrestrial Relations Observatory (STEREO) is a two-spacecraft mission with identical in situ particle and field and remote sensing instrumentation on both spacecraft to study the origin and heliospheric propagation of coronal mass ejections (CMEs) in the ecliptic plane. The angular separation between the two spacecraft in the ecliptic plane will gradually increase with time, with one spacecraft leading and one trailing the Earth in its orbit about the Sun. Eventually one spacecraft will be able to observe in situ CME-driven disturbances imaged by the other spacecraft.

IV.2.b. Ground-Based Programs
SOLIS (Synoptic Optical Long-term Investigations of the Sun) is becoming operational at NSO on Kitt Peak. It consists of a suite of three new instruments to make optical measurements of processes bearing on solar variability whose study requires well calibrated and sustained observations over a long period of time. The instruments are a vector spectromagnetograph (high-sensitivity full disk measurements of magnetic fields), a full-disk imager (for spectral images of solar disk activity), and a solar spectrometer (for accurate spectral line profiles of the Sun as a star). The expected 2.3 TB of daily raw data will be processed in a manner to allow selected products to be retrieved promptly via Web interfaces.

GONG++ (Global Oscillation Network Group) operates identical Michelson Doppler imaging instruments at six sites around the world to allow nearly uninterrupted full-disk observation of solar oscillations and magnetic fields. This helioseismology experiment involves very active international scientific participation both in operating the sites and in the intricate analysis of the data to make inferences about structure and dynamics within the solar interior. The GONG instruments have just been upgraded to new CCD detectors with 1024x1024 pixel arrays (as GONG+), and now await implementation of high-performance computing systems to allow full primary analysis of the 32-fold greater data stream (as GONG++). The GONG experiment is anticipated to be operated for a solar cycle in order to study the evolving dynamics over a wide range of depths within the Sun.

IV.3. Operational Programs and Missions.

IV.3.a. Space-based Missions
The current fleet of operational space missions includes a very capable array of remote-sensing and in situ instrumentation that has been responsible for many significant scientific advances over the past decade (see Section II for some highlights). Missions that are scheduled to obtain solar and heliospheric observations beyond FY01 are listed (alphabetically) in Table IV.3.a, along with the science themes that they address. If the current pace of progress is to continue over the next decade, it is essential that key capabilities of the current program continue at least until they are replaced by missions in development (Table IV.2.a) or among the new initiatives (Section V). These capabilities include the ability to obtain continuous and redundant solar irradiance measurements, image the corona in X-rays and the EUV, image CMEs in white light, do helioseismology, and measure the solar wind plasma, magnetic field, and energetic particle variations in near-Earth interplanetary space. Such capabilities are needed both for high priority science objectives and to carry out the goals of the Living With a Star program. They are also essential for the routine monitoring of the Sun and Heliosphere that are critical for accurate specification and prediction of short-term space weather and longer-term space climate, and are critically important for detecting and measuring the now indisputable variability of the Sun's irradiance.

The panel also specifically recommends continuation of two missions that are uniquely sampling difficult-to-reach heliospheric regions: Ulysses  and Voyagers 1 and 2. Ulysses should be continued until it completes its second polar orbit, and Voyagers 1 and 2 should be continued as long as they are capable of providing measurements necessary to characterize the locations and natures of the termination shock and heliopause. We strongly support NASA’s plan to keep Wind operating as a backup 1-AU monitor of heliospheric conditions, and to enable observational campaigns for targeted research topics. Our plan assumes a successful launch of HESSI sometime in the near future, and adequate support for HESSI operations, data analysis and interpretation. 

IV.3.b. Ground-Based Programs
The ground-based solar observatories are leading laboratories for the development of new solar experiments and carry out a variety of research programs. They have also provided the long-term synoptic observations crucial to understanding the underlying mechanisms of solar variability. Without the interlocking efforts of many ground observatories we would not have some of the essential framework on which our leading models of the magnetic Sun and Heliosphere have been constructed. The auxiliary functions played by these facilities in supporting present space missions and for training future solar physicists are vital to the health of this field. Table IV.3.b., although not exhaustive, describes many of the principal components of the ground-based observing solar network and also indicates roughly to which of our research themes each observatory will contribute. In addition to the solar ground observatories, a network of neutron monitors spread around the world measures the intensity of and anisotropies in the cosmic ray flux arriving at Earth. Such measurements contribute to our research theme 4. The panel has not attempted to prioritize the ongoing programs of the ground-based institutions and facilities. 

IV.3.c. NASA Supporting Research and Technology  Program

A large number of ideas, models, and instruments that are in common use in solar and heliospheric physics can trace their origins to NASA’s Supporting Research and Technology (SR&T) program. This wide-ranging program supports theory and modeling, data analysis and interpretation, instrument development, and suborbital flight opportunities, as well as ground-based and laboratory studies in support of NASA’s flight program. Many scientists in solar and heliospheric research had their graduate work supported in part by this program and SR&T funding has contributed to many of the exciting discoveries and developments in this field over the past decade. The SR&T program has also contributed substantially to the development of future instruments, programs and mission concepts considered in this report.

During the past year NASA’s SR&T program has been re-organized into eleven research “Clusters”.  In the 2001 SR&T Senior Review the overall program was found to be very productive, and the Solar and Heliospheric Cluster was one of those judged to be deserving of increased funding.  We strongly support the Senior Review recommendation for increased funding for this program. 

IV.3.d Suborbital Programs
The suborbital program has long been an essential component of the solar/heliospheric research program.  For example, rocket experiments have obtained the highest resolution X-ray images of the Sun to date while balloon experiments have detected gamma rays from the Sun and have investigated the solar modulation of galactic cosmic ray electrons and positrons.  The capability of flying long-duration balloons in Antarctica promises to open new opportunities in solar and heliospheric physics.  In addition the suborbital programs provide relatively inexpensive opportunities to test new detector technologies and to train students in detector design, development, and construction, and in campaign management and data analysis.  Although the NASA, NSF, and DoD suborbital programs emphasize small projects, which are not explicitly considered in this report, we strongly recommend continuation of this highly cost-effective program.
V. Recommended New Initiatives.
V.1. Primary Recommendations.

V.1.a. A solar probe mission
The region inward of 0.3 AU is one of the last unexplored frontiers in our solar system, the birthplace of the Heliosphere itself. Remote sensing observations and in situ sampling of the solar wind far from the Sun have provided tantalizing glimpses of the physical nature of this region. However, to understand how the solar wind originates and evolves in the inner Heliosphere, our top science priority for the coming decade, we need direct in situ sampling of the plasma, energetic particles, magnetic field and waves as close to the solar surface as possible. Such measurements will determine how energy flows upward in the solar atmosphere, heating the corona and accelerating the wind, and will also reveal how the wind evolves with distance in the inner Heliosphere. These measurements will thus revolutionize our basic understanding of the expanding solar atmosphere. The panel therefore strongly recommends a solar probe to the near-Sun region that emphasizes in situ measurements of the innermost Heliosphere. We note that the generic solar probe we recommend is not necessarily identical to the Solar Probe mission for which NASA released an Announcement of Opportunity in September 1999 and which placed equal emphasis on both in situ and remote sensing observations. For a first solar probe, the panel strongly believes that the in situ measurements are of the highest priority and should not be compromised. In general, our panel did not find compelling various scientific reasons given for including remote sensing instrumentation on a first mission to the near-Sun region. Nevertheless, the panel appreciates that a solar probe mission provides a unique opportunity to measure the photospheric magnetic field in the polar regions of the Sun via remote sensing. Such measurements will help address our second science priority and should be a secondary objective of a solar probe mission.

A Solar Probe is currently a part of NASA's Living With a Star Program. The generic solar probe we are recommending should replace Solar Probe in that program, but its overall orbital characteristics will be essentially the same. Over a 10-day period the probe will sample the corona and solar wind inside 60 Rs at both high and low heliographic latitudes. The primary goals of this mission are to:

* Locate the sources and trace the flow of energy that heats the corona.

* Determine the acceleration processes and find the source regions of the fast and slow solar wind.

* Identify the acceleration mechanisms and locate the source regions of solar energetic particles, and use these particles as remote probes of physical conditions closer to the Sun.

* Determine how the plasma, energetic particles, magnetic field, and waves evolve within the innermost Helisophere.

A secondary objective is to determine the magnetic structure of the Sun’s polar regions.

In order to meet these science objectives, a solar probe must carry a combination of in situ plasma, energetic particle, magnetic field, and plasma wave experiments that will:

*Measure fundamental plasma (e.g., density, temperature, velocity, composition) and magnetic field (field strength and direction, power spectra) quantities and their evolution with distance from the Sun with high spatial and temporal resolution.

* Characterize the non-thermal properties of ion and electron distribution functions.

* Identify wave modes and turbulence present in the inner Heliosphere, their evolution with heliocentric distance, and their effect on particle distribution functions.

* Measure the composition, flux and anisotropy of energetic ions and electrons with high spatial and temporal resolution.

It is also desirable that a solar probe include a remote sensing experiment to measure

the photospheric magnetic field in the Sun’s polar regions.

The solar corona and inner heliosphere achieve their simplest form near solar activity minimum, and the data returned from a first encounter with the near-Sun region during the years surrounding solar minimum would have the most straight-forward scientific interpretation. However, a mission flown at any phase of the solar activity cycle will return unsurpassed and almost certainly unexpected information on the origins of the plasmas, fields, and energetic particles that fill the Heliosphere. The panel therefore believes that the launch of a solar probe should not be seriously constrained by timing relative to the solar activity cycle.
Since the payload our panel recommends for a solar probe differs somewhat from that most recently studied by NASA, we urge that NASA begin immediately to study the technological issues and costs associated with implementing this extremely vital mission in the coming decade,  Previous estimates for a solar probe mission, including one pass by the Sun at an altitude of 3 Rs, were ~$600M. This first mission to the near-Sun region as a part of the Living With a Star program will be one of the great explorations of this new century.

V.1.b. Frequency Agile Solar Radio Telescope (FASR)
Radio imaging and radio spectroscopy provide unique insights into the quiet and active Sun.  Combining radio imaging with radio spectroscopy provides a revolutionary new tool to study energy release in flares and coronal mass ejections (CMEs) and the thermal structure of the solar atmosphere in three dimensions.  Moreover, radio imaging spectroscopy provides a variety of powerful techniques for measuring magnetic fields in the corona.  For example, measurements of gyroresonance emission can be used to determine the magnetic field strength in active regions at the base of the corona, observations of gyrosynchrotron radiation from mildly relativistic electrons can be used to probe the coronal magnetic field in solar flares, and multiband Stokes-V observations of solar free-free emission can be utilized to provide a measure of the longitudinal field to strengths as low as a few gauss.  In addition, observations of radio depolarization and Faraday rotation can be used to measure even smaller magnetic fields in particular source regions (e.g., CMEs), or along particular lines-of-sight within the outer corona.
The Frequency Agile Solar Radiotelescope (FASR) is a proposed (largely to NSF) ground-based, solar-dedicated, interferometric array designed to perform time-resolved, broad-band imaging spectroscopy at radio frequencies from ~0.1 to ~30 GHz, thereby probing the Sun's atmosphere from the middle chromosphere to the outer corona.  It is optimized to exploit a wide variety of techniques to measure coronal magnetic fields by performing time-resolved, radio imaging spectroscopy across nearly three decades in frequency.  It has been endorsed by the NAS/NRC Astronomy and Astrophysics Decadal Survey as a mid-sized ground-based project.  Table V.1.b provides the specifications for FASR.

FASR will be a versatile and powerful instrument, providing unique data to solar and space physicists for studying basic physical processes operating in the solar atmosphere such as reconnection, plasma heating and acceleration, and electron transport. FASR will address our top three science priorities by providing:

* Measurements of coronal magnetic fields and currents.

* Observations of non-thermal particle emission associated with flares, CMEs, and coronal shocks.

* Observations of the three-dimensional structure of the solar atmosphere from chromospheric to coronal heights.

* Observations of sites and mechanisms of coronal heating and solar wind acceleration.

* Observations of coherent emission mechanisms and plasma wave-particle interactions.

FASR will contribute significantly to the Living With a Star and the National Space Weather programs by providing a number of real-time or near-real-time data products.  It will also make important contributions to synoptic studies of the Sun and will yield valuable proxies for solar activity and total solar irradiance.  

The estimated construction cost for FASR is $30M.  Operations and science support will be $6M per year for 5 years, leading to a total cost of $60M.  This versatile and powerful instrument represents a major advance over any existing solar radio telescope [See Appendix], and is expected to remain the world's premier solar radio instrument for two decades or more after completion.

V.1.c. Focused Theory/Modeling/Simulation Mission: A Virtual Sun
Connecting the Sun-Heliosphere-Earth system is the prime guiding principle behind the major research issues and challenges for the next decade. The system is strongly coupled and highly nonlinear, linking spatial scales from current sheets to the size of the Heliosphere and varying on time scales from fractions of a second to millennia. Its complexity has long stifled attempts to understand key mechanisms and processes, let alone construct global models of the entire system. However, during the last decade we have collected a rich observational base to study the Sun-Heliosphere-Earth system and have witnessed a rapid development of supercomputing architectures. Together, these suggest that the time is ripe to complement the U.S. observational program in solar and space physics with a bold theory initiative that cuts across disciplinary boundaries.

We recommend a multi-agency, 10-year program to initiate development of a Virtual Sun: a global numerical model of the Sun-Heliosphere system consisting of interconnected modules that calculate the behavior of important structural components and physical processes. The Virtual Sun will be flexible enough to accommodate new modules, to allow improvements in current modules, and to run at different levels of sophistication and resolution.  It is essential that the physics of each parameter employed in the individual modules should be clearly understood and precisely related by basic equations to the subgrid-scale processes that it represents.  The development of an overarching framework that joins the modules consistently, and permits straightforward incorporation of observational inputs/tests and scientific visualization, will comprise a particularly challenging but essential aspect of this theory mission. The value of such ambitious end-to-end modeling has been recognized in other programs, most notably the DoD MURI and CHSSI programs, and by the Living With a Star Science Architecture Team.  However, the scope of the Virtual Sun is far more extensive than these efforts. We also note that a simplified version of the Virtual Sun will be invaluable for education and public outreach.

Examples of Virtual Sun modules include models of the emergence of magnetic loops in the photosphere, the evolution of MHD turbulence in the solar wind, the evolution of CME-driven disturbances including the acceleration of energetic particles, and the interaction of the solar wind with the LISM.  Two modules that we particularly recommend for immediate development are those pertaining to the solar dynamo and magnetic reconnection, the source of solar magnetism and its prime mechanism for releasing stored energy, respectively.  Note that these research thrusts have been chosen because of their immediate readiness for substantial progress; other modules needed to build a Virtual Sun should be tackled when they are ready for a focused numerical and theoretical attack.

Major advances in supercomputing are now enabling high-resolution, three-dimensional simulations of those dynamical processes that are viewed as critical elements in the operation of the global dynamo (see Section III.1).  Given the vast range of dynamical scales involved in the solar convection zone, it is unlikely that fully self-consistent MHD simulations of the global dynamo can be achieved in the very near future.  However, a hierarchy of cutting-edge simulations that solve the nonlinear MHD equations without recourse to major simplifications in the physics are now tractable, thus permitting study of the primary building blocks in full dynamical detail.
A focused, coordinated initiative should also take advantage of existing and planned resources to make major breakthroughs in understanding the basic physics of three-dimensional magnetic reconnection from micro to macro-scales, and in identifying and quantifying how reconnection operates under varying circumstances within the solar system.  We can now model reconnection with kinetic codes that simulate particle behavior within the dissipation regions at the heart of the reconnection process, simulate the macroscopic evolution of three-dimensional reconnection with steadily improving resolution (Figure V.1.c), and utilize hybrid codes that combine both kinetic and MHD approaches. An ongoing, concerted, analytical and numerical effort to understand reconnection in the magnetosphere (the GEM challenge) serves as a successful prototype for a much broader attack on the reconnection problem in the more diverse arena of the Sun and Heliosphere.  

A 10-year effort by several critical-mass groups is required to: develop a suite of complex numerical tools necessary to address the important physics and boundary conditions; adapt these tools to the specific environments of interest; refine these models to reflect and reproduce the latest observations obtained by the facilities and missions discussed in this Report (Sections IV-VI); and link these models at common boundaries to form a working analog of the Sun-Heliosphere system. A coherent theory mission of this scope will require ample access to national supercomputing facilities and funding for researchers, and hence should be a natural venue for interagency support by NASA, NSF, DOE, DoD, and NOAA . The cost will be of order $5M per year.  Supercomputing resources would be provided separately through high-performance computing programs at participating agencies.  The panel contends that such an effort is crucial to achieving the goals of the substantial U.S. and international investments in ground and space-based hardware recommended for the coming decade.

V.1.d. U. S. participation in ESA's Solar Orbiter mission.

Solar Orbiter is a natural successor to SOHO to explore the Sun and its interaction with the Heliosphere. Selected by the European Space Agency (ESA) for launch in the 2008-2015 time frame, Solar Orbiter will use a unique orbital design to bring a comprehensive payload of imaging and particle and field experiments into an elliptical orbit with a perihelion of 45 Rs and an eventual maximum heliospheric latitude of 38°. This orbit will, at times, provide a unique co-rotating vantage point for a combined in situ and remote sensing investigation of the Sun and Heliosphere.

The primary goals of this mission are to provide data essential for understanding the solar dynamo, the magnetic structure and evolution of the solar atmosphere from the equator to the poles, and the effects of this evolution on the inner Heliosphere. It thus directly addresses our top three science priorities.  To meet these science objectives, Solar Orbiter will carry a suite of instruments that will:

* Probe via helioseismology the flow patterns in and beneath the photosphere.

* Capture high-resolution EUV images of the time-varying Sun’s atmosphere.

* Measure X-ray, gamma-ray, and neutron fluxes from particle acceleration processes in the solar atmosphere.

* Measure the in situ properties of the solar wind (solar wind velocity, density, 
temperature, composition, and magnetic field) and solar energetic particles.

The panel highly recommends  a strong NASA involvement in this mission similar to its engagement in other successful joint ventures with ESA, such as SOHO and Ulysses.  We find this to be a very cost-effective way for the U.S. solar and heliospheric community to address aspects of our top three science priorities.  The panel finds this mission to be particularly attractive if it includes instrumentation to investigate particle acceleration close to the Sun.  The expected cost depends upon the level of NASA’s engagement in this high-leverage mission (~$100M). 
V.1.e. A multi-spacecraft heliospheric mission 
Solar wind disturbances driven by CMEs are inherently complex three-dimensional structures. Our understanding of the evolution and global extent of these disturbances has largely been built on single-point in situ measurements obtained at and beyond 1 AU, although some multi-spacecraft observations of heliospheric disturbances have been obtained and STEREO will provide stereoscopic imaging and two-point in situ measurements of CME-driven disturbances. The panel believes that a multi-spacecraft heliospheric mission, consisting of four or more spacecraft separated in both radius (inside 1 AU) and longitude and emphasizing in situ measurements, promises a significant leap in our understanding of global aspects of the evolution of these events. A mission of this nature will illuminate the connections between solar activity, heliospheric disturbances, and geomagnetic activity, directly addresses our third science priority, and is an essential element of NASA’s Living With a Star program.

The main scientific issues that should be addressed by a multi-spacecraft heliospheric mission include:

* Determine how CME-driven disturbances evolve as functions of heliocentric distance and longitude in a structured ambient solar wind.

* Determine the internal structure and magnetic topologies of CMEs as well as effects of external field draping.

* Determine how energetic particle populations accelerated by CME-driven shocks vary as functions of heliocentric distance and longitude.

* Determine how the large-scale structure of the solar wind evolves in longitude and with distance in the inner Heliosphere in the ecliptic plane.

The optimum multi-spacecraft heliospheric mission will comprise a small constellation of at least four spacecraft separated in solar longitude and radius with at least one orbital perihelion at or within ~0.5 AU. The spacecraft orbits will lie in and near the ecliptic plane, while their relative positions will drift with time. Each spacecraft will carry the same complement of in situ magnetic field, plasma, energetic particle detectors and radio wave receivers. The mission will thus provide a highly detailed two-dimensional observational slice through the ambient solar wind and through CME-driven heliospheric disturbances propagating near the ecliptic plane. The scientific return from a multi-spacecraft heliospheric mission will be considerably enhanced if it is timed to be concurrent with coronagraph observations of CME disturbances departing from the solar atmosphere.
A multi-spacecraft mission of this nature is of paramount importance in understanding and predicting the form and intensity of heliospheric disturbances impinging on the Earth’s magnetosphere and hence should be an essential part of NASA’s Living With a Star Program.  The estimated cost of this multi-spacecraft endeavor is $325M. 

V.1.f. A reconnection and microscale (ram) probe
Observations and theory have long indicated that magnetic reconnection plays a key role in rapid energy release on the Sun.  Although magnetic reconnection and its repercussions have long been studied intensively in the Earth’s magnetosphere via both observations and theory, many questions remain about its operation in the solar corona where physical conditions are considerably different than in the magnetosphere.  Moreover, in situ sampling deep in the Sun's atmosphere is clearly out of reach.  
Understanding reconnection in the solar context requires imaging (Figure V.1.f) and spectroscopy of the fine-scale plasmas affected by reconnection — a challenging but technologically feasible task for the next decade. A reconnection and microscale probe (ram) will be a focused, remote-sensing mission designed to meet these goals. Situated at the L1 point or in a polar Sun-synchronous orbit with a nominal lifetime of 3-5 years, ram will provide multi-wavelength EUV and soft X-ray observations of the Sun with:

* Spatial resolution comparable to estimated coronal current-sheet, null-point, and reconnection jet widths (≥10 km, or 0.01 arcsec when viewed from 1 AU);

* Temporal resolution comparable to the characteristic fast-mode wave crossing time of such structures and to typical wave periods (milliseconds to seconds);

* Spectral resolution and field of view capable of measuring flow speeds into and out of reconnection sites (~10 to 1000 km/s);

* Simultaneous imaging of plasmas from transition-region to flare temperatures;

* Sufficient imaging sensitivity to detect emission from wave and shock compressions;

* Full-Sun context imaging of the surrounding magnetic field and plasma conditions.

By deciphering the evolving dynamics and energetics of fine-scale coronal plasmas, a ram will make major breakthroughs on several of the outstanding problems in solar physics, including coronal heating, CME initiation, and solar wind acceleration, thus addressing our top three science priorities. Most of the technologies required to build the above instruments are either direct extensions of well-tested methods, or are being adapted now from existing commercial/military applications. The estimated life cycle cost of this Solar-Terrestrial-Probe-class mission is $275M.
V.1.g. An interstellar sampler mission (ism)
The boundary between the solar wind and the local interstellar medium (LISM) is one of the last unexplored regions of the Heliosphere.  Very little is currently known about the shape and extent of this region or the nature of the LISM.  Certain aspects of these regions can be studied by a combination of remote sensing and in situ sampling techniques, thus addressing our fourth science priority for the coming decade.  The ism mission, which will set the stage for a direct probe of the outer Heliosphere boundaries and the LISM, will:

* Measure directly the distribution functions of neutral interstellar H, He, N, O, and Ne and the corresponding pickup ions to establish the physical state of the interstellar gas and the heliospheric transport of pickup ions.  

* Measure simultaneously the solar EUV emission and solar wind plasma properties to determine the ionization rates of the neutral gas and their time variations. 

* Measure precisely the elemental and isotopic composition of the interstellar material (specifically 2H and 3He) to extract important information on the evolution of the early universe, galaxy, and Sun. 

* Image the outer Heliosphere to reveal its structure and dynamics, using both solar EUV emission backscattered from interstellar O+ beyond the Heliosphere and energetic neutral hydrogen created in the Heliosphere boundary region by charge-exchange interactions between neutral H and protons accelerated at the termination shock.  

* Measure energetic co-rotating ion events, the contribution of "inner source" dust to heliospheric pickup ions, and the anomalous cosmic ray component that originates from pickup ions.

The ism orbit will be elliptical with aphelion and perihelion near 4 AU and 1 AU respectively.  The spacecraft will be highly autonomous and solar-powered using conventional propulsion.  The scientific objectives can be accomplished for $315M.
V.2. Future Missions (Unranked) Requiring Technology Development.

There are several new missions needed to address high-priority science objectives that will not occur unless new technology (or a new approach) is developed.  In particular, some missions await advanced propulsion technology, which would also enable other exploratory missions within the solar system.  There are also cases where existing technology is available, but new technology can provide enhanced capabilities or greater access to unexplored regions or new viewing perspectives.

V.2.a. An interstellar probe
Within the next few years the Voyagers will establish the size of the Heliosphere and make fundamental discoveries about the termination shock and the region beyond, but their 25-year-old instruments will be unable to measure many key properties or answer many basic questions.  A new mission, an interstellar probe, is needed to carry instruments specifically designed for comprehensive study of the heliospheric boundaries and exploration of our local galactic environment (Figure V.2.a).  Once beyond the heliopause an interstellar probe will discover the properties of interstellar gas, dust, the interstellar magnetic field, and low-energy cosmic rays unaffected by the Heliosphere. Direct composition measurements could be made of interstellar dust, and of the elemental and isotopic abundances of ionized and neutral gas and low-energy particles, including key species such as 2H, 3He, 13C, and 26Mg. While this mission primarily addresses our fourth science priority, objectives beyond solar and heliospheric physics can also be addressed, including outstanding questions in planetary physics, astrophysics, and cosmology. Although the scientific importance of an interstellar probe has been recognized by previous NAS/NRC studies and by the NASA Strategic Plan, this mission is unlikely to happen without advanced propulsion technology.

The principal scientific goals of an interstellar probe are to: 

* Explore the outer Heliosphere and the nature of its boundaries. 

* Explore the outer solar system in search of clues to its origin.

* Explore the interaction of our solar system with the interstellar medium.

* Explore the nature of the nearby interstellar medium.

To achieve these broad, interdisciplinary objectives requires advanced instruments designed for comprehensive, in situ studies of plasma, energetic particles, fields, and dust in the outer Heliosphere and LISM, as well as energetic neutral atom (ENA) and UV imaging instruments to map the large scale structure and dynamics of the outer solar system and global Heliosphere.  

The core instruments for this mission could be built today, but new concepts should also be considered, such as a molecular analyzer to identify organic compounds, a small infrared spectrometer to map dust distributions and the cosmological infrared radiation background, and a small CCD camera to survey Kuiper-Belt objects >1 km in size. This mission would require a radioisotope power system, and it would benefit from advanced communications and lightweight spacecraft and instrument technologies. 

To penetrate significantly into the LISM an interstellar probe should reach at least 200 AU; to reach this in ~15 years requires a velocity of ~14 AU/year (~4 times Voyager-1), for which advanced propulsion is required. Solar sails and nuclear-electric propulsion appear promising, but neither has been tested in space. The estimated mission cost, including 15 years of mission operations and data analysis, is ~$500M. 

Sending a spacecraft beyond the heliopause to explore our local galactic neighborhood will be one of the grand scientific enterprises of this century. Developing technology to enable our first venture into the space between the stars should have very high priority. 
V.2.b. A global view of the sun
Studies of the Sun’s corona, activity, and interior are greatly hindered by the fact that almost all observations to date have been made from near the Earth.  The Sun’s rotation hides much of the surface from our view for two weeks at a time, during which substantial changes can occur.  Furthermore, the Sun’s poles are not completely visible from anywhere in the ecliptic, so our knowledge of the magnetic field, thermal structure, and dynamics of the polar regions is incomplete at best. A global solar mission, combining spacecraft on the far-side of the Sun (or distributed in longitude about the Sun) with observations from Earth and spacecraft viewing from over the solar poles, would enable a complete instantaneous picture of the Sun and its activity. Among the accomplishments expected from such a comprehensive mission are: 

* Measuring for the first time the Sun’s evolving polar magnetic field and sub-surface polar motions.

* Probing three-dimensional structures deep beneath the surface using two-position helioseismology techniques, and predicting when and where active regions will emerge over the entire Sun. 

* Probing coronal magnetic fields with X and Ka-band Faraday rotation measurements.

* Examining three-dimensional thermal and magnetic structures from a polar perspective.

* Tracking the complete life cycle of active regions and coronal holes. 

* Linking variations in the high-latitude Heliosphere to surface conditions.

* Measuring the global effects of dynamic events with complementary stereoscopic imaging and in situ observations.

These observations would address our second and third science priorities, by exploring the role of polar convection in solar magnetic field evolution, understanding the mechanisms by which the magnetic field reversal occurs, exploring the azimuthal and latitudinal structure of the corona and streamer belt, and understanding the three-dimensional structure of CMEs and polar plumes. 

An orbital encounter with Venus would place a spacecraft on the far side of the Sun. The more difficult task, however, will be putting a spacecraft into a polar orbit.  Preliminary studies of a polar mission, the solar polar orbiter, have evaluated placing imaging and in situ instruments into a circular polar orbit at 0.5 AU, where it would circle the Sun from pole to pole 3 times a year, in 3:1 resonance with Earth.  This approach would achieve the desired orbit within 3-4 years via solar sail propulsion. Solar sails have not yet been tested in space, however,  so other advanced propulsion methods should also be considered. A polar perspective could also be reached with conventional propulsion using a Ulysses-type trajectory and, while the orbital period is necessarily greater, the key objectives could be met by ~150 to 300 days of observations at latitudes from 60° to 90°. Motivated by the unique promise of these new perspectives for addressing outstanding solar-heliospheric problems, we recommend that a plan be formulated to achieve our first coordinated polar and far-side views of the Sun.

V.2.c. A particle acceleration solar orbiter (paso)
The past decade has witnessed remarkable progress in our understanding of particle acceleration at the Sun and in the Heliosphere. While it is now recognized that solar energetic particles (SEPs) are accelerated both in solar flares and at CME-driven shock waves, the details of these particle acceleration processes remain elusive. The 1 AU separation between the primary SEP acceleration region in the corona (for both flare and shock SEPs) and the near-Earth satellites that observe SEPs makes it difficult to disentangle acceleration and propagation effects.  Thus a mission must travel close to the Sun to observe SEPs in their "infancy" before contamination by propagation effects.  Such a mission should occur near the peak of the solar activity cycle to maximize the number of events observed.

A paso, with a 0.2 A.U. perihelion passage, "hover" capability, and a suite of high-energy (UV, X-ray, gamma-ray) imagers and particle (electron, neutron, ion composition) detectors, would enable us to relate directly acceleration signatures at the Sun to particles observed in space, one aspect of our third science priority. The mission will:

* Delineate the spatial and temporal evolution of SEP sources.

* Elucidate basic SEP acceleration and transport processes.

* Determine the relative importance of electrons and ions for the flare energy budget.

* Extend the size distribution of flares to lower intensities and lower energies to gain insight on coronal heating.

* Detect low-energy solar neutrons for the first time.

The estimated cost of the mission is $400M.  Solar sail technology will be required to reach 0.2 AU, although many of the key science objectives could be obtained at reduced cost, but with reduced sensitivity, with conventional propulsion and a 0.3-0.5 AU orbit (e.g., as a component of Solar Orbiter). A paso mission is the next step required to advance our understanding of solar energetic particles and ultimately will lead to improved predictions of this key space weather hazard.

VI. New Research Opportunities (Not Prioritized).
The panel recognizes several opportunities for new solar and heliospheric measurements that could provide breakthroughs in understanding, and recommends specifically that the following measurements and/or developments be pursued with vigor.

VI.1. Instrumentation to observe the chromosphere/transition region at 300-1000 Å. 
The upper chromosphere and transition regions are critical to understanding how non-thermal heating occurs in the solar atmosphere.  These regions are difficult to model because the plasma beta is of order unity.  Observations in these regions are also difficult for two fundamental reasons.  The first is that processes occur very rapidly, thus requiring optical systems with high efficiency.  The second is that materials commonly used for solar imaging have low reflectivity between 300 and 3000 Å where most of the strong spectral lines in the upper chromosphere and transition region are formed.

Most metallic films do not have high reflectivity below ~1000 Å.  The traditional materials used that have broad-band reflectance down to 500 Å are silicon carbide, platinum, and osmium.  In order to make good imagers in the sub-1000 Å region the optical surfaces must be a factor of 6 to 10 more uniform than for the visible. Based on recent developments in fabrication of large SiC optics and chemical vapor deposition techniques for making polishable high-reflectance coatings, it should be possible to develop SiC optics with surfaces sufficiently good to make high quality, broad-band imagers down to ~500 Å. However, maintaining the shape and surface quality in optics constructed of these materials remains a development problem. 

On the other hand, normal incidence EUV coatings, which allow narrow band spectral imaging, necessarily have high reflectivity over narrow spectral ranges and do not work well above 300 Å.  Recent research has shown that materials exist that allow fabrication of multilayer coatings at wavelengths as long as 400 Å, and there is promise of coating systems for even longer wavelengths.  Relatively modest research efforts on normal incidence coatings should thus allow the production of spectral imagers at wavelengths well above 300 Å.
VI.2. Low frequency helioseismology.

During the last decade acoustic helioseismology has been highly productive as a probe of the solar interior. Nevertheless, our last unexplored region of the solar interior remains the innermost core --- the region ultimately responsible for defining the solar luminosity and the solar neutrino flux.  Unfortunately the inner 10-20% of the Sun's radius is nearly impenetrable to surface acoustic waves. 

A potential exists to sense the kinematic and thermodynamic structure of the core remotely by measuring lower-frequency waves in the visible photosphere --- modes with periods of tens of minutes to many hours, in contrast to 5-min acoustic modes. While buoyancy waves (solar "g-modes") may still bear fruit for this problem, the absence of progress on this front, despite two decades of effort, suggests that new techniques should be developed.

A promising avenue may be the use of solar astrometric techniques, which are especially sensitive to low frequency g-mode and inertial (r-mode) oscillations. Figure VI.3 shows how the solar noise background declines, and thus the modal sensitivity increases, with decreasing signal frequency using astrometric techniques. In contrast, current Doppler methods suffer from increasing noise with lower frequency. 

VI.3. Radar studies of the quiet and active solar corona. 
Although passive radio-wave observations of the Sun and interplanetary medium are well established as important observational tools, active radio ranging of the near-Sun environment has had little development since the pioneering work of James in the 1960s, which demonstrated that radar echoes could be obtained under many conditions. The data contained a variety of puzzling features, including anomalously high radar cross-sections and Doppler features. A key element of the interpretational difficulty was our primitive understanding of coronal structure and dynamic activity at that time: for example, neither CMEs nor coronal holes had yet been discovered. Moreover, synoptic solar magnetic field observations are not available for this time period so it is impossible even retrospectively to relate the observed echoes with likely coronal structures. 

Now, however, detailed contextual observations of the corona are routinely available and radar ranging techniques are mature. Given these advances any reasonable opportunity to explore the possibilities of solar radar as an observing tool should be exploited. Active sensing of the solar corona offers the possibility of mapping coronal structures, of detecting CMEs and measuring their radial velocity components, and of exploring wave-wave interactions in the solar corona.

VI.4. Instrumentation and techniques for imaging and mapping the global Heliosphere .

Most in situ heliospheric observations are local in nature and it is often difficult to understand the global context of such measurements.  New technologies for detecting energetic neutral atoms (ENA) and certain ultraviolet (UV) lines show considerable promise for performing measurements that can directly determine key aspects of the three dimensional structure of the Heliosphere, and possibly its time dependence.  Similarly, data analysis approaches using tomographic techniques have demonstrated new capabilities for imaging the large scale structure of the inner Heliosphere. Continued progress in these areas will depend critically upon integrating new observations with advanced models in an iterative manner.  We recommend further development of the following new technologies for imaging the global Heliosphere. 

ENA Imaging: Newly developed ENA-imaging instruments and techniques have been demonstrated for magnetospheric applications by the IMAGE mission. The same imaging principles should apply to the remote sensing of energetic particle acceleration processes on the Sun, in interplanetary space, and at the outer boundaries of the Heliosphere.  Although current techniques have been limited by very small geometric factors, more sensitive designs using new detection methods and background-suppression techniques appear promising.

UV Imaging: It has recently been proposed that the global shape of the heliosphere can be mapped by measuring solar EUV line radiation that is back-scattered by galactic plasma beyond the heliopause. Mapping of the heliopause can be carried out using the oxygen (O+) resonance line (83.4 nm) provided that sufficient improvement in detection sensitivity can be achieved. This technique may also provide an independent measure of the ionization state of the local interstellar medium.

Heliospheric Tomography: Within the inner heliosphere, tomographic techniques have been applied to white-light images of the corona and radio observations of interplanetary scintillation in efforts to image large-scale solar-wind structures.  Considerable progress has been made in reconstructing images of quasi-steady corotating structures, and these techniques are now being applied to transient disturbances such as those driven by CMEs. Given the importance of understanding such structures on a heliospheric scale, we recommend the continued development of tomographic techniques to image structures in the inner Heliosphere.
VI.5. Spectral-spatial photon counting detectors for the X-ray and EUV regions.

Coronal heating and solar flares are widely assumed to be the result of magnetic reconnection. To probe the dynamics of plasmas created by reconnection, a new type of solar physics instrument is required. First, it should be able to resolve plasma velocities as low as 250 km/s both along and transverse to the line of sight. Second, it must have enough sensitivity to capture the onset of a flare or other magnetic reconnection event. Third, it must have spatial resolution commensurate with its velocity and temporal resolution. No existing or planned solar physics mission has an instrument with these combined capabilities. 

A new class of detectors, microcalorimeters, superconducting tunnel junctions (STJ), and transition edge sensors (TES), which simultaneously provide spatial and temporal information, shows promise as near ideal sensors for studying magnetic reconnection. While these detectors differ in their modes of operation, they are all photon-counting detectors that have high (2 to 10 eV) energy resolution in the soft X-ray range from 1 to 10 keV, temporal resolution of hundreds of microseconds to milliseconds, and the capability of being fabricated as pixel arrays. Astronomical experiments employing such detectors have already flown in space, and detectors in this class are the baseline for several contemplated future astronomical missions.

For solar physics applications these detectors have to be adapted to handle higher count rates than are experienced in astronomical applications. Suitably modified, these detectors have the capability of measuring line-of-sight velocities in the solar atmosphere of the order of 150 to 300 km/s while simultaneously determining transverse velocities with a similar resolution. Experiments employing these detectors can thus provide the first fully three-dimensional picture of reconnection jets and other dynamic phenomena in the hot plasma at the onset of a flare. 

VII. Connections to Other Physics Disciplines.
 Solar-heliospheric physics shares an interest in nuclear fusion, magnetic dynamos, magnetoconvection and turbulence, collisionless shocks, magnetic reconnection, energetic particle acceleration and transport, emission and absorption of electromagnetic radiation, instabilities (kinetic, fluid, and MHD), neutrino detection, multiwavelength spectroscopy, and other diagnostic techniques with other physics disciplines. Over the past several decades, cross-fertilization among these various disciplines has advanced our understanding of the Sun and Heliosphere. Therefore we recommend the continuation of this highly fruitful interchange throughout the next decade, with particular focus on the following research areas.

VII.1. Atomic physics
Spectroscopy is used to map the physical and dynamic properties of the solar atmosphere, and has provided opportunities for fundamental discoveries such as the existence of the element helium. Recent advances in computational technology are enabling more accurate multi-level atomic-physics calculations, which will improve line identification and interpretation, and more detailed calculations of the time-dependent ionization balance essential for deciphering the sources of chromospheric and coronal heating. As high-cadence, high-resolution observations become available a substantial effort will be required to incorporate these new theoretical capabilities and laboratory measurements into analysis and interpretation of the data. 

The interpretation of certain types of particle observations depends critically on our knowledge of several complex processes, including EUV and collisional ionization, recombination, charge exchange, and electron-stripping of high-energy particles. Accurate modeling of these processes is essential for interpreting the measured ionic charge-state and elemental composition of the solar wind, suprathermal, and higher energy particles, including the effects of charge-to-mass dependent fractionation during particle acceleration and transport. For example, comparisons between ionic charge-state observations and models of shock acceleration near the Sun, in interplanetary space, and at the termination shock have been used recently to interpret the time scale for such acceleration processes. The Sun-Heliosphere system provides unique opportunities for observing these processes, but proper interpretation of energetic ion composition measurements requires cross-sections that have been measured in the laboratory or calculated with high precision.

VII.2. Nuclear physics

Attempts to resolve the ‘solar neutrino problem’ have produced a very close interplay between particle and nuclear physics, stellar structure theory, and helioseismology. Helioseismic inversion of p-mode frequencies, coupled with theoretical models for stratification in the nuclear burning core, has placed fairly tight bounds on neutrino production, thus ruling out many novel suggestions for how that production could be reduced.  Along the way, substantial improvements in the theoretical calculation of opacities and equations of state for the high temperature and density plasma at intermediate depths within the solar radiative interior were devised in order to bring solar structure models and helioseismic inferences into close agreement.  The recent apparent detection of other solar neutrinos, possibly arising from electron neutrinos changing flavor during flight, may offer another path for resolving this major challenge.

VII.3. Plasma physics 

The vast majority of solar material, from the core through the corona and into the outer Heliosphere, is ionized gas threaded by magnetic fields. Thus the Sun and Heliosphere behave on microscopic scales largely as a collection of ions and electrons whose dynamical properties are shaped (if not dictated) by the magnetic field, and on macroscales as a magnetofluid. The Sun and Heliosphere routinely "perform" many experiments that can not be enacted on Earth, providing insights into the physical mechanisms that govern the behavior of ionized and magnetized plasmas. These insights are relevant both to astrophysics and to laboratory plasma physics. On the other hand, laboratory plasmas (for example, the Princeton Plasma Physics Laboratory Magnetic Reconnection Experiment) can be manipulated and probed in ways that are impossible outside the laboratory, They provide an opportunity to probe fundamental MHD and kinetic phenomena with a combined temporal and spatial resolution that exceeds what can presently be achieved in space. Cutting-edge theoretical and numerical techniques developed for modeling space plasmas also clearly benefit modeling of laboratory plasmas and vice versa. The cross-fertilization between laboratory and solar and heliospheric plasma physics has been mutually advantageous to both communities and should be continued indefinitely.

VIII. Policy and Education Recommendations (Not Prioritized).
Solar and heliospheric physics is a large and complex enterprise involving academic institutions, federally funded centers, observatories, and space missions, as well as commercial interests. Achieving the proper level and balance of resource allocation and investment in each of these is required to sustain a vigorous research community.  This community, in turn, is needed to attain long term strategic goals in science and technology, and to maintain the United States’ leadership role. Despite the present overall health and vitality of the solar and heliospheric physics community and the impressive advances of the past decade, there are serious concerns about the way in which solar and heliospheric physics is currently supported. 

* Ground-based solar and heliospheric research facilities, both national and university-based, are primarily funded by NSF and to a far lesser degree by NASA, NOAA and DoD. NSF funding is divided between the AST and ATM divisions under the MPS and GEO directorates, respectively. Space-based programs are funded mostly by NASA, with much lesser roles played by NOAA and DoD. Data analysis and theory efforts are mostly supported by relatively modest grants programs at NSF and by mission-specific programs as well as the Sun-Earth-Connections theory program at NASA.  Solar and heliospheric physics, perhaps more than any other discipline, relies extensively on multi-wavelength observations from both ground-based facilities and space-based missions that are funded by multiple agencies. Interagency planning and coordination is therefore of critical importance. The excellent coordination between NSF, NASA, and other agencies, developed in recent years for joint ventures such as the National Space Weather Program, needs to be maintained in the future.

* NSF uses its resources largely to build and operate its ground-based facilities; associated data analysis and theory efforts are, by comparison, grossly underfunded.  That is, NSF inadequately funds the research for which the facilities were built in the first place. NASA generally has been effective in supporting mission-specific research, although theory support has been lacking by comparison. 

* Ground-based solar and heliospheric facilities routinely provide critical data that enable space-based missions to meet their science goals and/or enhance their scientific return. They also serve as important training grounds for the scientists, technicians, and instrument builders upon which NASA relies. Yet NASA’s support of and investment in ground-based facilities is currently limited.

Both NASA and NSF rely heavily on university programs as training grounds for scientists, engineers, technicians, and instrument builders. Continued success of space-based missions and ground-based facilities requires that university programs thrive. In fact, however, university-based programs have faltered in recent years – due at least in part to short funding cycles, lack of outreach to promising students, and a shift of some technical activities, for example instrument building and development, to commercial enterprises and NASA centers. Increasingly the universities find it difficult to find the resources to develop new instruments and concepts. The net effect has been a decreased rate of production of educated professionals with solar and space physics expertise, with the shortfall of trained experimentalists being particularly acute. It is widely recognized that there is a national shortfall of qualified personnel that will strongly intensify during the next five years. For example, in that period over half of NASA center scientists and engineers will become eligible for retirement. The scientific community and the funding agencies need to be proactive in attracting qualified students to the scientific enterprise.

As a consequence of the above concerns, we make several recommendations. Some of these recommendations closely parallel those in the recently released report of the Committee on the Management and Organization of Astronomy and Astrophysics (COMRAA).

1. We strongly encourage NASA, NSF, and other agencies that fund solar and heliospheric physics to continue interagency planning and coordination activities to optimize the science return of ground and space-based assets. Within NSF we similarly encourage a high level of planning and coordination between the AST and ATM divisions.

2. We recommend that NSF plan for and provide comprehensive support for scientific users of its facilities. This includes support for data analysis, related theory efforts, and travel.

3. We recommend that NASA support instrumentation programs, research programs, and software efforts at both national and university ground-based facilities where such programs are essential to the scientific aims of specific NASA missions and/or the strategic goal of training future personnel critical to NASA’s mission.

4. We recommend that both NSF and NASA study ways in which they could more effectively support education and training activities at national and university-based facilities. The need for this support is particularly acute for training scientists with expertise in developing experiments and new instruments. Specifically, we recommend that both NSF and NASA study the idea of forming Centers of Excellence with strong university connections and tied to national facilities as a means of sustaining university-based research efforts and of educating and training the scientists, technicians, and instrument builders of the next generation. These centers would be funded on ~5-year cycles and competitively selected.
IX. Other Recommendations.
The past decade has witnessed an explosion in collaborative efforts aimed at understanding the Sun-Heliosphere-Earth connection. A most positive development has been the growth of broad community organizations, such as RISE, CEDAR, GEM, and more recently, SHINE, which is concerned almost exclusively with our third science priority. These organizations span what had been a deep gulf between pure scientific research and applied space weather studies. Although all of these efforts originated as grass-roots coalitions of researchers, they have flourished with support from NSF. The panel strongly recommends that NSF continue its support for these groups, and in
particular, SHINE. 
Appendix.
Table Appendix 1 summarizes the capabilities of radio instruments around the world that spend all, or a large fraction of available observing time, observing the Sun.  It should be noted, however, that there are several general purpose, non-solar instruments, that are used on an occasional basis for solar and heliospheric observing.  These instruments are the Very Large Array, the Berkeley, Illinois, Maryland Array, the Owens Valley Radio Observatory Millimeter Array, the Caltech Submillimeter Observatory, the Arecibo Observatory, and Haystack Observatory.
Acronyms and Abbreviations
ACE - Advanced Composition Explorer

ACRIM - Active Cavity Radiometer Irradiance Monitor

AST - Astronomical Sciences

ASTRO-E - Fifth in a series of Japanese X-ray astronomy satellites

ATM - Atmospheric Sciences

ATST - Advanced Technology Solar Telescope

AU - Astronomical Unit

BBSO - Big Bear Solar Observatory

CME - Coronal mass ejection

CEDAR - Couplings, Energetics, and Dynamics of Atmospheric Regions

CHSSI - Common High-performance-computing Software Support Initiative

COMRAA - Committee on the Management and Organization of Astronomy and

Astrophysics

DOE - Department of Energy

DoD - Department of Defense

EIT - Extreme ultraviolet Imaging Telescope

ENA - Energetic neutral atoms

ERB - Earth Radiation Budget

ESA - European Space Agency

EUV - Extreme ultraviolet

FASR - Frequency Agile Solar Radio Telescope

GEM - Geospace Environment Modeling

GEO - Geosciences

GOES - Geostationary Operational Environmental Satellite

GONG - Global Oscillations Network Group

HAO - High Altitude Observatory

HESSI - High Energy Solar Spectroscopic Imager

IR - infrared

ism - Interstellar sampler mission

ISOON - International Solar Optical Observing Network

LISM - Local interstellar medium

MHD - Magnetohydrodynamics

MLSO - Mauna Loa Solar Observatory

MPS - Mathematical and Physical Sciences

MSO - Mees Solar Observatory

MURI - Multidisciplinary University Research Initiative

MWSO - Mount Wilson Solar Observatory

MSFC - Marshall Space Flight Center

NAS - National Academy of Science

NASA - National Aeronautics and Space Administration

NOAA - National Oceanic and Atmospheric Administration

NRAO - National Radio Astronomy Observatory

NPOESS - National Polar-Orbiting Operational Environmental Satellite

NSF - National Science Foundation

NRC - National Research Council

NSO - National Solar Observatory

OVRO - Owens Valley Radio Observatory

paso - Particle acceleration solar orbiter

PSPT - Precision Solar Photometric Telescope (network)

Rs - Solar radius

RSTN - Radio Solar Telescope Network

ram - Reconnection and microscale probe

RISE - Radiative Input of the Sun to Earth

SDO - Solar Dynamics Observatory

SEP - Solar energetic particle

SFSO - San Fernando Solar Observatory

SHINE - Solar Heliospheric and Interplanetary Environment

SMEI - Solar Mass Ejection Imager

SMM - Solar Maximum Mission

SOHO - Solar and Heliospheric Observatory

SOLIS - Synoptic Optical Long-term Investigation of the Sun

SOON - Solar Optical Observing Network

SR&T - Supporting Research and Technology

SSW - Sub-Surface Weather

STEREO - Solar-Terrestrial Relations Observatory

STJ - Superconduction Tunnel Junctions

SXI - Solar X-ray Imager

TES - Transition Edge Sensor
T/M/S - Theory/Modeling/Simulation

TRACE - Transition Region and Coronal Explorer

UARS - Upper Atmosphere Research Satellite

UV - Ultraviolet

WSO - Wilcox Solar Observatory

Summary of Committee Activities and Interactions with the Solar-Heliospheric Communities.

The Solar-Heliospheric Panel met three times: April 16-18, 2001 in Boulder, Colorado; June 2-4, 2001 in Boston, Massachusetts; and August 23-25, 2001 in Boulder, Colorado.  Large portions of the first two meetings were open to the community and a number of volunteer and invited speakers made presentations to the panel.  Those two meetings were advertised well in advance in Solar News and in the Space Physics and Aeronomy News Letter.  The agendas for those two meetings are provided below.  The panel also solicited and received e-mail, mail, and telephone input from members of the community.  Community input was also solicited and received at very well attended Town Hall Meetings at the joint American Geophysical Union/Solar Physics Division meeting in Boston in May and at the SHINE meeting in Snowmass, Colorado in June.  In addition, several panel members held Town Hall meetings within their local science communities.
Agenda Solar-Heliosphere Panel Meeting

Boulder CO  April 16 -18, 2001
Monday April 16


8:00 - Vic Pizzo - Welcome/ logistics


8:05 - Jack Gosling - Panel Introduction


8:10 - Bill Lewis - Decadal Survey Overview


8:30 
Panel Member Presentations on research highlights, questions, and issues



Juri Toomre - Solar convection, dynamo, etc.



Jeff Kuhn - Solar cycle effects



Alan Title - Solar magnetic fields



Judy Karpen - Magnetic reconnection in solar atmosphere



Tim Bastian - Solar and heliospheric radio physics


10:10 - 10:30 - Break


10:30  Panel Member Presentations (continued)



Ed Cliver - Coronal mass ejections, solar energetic particle events



Jack Gosling - Coronal heating, solar wind acceleration, in situ f(v)



Thomas Zurbuchen - Solar wind composition, heliospheric magnetic field



Vic Pizzo - Global solar wind and heliosphere



Richard Mewaldt - Energetic particles in heliosphere



Marty Lee - Particle acceleration, turbulence, outer heliosphere


12:30 - 1:30 - Lunch


1:30 - Paul Evenson - Present and Future NSF programs in S/H physics


1:55 - Bill Wagner - Present and Future NASA programs in S/H physics


2:25 - Ernie Hildner - Present and Future NOAA programs in S/H physics


2:50 - Jeff Linsky - Physics and remote sensing of the hydrogen wall


3:10 - 3:30 - Break


3:30 - Steve Keil - Advanced Solar Telescope


4:00 - B.C. Low / Joan Burkepile - Coronal mass ejections and coronal physics


4:30 - Murray Dryer - Issues in heliospheric physics


4:50 - Sum up


5:00 - Adjourn for day

Tuesday April 17


8:00 - Richard Woo - Associations between solar interior, corona, and solar wind


8:30 - Adam Szabo - Inner Heliosphere Sentinels


9:00 - Adam Szabo - Inner Heliosphere Constellation


9:10 - Alexander Ruzmaiken - Farside


9:40 - Don Hassler / Dave McComas - Solar Probe


10:10 - 10:30 - Break


10:30 - Paulett Liewer - Solar Polar Imager


11:00 - Tim Bastian - Frequency Agile Solar Radio Telescope


11:30 - Craig DeForest - Need for high resolution solar measurements


11:45 - Richard Mewaldt - Interstellar Probe 


12:15 - 1:15 - Lunch


1:15 - Ed Cliver - Present and Future Air Force programs in S/H physics


1:35 - Thomas Zurbuchen - Outer heliosphere stepping stones


2:05 - Bruce Lites - Sunrise

 
2:20- 3:00  Additional community input (to be scheduled as needed)



         Open discussion of other issues, programs, and missions


3:00 - 3:20 - Break


3:20 - 5:00 - Panel discussion of science issues, questions, and opportunities


5:00 - 7:00 - Dinner


7:00 - 10:00 - Panel members only: issues, opportunities, and priorities

Wednesday April 18  -  Panel members only


8:00 - 8:30 - Conference call with NRC on conflicts of interest, etc.


8:30 - Discussion on issues, opportunities, and priorities


10:00- Prepare rough report outline


11:00 - Initial writing assignments and schedule


11:30 - Plans for future panel activities


12:00 - Adjourn

Agenda Solar-Heliospheric Panel 

Boston  MA - June 2-4, 2001
Saturday, June 2


1:00 - J. Gosling / A. Title: Report on May Survey Committee meeting


1:30 -  P. Foukal: Issues in long-term solar variability


2:00 - Bill Matthaeus: Solar wind turbulence


2:30 - Bernhard Fleck: Solar Orbiter


3:00 - Eberhard Mobius: Outer heliosphere and local interstellar medium


3:30 - Break


3:50 - Stephen White / Dale Gary: FASR 


4:10 - Mike Kaiser: Solar Imaging Radio Array


4:30 - Mike Schulz: Connections between photospheric, coronal, and



heliospheric magnetic field


5:00 - Steven Cranmer: UV diagnostics of the corona; next generation



instrumentation; physical processes in corona


5:30 - Joe Davila: STEREO and International Heliophysical Year


5:45 - Jim Ryan: Energetic particles associated with CMEs and flares


6:05  - Other speakers and/or panel discussion


6:30 - End of session

Sunday, June 3


8:00 - Judy Karpen: Reconnection in the solar atmosphere


8:20 - Leon Golub: RAM


8:50 - David Hathaway: Solar Dynamics Observatory


9:20 - Al Lazarus: Triana


9:50 - Break


10:10 - Other volunteers and/or panel work


12:00 - Telecon with Bruce Tsurutani et al.: Solar Probe Issues


12:30 - Panel working lunch


1:30 - 6:30 -  Panel Work 

Monday June 4 - Panel members only


8 am - 5 pm - Panel Work:  Issues and priorities

Agenda Solar-Heliospheric Panel

Boulder - August 23-25 - Panel members only.
Finalize Science Themes and Priorities and Recommendations

Outline Report
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