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ABSTRACT

Solar flares and coronal mass ejections are interrelated phenomena that together are known
as solar eruptive events. These are the main drivers of space weather and understanding their
origins is a primary goal of Heliophysics. In this white paper, we advocate for the allocation of
sufficient resources to bring together experts in observations and modeling to construct and test
next generation data-driven models of solar eruptive events. We identify the key components
necessary for constructing comprehensive end-to-end models including global scale 3D MHD
resolving magnetic field evolution and reconnection, small scale simulations of particle accel-
eration in reconnection exhausts, kinetic scale transport of flare-accelerated particles into the
lower solar atmosphere, and the radiative and hydrodynamics responses of the solar atmosphere
to flare heating. Using this modeling framework, long-standing questions regarding how solar
eruptive events release energy, accelerate particles, and heat plasma can be explored.

To address open questions in solar flare physics, we recommend that NASA and NSF provide
sufficient research and analysis funds to bring together a large body of researchers and numer-
ical tools to tackle the end-to-end modeling framework that we outline. Current dedicated
theory and modeling funding programs are relatively small scale and infrequent; funding
agencies must recognize that modern space physics demands the use of both observations
and modeling to make rapid progress.
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1 INTRODUCTION

Solar flares and coronal mass ejections (CMEs) are the major drivers of space weather, sharing
a common energy source (the coronal magnetic field), a common energy-release mechanism
(magnetic reconnection), and comparable total energies [1]. Predicting their development, and
ultimately their contribution to space weather, requires a unified and comprehensive under-
standing of both flares and CMEs as interrelated phenomena that together are referred to as
Solar Eruptive Events (SEEs).

Understanding SEEs is not only a core goal of Heliophysics but is critical for making reliable
space-weather predictions needed for future space exploration, given SEEs’ potential to expose
astronauts to harmful radiation and damage spacecraft. During the past solar cycle, NASA’s
Heliophysics System Observatory has provided unprecedented views of the critical processes at
play in SEEs. Parallel developments in theory and computing resources have greatly advanced
our ability to both model these processes and predict observables. These capabilities have now
reached a stage sufficient to develop a data-driven model from SEE initiation through the flare
gradual phase. Moreover, improved data-analysis techniques are enabling the extraction of more
information from the observations than was previously possible.

Given these recent advances, in this white paper, we advocate for the development of compre-
hensive data-driven coupled models for performing holistic studies of SEEs. These will provide a
more complete picture and understanding of energy release and partition in SEEs, especially
on the fundamental energy-release processes associated with the magnetic reconnection that
leads to the flare and the initial acceleration of the CME. To enable this, we recommend that
NASA and NSF provide sufficient research and analysis funds to bring together a large body
of researchers and numerical tools to tackle this problem. Current dedicated theory and
modeling programs are relatively small scale and infrequent; funding agencies must recognise
that modern space physics demands the use of both observations and modeling to make rapid
progress.

2 CURRENT GENERATION SEE MODELS

Global-scale 3D models of SEE initiation invoke magnetic reconnection in the flare current sheet
(CS), which restructures the magnetic field adjacent to the CS, transforming stored magnetic
energy into mass motions, particle acceleration, and heating. High-resolution observations and
numerical simulations are increasingly able to determine the mechanics of this process, but we
still do not fully understand how the liberated energy powers the many manifestations of the flare
and CME. An important clue derived from observations and MHD modeling is the appearance of
many reconnection sites within the flare CS, yielding multiple plasmoids (magnetic islands) that
travel upward or downward in the sheet, within the fast bidirectional reconnection exhausts [2–5].
Fermi acceleration resulting from contracting and merging plasmoids has been shown to produce
power-law distributions similar to those observed [6]. Alternatively, stochastic acceleration from
magnetic turbulence also produces power-law distributions [7]. It is not yet known, which or if
either, of these processes dominate flare particle acceleration.

During the flare reconnection process, electrons and ions are accelerated. The energetic
electrons are detected through the gyrosynchrotron microwave (MW) emission and the hard
X-ray (HXR) bremsstrahlung that are produced as they propagate along magnetic field lines
from the coronal acceleration site to their eventual impact in the chromospheric footpoints.
The energy distribution of the impacting electrons can be readily determined from the X-ray
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spectrum [8]. This energy distribution will differ from that of the electrons just leaving the
acceleration region, due to energy losses from Coulomb collisions, return currents, and other
processes as the particles travel from the acceleration site. Models that account for all of these
transport effects are essential for any meaningful comparison of electron distributions inferred
from the microwave and X-ray observations with predictions from acceleration models.

The accelerated ions are detected through the nuclear γ-ray emission that is produced as they
interact with the ambient plasma. Observations suggest that these ions have approximately the
same total energy content as the accelerated electrons, at least in large flares [1, 9]. However, the
γ-ray emission from the ions is not as easily detectable as the microwave and X-ray emission
from the electrons, making it much more challenging to measure their energy distributions, and
virtually impossible below ∼1 MeV. Consequently, very few theoretical studies have modeled
flare-accelerated ions or their effects on the solar atmosphere. However, for an acceleration
mechanism to be viable, it must be able to predict both the ion and electron distributions.
Previous work neglecting ions is potentially ignoring up to half of the flare energy transported
through the Sun’s atmosphere [10]. Next generation models must explore the role of ion beam
heating in flares, with a specific focus on the resulting heating of the deepest layers of the solar
atmosphere (see also the white paper, “Ion Acceleration in Solar Eruptive Events” by Shih et al.).

SEEs heat plasma to super-hot temperatures [11] (⪆ 30 MK). This super-hot plasma appears to
be directly heated in the corona [12, 13], but the responsible mechanism has not been established.
This heating mechanism likely works in concert with the particle acceleration mechanism
mentioned above, and both are signatures of the fundamental energy release driving SEEs. Next
generation models should investigate how SEEs directly heat plasma during the acceleration
and energy release processes.

3 OPEN SCIENCE QUESTIONS

Comprehensive SEE models can probe the fundamental energy release processes by tracking
the released energy in the form of energetic particles and thermal plasma as they manifest
themselves in the flare and CME. Using these models the following long-standing questions can
be explored. These get to the heart of how energy is released, particles are accelerated, plasma is
heated, and mass motions are driven in magnetized plasmas on the Sun.

1. What is the relation between magnetic reconnection, magnetic energy release, and SEE
eruption and acceleration?

2. How are particles accelerated during flares? What are the energy distributions of accelerated
electrons and ions and how do they evolve in time and space?

3. How are flare plasmas heated? How is direct in-situ heating related to particle acceleration?
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Figure 1: A pictorial schematic diagram demonstrating how component models are linked together into a SEE modeling framework and how these models
can be tested by the observations. Starting from the top left corner: (#1) 3D MHD simulations driven by footpoint shearing will be performed to follow the
evolution of the magnetic field as energy builds and is rapidly released during reconnection. The magnetic configuration obtained from these models will be
used as input to (#2) particle acceleration models, which predict nonthermal electron and ion distributions and superhot thermal distributions. These will be
compared with X-ray and microwave spectral imaging. The output nonthermal distributions from these will be input to (#3) particle transport models, which
track the transport of these high energy particles until their thermalization in the footpoints. Observed spectral images will be compared with the transport
model predictions. Heating rates from the transport models will be used as input to (#4) 1D loop models to predict the radiation and hydrodynamic response
resulting from the heating produced by the accelerated particles as they propagate from the acceleration site to a footpoint. Using the RADYN_Arcade technique,
these 1D simulations will be “wrapped” onto closed loops in the magnetic field “skeleton” arcade obtained using the 3D MHD models (#1). Synthetic images,
line-of-sight velocities and line intensities will be computed from the models and compared to images and spectral observations (from e.g., SDO, Solar Orbiter,
IRIS, MUSE, Hinode, and EOVSA).
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4 DATA-DRIVEN SEE MODELING FRAMEWORK
Dominant physical processes in SEEs have scale sizes ranging from the global (large scale
magnetic field evolution) to the kinetic (particle acceleration and transport), which occurs on
scales some ten orders of magnitude smaller. Currently, no single model can resolve the evolution
of all relevant processes in 3D. For example, the high-resolution (∆z = 64 km) simulation of
flare energy build-up and impulsive release using the MURaM 3D radiation-MHD code [14]
is still far from resolving the flaring transition region, which has scale size less than 1 km [15].
Accurately resolving the transition region is critical for predicting chromospheric evaporation
and the resultant coronal temperatures and densities [16]. Moreover, MHD models make the
assumption that fluids are thermal, but nonthermal particles are ubiquitous in flares. In fact,
they are a primary source of energy input to the lower solar atmosphere. Currently, only 1D
field-aligned loop models (e.g., RADYN, FLARIX, HYDRAD) have the efficiency to be run at
sufficient resolution (∆z ∼ 1 m) to fully resolve the transition region and to track the kinetic scale
physics of nonthermal particle interactions. But of course, 1D loop models lack realistic flare
geometries and miss cross-field interactions. Although no single model is yet sufficient, many
models already exist that encompass key aspects of SEE evolution. We advocate coupling these,
thereby building a comprehensive chain of models that together simulate the spatio-temporal
evolution of the resulting phenomena: accelerated particles (electrons and ions), heated plasma,
radiation, and mass motions. In this section, we identify the key components necessary to
build-up a SEE modeling framework. A pictorial schematic diagram demonstrating how these
components are linked and are tested with observational constraints is shown in Figure 1.

Figure 2: Electron distribution function predicted by kglobal.
The x-axis is energy normalized by mI c2

A , which for typical
flaring coronal conditions is approximately 10 keV. kglobal
well reproduces the two primary observables produced dur-
ing flare acceleration, a power-law at higher-energy and a
hot thermal component at lower-energy.

Component #1: Modeling magnetic build-
up and energy release
The first component for comprehensive SEE
modeling will be global-scale 3D MHD mod-
els, such as ARMS [2, 4, 17, 18] and MURaM
[19] to track the evolution of the magnetic
field and eventual reconnection in the flare
current sheet (CS). The initial states can
be obtained from coronal field extrapola-
tions with boundary conditions from vector
magnetograms [e.g., 20, 21, and references
therein]. These will provide crucial infor-
mation on the evolving magnetic-field con-
figuration, reconnection-associated flows,
onset of energy deposition into the flare ar-
cade, and burstiness/temporal variation of
the magnetic energy release. In particular,
these calculations must track the magnetic
connectivity between the proposed origins of the accelerated particles (e.g., plasmoids) and
their destinations (e.g., the flare ribbons). Key properties such as the magnetic shear (guide
field) on the newly reconnected field lines can be measured throughout the eruptive flare. The
magnetic configuration at reconnection onset, amount of shear and characteristics of plasmoid
can be used to initiate simulations of the flare particle acceleration process (#2). The changing
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flare-arcade geometry and energy injection identified in the MHD simulations will serve as input
for an ensemble of 1D loops models (#4) to derive flare emissions.

Component #2: Modeling particle acceleration and direct heating
The dominant mechanism for flare particle acceleration remains an open question. Stochastic

acceleration by turbulence [7] and Fermi reflection in contracting and merging magnetic flux
ropes [22, 23] are efficient accelerators of nonthermal electrons and ions [24]. The configurations
of magnetic fields including plasmoid properties produced from #1 should be used as initial
states for models of flare particle acceleration.

Figure 3: (Top left panel) AIA 94 image during the SOL2013-05-
13T16:01 (X2.8) solar flare with RHESSI HXR contours overlaid. (Top
right panel) HXR spectra of the footpoints and a coronal source. Non-
thermal emission (> 30 keV) is clearly evident in the coronal source.
(Bottom panels) FP model of the locations (left panel) and spectra
(right panel) of HXR emission in this flare. Nonthermal electrons are
injected at the top of the model coronal loop (marked by dashed lines)
which has a strongly converging magnetic field, trapping particles
near the top and producing a nonthermal coronal source.

These then predict the directly
heated thermal as well as the non-
thermal (typically, a power-law)
components of the accelerated par-
ticles. As an example, we show in
Figure 2 a prediction of the kglobal
model [6, 25] that produces both
hot thermal and nonthermal (power-
law) electrons during flare energy
release. The directly heated com-
ponent, detected by thermal X-ray
bremsstrahlung, can be compared
to observations [e.g., 11]. But the
nonthermal particles move quickly
through the legs of flares loops
interacting with and heating the
ambient plasma along their trans-
port. Comparing predicted nonther-
mal bremsstrahlung and gyrosyn-
chrotron emission resulting from
these interactions with observations
requires particle transport models
(#3).

Component #3: Modeling nonther-
mal particle transport
Predicted nonthermal distributions
from #2 will be injected into mod-
els of particle transport [e.g., FP; 26],
which track nonthermal particle distributions as they travel down the flux tubes to the footpoints.
Electrons emit detectable gyrosynchrotron microwave emission along the legs and, many mega-
meters below, bremsstrahlung X-rays as they impact the denser plasma in the chromosphere.
During their transport, the nonthermal electron distribution evolves under the influence of many
forces, especially the return-current electric field [27–29]. Until recently, the evolution of these
particles during their transport has been poorly modeled, preventing the direct comparison of
X-ray observations in the flare footpoints with acceleration model predictions. Computational
models such as FP solve the Fokker-Planck equation accounting for energy loss and pitch-angle
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diffusion from the dominant forces including Coulomb collisions and the return-current electric
field and potentially including the presence of runaway electrons [29]. An important feature
of these transport models is their ability to predict particle distributions at any position along
flux tubes –not just in the thick-target footpoints– allowing a direct comparison to HXR and
microwave imaging spectroscopy observations.

An example is shown in Figure 3. Two compact footpoint HXR sources near the solar limb
in this event are clearly seen in the top left panel. There is also a coronal nonthermal source
but it is barely evident, because it is more extended and the flux per pixel is very low. Spectra
for the two footpoints and coronal source are in the top right-hand panel. The nonthermal
emission, evident at the looptop, means that accelerated electrons are trapped and lose energy
high in the loop. The bottom panels of Figure 3 show images and spectra using the FP model
with electrons injected into a flux tube with strongly converging magnetic field, thereby trapping
nonthermal electrons. Spatially-resolved transport models such as FP are precisely the right
tools to investigate the cause of this trapping, and to determine the electron distribution at the
acceleration region thereby constraining acceleration models (#2).

Figure 4: A RADYN_Arcade simulation of a flare arcade [30] Panel (A) shows
an image of the flare arcade observed in the 1352–1356 Å wavelength range.
Slit positions are indicated. Panels (B-E) show the Fe XXI spectral line, where
synthetic spectra have been folded through the IRIS instrumental response. The
lower panels show the line-of-sight Doppler shifts of the Fe XXI line obtained from
Gaussian fitting. The greyscale in those images is the line intensity to illustrate
that Doppler shifts are strongest at the base of the modeled loops.

As the injected nonther-
mal particles collide with
the ambient plasma, they
heat it, driving fast flows,
elevating densities, and
producing intense bursts
of radiation. Heating rates
predicted by particle trans-
port models will then be
used to model the radiative
hydrodynamic response of
flare loops (#4).

Component #4: Model-
ing the radiation hydrody-
namic evolution of flare
loops
The heating rates predicted
from #3 will be input to
state-of-the-art 1D loop
models such as RADYN
[31–35], HYDRAD [16, 36],
and FLARIX [37]. These models track the radiative hydrodynamic response to flare heating on
the intrinsic temporal (10−5 s) and spatial (1 m) scales of the transition region and chromosphere.
Importantly, they are able to model the optically-thick non-LTE radiative transfer and non-
equilibrium atomic level populations that dominate the chromosphere where much of the flare
energy is deposited. Since they resolve the transition region, they are able to accurately predict
the responding chromospheric evaporation flows and coronal densities and temperatures.

Since loop models run efficiently, numerous individual loops can be modeled. Loop lengths
and orientations will be obtained from field line tracing in the MHD models (#1). Then the
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predicted temperatures, densities and flow velocities can be wrapped back onto these field lines,
thus populating the 3D volume with a realistic model of a flare arcade. In this way, comprehen-
sive and data-driven 3D models of SEEs on their intrinsic spatial and temporal scales can be
constructed. An example of this, using the RADYN_Arcade technique [30] is shown in Figure 4.
Fe XXI line emission was forward modeled, and degraded to IRIS spectral and spatial resolution.
The line profiles exhibit shifts, asymmetries, broadenings and intensity enhancements. The
resulting Doppler shifts are comparable to those observed, and are strongest at the feet and
lower legs of the loops, consistent with observations.

5 COMPARING RESULTING EMISSIONS WITH OBSERVATIONS

The end result of the SEE modeling framework will be a data-driven time-dependent model of
SEE initiation and the resulting flare arcade. From this, emissions from numerous mechanisms
and passbands can be constructed and compared directly to observations. For example, thermal
soft X-ray bremsstrahlung, predicted using the modeled temperatures and emission measures
of hot plasma, can be passed through GOES responses and then compared directly with GOES
light curves. Even more, wavelength-dependent emissivities of numerous atomic transitions
from CHIANTI [38, 39] can be modeled within the 3D volume. These will be projected along
an observer’s line of sight, and passed through instrumental responses to construct synthetic
2D images that can be compared directly to observations, for example from SDO/AIA, Solar
Orbiter/EUI and IRIS/Slit Jaw Imager. Synthetic spectral images will also be produced using emis-
sivities with Doppler shifts obtained by projecting the bulk flow along the line-of-sight. These
will be passed through responses of imaging spectrographs such as EUVST, Solar Orbiter/SPICE,
MUSE, IRIS, and Hinode/EIS and compared directly to these instruments. Since the framework
is a set of chained models, observations of one piece of the chain can be used to constrain
models in different pieces. For example, hard to observe processes, such as flare acceleration
(#2) can be constrained by the magnetic field configuration (#1), from the observed nonthermal
bremsstrahlung (predicted by #3), and the resulting heating and emissions (#4).

6 RECOMMENDATIONS

The computational modeling framework that we have outlined will require significant investment
to bring together a large body of researchers to coordinate developing and integrating new
models and comparing them with observations. Just as large resources are allocated for building
next-generation instrumentation, so too, sufficient funding must be dedicated to building next-
generation models. Model and instrument development naturally go together, since models
inform instrument builders on which observations will be most discriminating for testing and
refining theories. Our framework will ensure that future SEE-observing missions (e.g., see white
papers by Caspi et al. on the COMPLETE, Christe et al. on the FOXSI, Shih et al. on the FIERCE,
and Gary et al. on the FASR mission concepts) are informed by state-of-the-art models.

Current theory and modeling funding opportunities are typically relatively small and are not
sufficient to fully realize comprehensive SEE models. Therefore, we recommend large-scale
increased investment in theory and modeling with the goal of producing comprehensive SEE
models. Possible mechanisms are through dedicated DRIVE Centers or the creation of new joint
NSF/NASA funding opportunities. Understanding the energy release processes in SEEs and the
related particle-acceleration processes are major goals in Heliophysics, with significant societal
benefits from better understanding and prediction of destructive space weather at its source.
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