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Synopsis
Heliophysics theory and modeling build understanding from fundamental principles to motivate,
interpret, and predict observations. Together with observational analysis, they constitute a compre-
hensive scientific program in heliophysics. As observations and data analysis become increasingly
detailed, it is critical that theory and modeling develop more quantitative predictions and iterate
with observations. Advanced theory and modeling can inspire and greatly improve the design
of new instruments and increase their chance of success. In addition, in order to build physics-
based space weather forecast models, it is important to keep developing and testing new theories,
and maintaining constant communications with theory and modeling. Maintaining a sustainable
effort in theory and modeling is critically important to heliophysics. We recommend that all fund-
ing agencies join forces and consider expanding current and creating new theory and modeling
programs–especially, 1. NASA should restore the HTMS program to its original support level to
meet the critical needs of heliophysics science; 2. a Strategic Research Model program needs to be
created to support model development for next-generation basic research codes; 3. new programs
must be created for addressing mission-critical theory and modeling needs; and 4. enhanced pro-
grams are urgently required for training the next generation of theorists and modelers.
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1 Introduction
Theory and modeling study heliophysical processes from fundamental principles to understand,

interpret, and predict observations. Together with observational analysis, they constitute a compre-
hensive scientific program in heliophysics. In response to observational discoveries, new theories
are developed and tested. Based on indirect observations at the time, Parker theoretically predicted
a supersonic solar wind (Parker 1958, 1999), which is directly related to the birth of heliophysics.
A complete understanding of heliophysics processes relies on close collaborations between the-
ory/modeling and observation/data analysis. Through such integrated efforts, theory/modeling mo-
tivates further observational analysis, data-theory comparison, and new missions/infrastructures.
As observations and data analysis become increasingly detailed, it is critical that theory/modeling
provides quantitative predictions and iterate with observations for further progress. For exam-
ple, recent observations by Parker Solar Probe and other spacecraft have shown the prevalence of
switchbacks in the inner heliosphere (Bale et al. 2019; Kasper et al. 2019), leading to a new set
of theories proposed to explain the observations and increasingly stringent tests for those theories
(e.g., Squire et al. 2020; Zank et al. 2020; Ruffolo et al. 2020; Drake et al. 2021; Schwadron &
McComas 2021). In addition, advances in physics-based space weather models depend critically
on the knowledge gained from basic theory/modeling, and our ability to transition this knowledge
into those models. Therefore, maintaining a sustainable effort in theory and modeling is essential
to both basic and applied heliophysics.

Heliophysical plasma systems host a rich set of physical phenomena and are often the only places
that allow detailed remote sensing and in situ observations. Many plasma processes, including
magnetic reconnection and collisionless shocks, were discovered or proposed to explain helio-
physical phenomena (e.g., Parker 1957; Sweet 1958; Blandford & Eichler 1987). Theoretical un-
derstanding of these phenomena has far-reaching impacts on our insight into basic plasma physics,
laboratory experiments, and planetary and astrophysical plasmas. An incomplete list of processes
(with corresponding white papers) includes dynamos, the acceleration and transport of energetic
particles, magnetic reconnection (Ji et al. 2022; Chen et al. 2022), collisionless shocks (Goodrich
et al. 2022), turbulence and waves in fluid and kinetic scales, wave-particle interaction (Thorne
2010), plasma heating and energy dissipation (Haggerty et al. 2022) and effects of partially ion-
ized plasmas. These processes underlie many important heliophysical phenomena, including solar
and heliospheric magnetic fields, energetic particles and radiation (Shih et al. 2022; Chen et al.
2022; Turner et al. 2022; Kollmann et al. 2022), coronal and solar wind heating (Klimchuk et al.
2022; Mondal et al. 2022), the origin of solar eruptions and magnetospheric storms and substorms
(Chen et al. 2022; Green et al. 2022), the shape and size of the heliosphere, ionospheric outflow,
and the impact of solar activity on planetary magnetospheres and atmospheres in our solar system
(Cohen et al. 2022; Crary et al. 2022) and beyond (Garcia-Sage et al. 2022).

2 The Importance of theory/modeling to observations and instruments
The exercise of theory/modeling leads to a significantly deeper understanding of observations,

identifies gaps in our understanding, and motivates new observations, missions, and infrastructures.
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We point out that collaborations between theory and observations in recent NASA missions, such
as IBEX, MMS, Van Allen Probes, THEMIS, MESSENGER, MAVEN, Juno, IRIS, SDO, Hinode,
and Parker Solar Probe, as well as ground-based facilities such as EOVSA and DKIST, have led
to strong progress in our understanding of key heliophysics phenomena. Current and future space
and ground-based missions and infrastructures would benefit greatly from strong theory/modeling
participation in augmented research programs and science teams, from the design phase through
post-launch data acquisition. In particular, comparing theory/model predictions with the ground
truth of observations can resolve contentious issues and point to new directions for both observa-
tions and theory. Figure 1 shows a model-data comparison for the solar flare on 2017 September
10, which was observed by multiple spacecraft/facilities including EOVSA, Hinode, RHESSI, and
SDO. The EOVSA observation measures the energetic electron density and magnetic field strength
(Chen et al. 2020; Fleishman et al. 2020). The MHD model agrees well with the flare dynamics
and the distribution of the magnetic field strength, and the EOVSA radio image is consistent with
an MHD-particle-radiation model (Chen et al. 2020; Li et al. 2022), suggesting that flare current-
sheet reconnection and looptop sources are crucial accelerators for energetic electrons. Combining
advances in theory/modeling of particle acceleration and flare dynamics and next-generation radio
imaging spectropolarimetry, as would be provided by FASR (Chen et al. 2022), will further de-
mystify the role of reconnection and associated particle acceleration processes in flares.

Figure 1. Multi-wavelength observations and numerical modeling of an eruptive solar flare event on 2017
Sept. 10. The simulation is based on gyrosynchrotron radiation calculated from an input data-constrained
MHD and particle model shown in (a). (b) Spatial variation of the magnetic field strength along the current
sheet derived from the microwave data (black), which matches the model predictions (red/blue) (Chen et al.
2020). The simulated EOVSA image using an MHD-particle model (Li et al. 2022) in (c) well resembles
the actually observed EOVSA image at 5 GHz shown in (d) (see Chen et al. 2022).

3 The Importance of basic theory and modeling to space weather models
Physics-based space weather models condense our understanding of basic heliophysical pro-

cesses and attempt to predict and interpret space weather events. However, in many areas of space
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weather modeling, the current physics models are far from mature. These applied models need
constant development and input from basic theoretical and modeling studies, as the models often
include important physics uncertainties.

For example, solar energetic particle (SEP) events are thought to be generated by two processes:
shocks driven by coronal mass ejections (CMEs), and magnetic-reconnection—driven accelera-
tion in solar flares. However, their relative contributions are still not well understood (Reames
2020), especially for particle acceleration associated with solar flares. For shock acceleration, the
relative contributions of quasi-parallel shocks (propagation along the magnetic field) vs. quasi-
perpendicular shocks remain unclear. In addition, there have been numerous events that are not
consistent with one-dimensional diffusive shock acceleration theory, indicating that effects such as
multi-dimensional physics, downstream turbulence, and/or reconnection may need to be included
in our theoretical approach (Guo et al. 2021). To accurately calculate particle acceleration at near-
Sun CME shocks, the sharp transition in physical properties at the shock must be resolved down
to the diffusion length of energetic particles. However, multidimensional MHD CME models usu-
ally cannot resolve such scales, while kinetic models focused on the shock front cannot reach the
global scales of the full eruption. The new generation of CME-SEP models need to address these
uncertainties and overcome the difficulties to achieve more reliable predictive capabilities.

Numerical models of space weather at Earth and other planets often rely on global simulations
of magnetospheric dynamics driven by interplanetary shocks and CMEs, corotating interaction re-
gions, magnetic storms, and energy transfer to the ionosphere and thermosphere by electric fields
and field-aligned currents. The first generation of space weather forecasting tools are primar-
ily MHD-based. However, these fluid simulations cannot robustly model key processes such as
magnetic reconnection at kinetic scales, but rather rely upon resistivity or viscosity (physical or
numerical) to regulate sharp structures in critically important boundary layers such as thin current
sheets associated with reconnection. Such traditional proxies are crude and have limited predictive
capability for space weather events. Extensive event studies over the last decade (e.g., Burch et al.
2016, and the references therein) have demonstrated that it is critical to include kinetic physics in

the narrow reconnection layers and magnetosphere-ionosphere coupling regions.
These gaps have not been fully resolved and need further development. Only through persistent

theoretical exploration can numerical models yield quantitative observables and predictions with
enough confidence level/technology readiness level to compare with observations. There has been
great progress in fundamental comprehension of particle acceleration during magnetic reconnec-
tion (Dahlin et al. 2017; Li et al. 2019; Arnold et al. 2021; Zhang et al. 2021; Li et al. 2021, 2022),
but particle acceleration in solar flares, especially the enhanced acceleration of heavy ions and 3He
particles, and their contributions to large SEP events, are not well understood. Moreover, the over-
all interaction between flares and CMEs, as well as CME-CME interactions, in producing the most
energetic SEPs remain a mystery. In Earth’s and planetary magnetospheres, one notable attempt to
capture the physics of collisionless magnetic reconnection in the global context is the ten-moment
multi-fluid model that solves the continuity, momentum, and pressure tensor equations for all ion
and electron species, as well as the full Maxwell equations (Wang et al. 2018; Dong et al. 2019;
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Figure 2. Perspective view of the Earth’s magnetosphere from a 3D ten-moment multifluid simulation. The
interplanetary magnetic field is southward. The white streamlines are magnetic field lines in the meridional
plane, indicating the thinning of a current sheet on the night side, along with two flux ropes. The blue-red
contours in the xz-plane represent the y component of the magnetic field due to the Hall term in the model.
The yellow-scale contours in the xy-plane represent ion number density (Wang et al. 2020).

Wang et al. 2020; see Fig. 2 for its application to Earth’s magnetosphere). In addition, kinetic ap-
proaches such as hybrid (fluid electrons and kinetic ions) models (Karimabadi et al. 2014; Le et al.
2021) and Vlasov-hybrid models (von Alfthan et al. 2014) are promising candidates, especially by
integrating kinetic electron physics, for the next generation of global magnetosphere simulations.

Attacking the problems outlined above with modeling advances, such as the aforementioned
examples, will enhance our physical insights and provide significant theoretical inputs to space
weather modeling and predictions.

4 The relation between theory and modeling efforts
Theory and modeling efforts are closely related but have important differences. Theories are

developed from fundamental principles to explain poorly understood processes or phenomena,
whereas modeling’s goal is to apply theories to more complicated and realistic situations to com-
pare with the ground truth of observations. They cannot replace each other and both need to be
adequately supported, especially when basic theories are newly developed, and not mature enough
to directly compare with observations. For example, basic studies of magnetic reconnection and
associated particle acceleration often use Harris-like current sheets and simplified boundary con-
ditions. This allows in-depth studies about basic processes and has been leading to breakthroughs
(e.g., Parker 1957; Loureiro et al. 2007; Guo et al. 2014; Liu et al. 2017; Cassak et al. 2017; Liu
et al. 2022). At the same time, one often needs to take into account realistic geometries such as
applications to solar eruptions, magnetospheric storms, and coronal heating, as they require re-
alistic 3D geometries and appropriate (e.g., line-tied) boundary conditions. A similar situation
applies to the theory and modeling of solar eruptions. Our cartoons for the energy storage and re-
lease processes that create CMEs are still debated in part because of the extraordinary complexity
of active regions observed on the sun. Similarly, the extent and kinematics of CME shocks and
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ejecta may be strongly influenced by the instantaneous, inhomogeneous 3D structure of the corona
and inner heliosphere. Data-driven and data-constrained modeling provides an avenue to bridge
this gap (often touted as the future of CME prediction and forecasting) but developing and refining
such approaches require dedicated investment with a parallel focus on improving both the modeled
physics (leveraging theory) and the mechanics of the approach (e.g. proper boundary conditions,
data assimilation, incorporating subgrid physics, machine learning optimizations, etc).

Ultimately, it is important to recognize that theoretical understanding of many heliophysical
processes is immature and incomplete, and that theory and model predictions often only address a
selected set of scenarios and include significant uncertainties. Achieving closure between theory
and observations, through modeling, is an iterative procedure that can take substantial effort over
years. Hence continuous progress in theory and modeling is still urgently needed and federal
agencies should protect against funding opportunities and review panels from negatively biasing
theory/modeling proposals that do not incorporate observations.

5 Recommendations
1. Restore the HTMS program to its original, inflation-adjusted level so that it meets

the critical needs of heliophysics science. More than 40 years ago, a committee led by
Stirling Colgate recommended that a dedicated program be created to address large-scale,
basic theory problems that required critical-mass group efforts in order to make progress,
which led to a theory program now known as Heliophysics Theory, Modeling and Simu-
lation (HTMS). The HTMS has been a huge success and has been instrumental in trans-
forming heliophysics from a discovery-style, exploratory-science field, to a rigorous mod-
ern discipline in which closure between models and observations has become the norm.
Many of the large-scale modeling groups that presently lead our field, and many of the the-
ory/modeling leaders in our field, owe their start to the HTMS. The needs expressed in the
Colgate report are even more important today, because our observations and measurements
have grown enormously in depth and precision during the past decades, and require much
more sophisticated theory/modeling for advancing physical understanding. The funding for
the HTMS has remained constant throughout its history, however, so that now a typical grant
has only 1/3 the original buying power and is inadequate to support a critical-mass effort.
We recognize that other programs have been created to tackle major unanswered questions
in heliophysics, such as the NSF ANSWERS/SWQU program, the NASA LWS TR&T, and
the NASA DRIVE Centers, but none is focused on attacking basic theory and modeling
problems. Furthermore, such programs support too few theory/modeling groups to make
progress on the broad range of basic theory challenges that are so important for advancing
heliophysics. Funding for the HTMS urgently needs to be increased by at least a factor
of three, so that critical-mass groups can once again be established to attack our basic the-
ory/modeling challenges. The original HTMS program had a transformative impact on our
field, elevating it to the next level as a science discipline; a revitalized HTMS will have an
equally transformative impact.
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2. Begin a program of supporting model development for next-generation basic research
codes. Heliophysics has matured to the point that large-scale numerical modeling is essential
to every aspect of our science, from attacking basic theory challenges to interpreting increas-
ingly complex observations/data and to improving space weather forecasting/nowcasting.
The crucial role of modeling to meet space weather objectives has long been recognized,
and the LWS Strategic Capability (SC) Program was created to respond directly to this need.
The SC Program has successfully provided many tools that the community requires for ad-
vancing space weather science. No equivalent funding program supports the development
of basic research numerical tools, however, even though the need is equally pressing. Given
the lack of a dedicated program, research codes are presently being developed haphazardly
by cobbling together funding from multiple sources, and are not generally available to the
community. Heliophysics urgently needs to develop next-generation numerical codes to
attack the problems of cross-scale and cross-domain coupling that are at the heart of helio-
physics science. Consequently, we recommend the creation of a Strategic Research Model
program, patterned after the LWS SC Program but dedicated to funding the development
of the next generation of basic-science numerical codes. All models developed by this pro-
gram will have the strict requirement of being open-source and easily available to the whole
heliophysics community. As part of this Strategic Research Model program, the developer
groups will be supported to make the codes available through an interface such as the CCMC
or GitHub, and to maintain the codes if they are sufficiently used by the community.

3. Develop programs focused on addressing mission-critical theory and modeling needs.
As emphasized above, heliophysics is no longer a discovery-driven field; developing and
advancing new understanding now drives our science. Our missions and instruments have
achieved such a level of precision and sophistication that theory and modeling are integral
to their success. Examples abound – in order to connect PSP solar-wind measurements to
their coronal origins, state-of-art models must be employed; in order to connect the MMS
particle distribution measurements to reconnection dynamics, theory/models are essential;
and in order to connect the exquisite DKIST photospheric magnetic-field observations to
solar activity, again theory/models are necessary. This vital need of theory/modeling to
derive science advances from the observations will only increase with future missions. No
current program is focused on addressing this urgent need; consequently, we recommend
the development of a dedicated theory/modeling program to accompany all future missions.
These programs should begin roughly five years before mission launch and be recompeted
periodically, so that the theory and models will be in hand when the data start arriving. Such
mission-dedicated theory/modeling programs would increase enormously the science return
from future missions, and yet have negligible cost compared to total mission funding.

4. Develop joint theory/modeling programs with two or more basic research Agencies:
NSF, NASA, and DOE. Although instrument development and data analysis are often
highly specific to the particular Agency interests, such as DOE laboratory experiments, NSF
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ground-based telescopes, or NASA space missions, basic theory and modeling by its very
nature cut across all heliophysics science. For example, theories of magnetic reconnection
and particle acceleration are essential to the science goals of all Agencies. Consequently, we
recommend that joint-Agency programs be developed to address common theory/modeling
needs. Some of these joint programs could include the revitalized HTMS and the Strategic
Research Model Program recommended above. Such joint programs would have the addi-
tional major benefit of maximizing the effectiveness of Agency resources. For example, the
DOE has uniquely powerful resources in high-performance computing that could be made
available to the NASA community as well. Furthermore, the NSF has unique strengths in
educational programs, which would be of great value for building workforce infrastructure
for both NASA and the DOE (see #5). Inter-agency programs in theory/modeling would be
a win-win situation for all Agencies and for heliophysics.

5. Enhance programs for developing the next generation of theorists and modelers. The
vitality of a field is completely dependent on the strength of its community infrastructure and
especially on its upcoming generation of researchers. New people bring in new ideas, and
this rejuvenation is critical for making major scientific progress. The dearth of university
faculty who are producing new researchers, particularly in basic theory and computation, is
an issue of grave concern in heliophysics. Programs are urgently needed that address this
issue, including joint programs as recommended above. A successful example is the NSF
faculty development in space sciences (FDSS) program. The FDSS and similar programs are
needed, but with increased frequency of solicitations and increased emphasis on basic the-
ory/modeling. Furthermore, programs should be developed/enhanced for supporting Ph.D.
students who perform their thesis research at NASA and DOE Centers in close collaboration
with universities. It is essential that we develop a truly unified, inclusive heliophysics com-
munity whose workforce infrastructure integrates across science disciplines and institutions.

6 Summary
Theory and modeling need to be independent components of heliophysics science and cannot be

separated from integrated studies of heliophysics, or replaced by data analysis and data science.
Without theory and modeling, sophisticated heliophysics understanding cannot be established, and
empirical studies will dominate. We recommend enhanced support that encourages the develop-
ment and growth of theoretical groups and young scientist communities, including but not limited
to the areas discussed above. All agencies should consider expanding their current theory and
modeling programs and creating new heliophysics theory programs, to cover all four main areas of
heliophysics. A flagship theory and modeling program, such as a fully restored HTMS program,
is critically needed. Additional new programs need to be created to develop next-generation basic
research codes and address mission-critical theory and modeling needs through collaborative and
coordinated efforts of basic research agencies such as NSF, NASA and DOE. We encourage the
Decadal Survey Committee to identify gaps in theory and modeling support, and suggest a strategy
to ensure the healthy development of theory and modeling efforts in heliophysics research.
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