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Major Scientific Challenges and Opportunities in Understanding Magnetic Reconnection 
and Related Explosive Phenomena in Magnetized Plasmas 

 
I. Magnetic Reconnection: A Fundamental Process throughout the Universe and in the Lab 
 Magnetic reconnection - the topological rearrangement of magnetic field - underlies 
many explosive phenomena across a wide range of natural and laboratory plasmas [1-3]. It plays 
a pivotal role in electron and ion heating, particle acceleration to high energies, energy transport, 
and self-organization. Reconnection can have a complex relationship with turbulence at both 
large and small scales, leading to various effects which are only beginning to be understood. In 
heliophysics, magnetic reconnection plays a key role in solar flares, coronal mass ejections, 
coronal heating, solar wind dissipation, the interaction of interplanetary plasma with 
magnetospheres, dynamics of planetary magnetospheres such as magnetic substorms, and the 
heliospheric boundary with the interstellar medium. Magnetic reconnection is integral to the 
solar and planetary dynamo processes. In astrophysics, magnetic reconnection is an important 
aspect of star formation in molecular clouds, stellar flares, explosive phenomena from magnetars 
and pulsars (including Crab Nebula), and even for acceleration of cosmic rays at ultra-high 
energies. Magnetic reconnection is thought to occur in both coronae and interiors of magnetized 
accretion disks in proto-stellar systems and X-ray binaries, as well as in interstellar medium 
turbulence. Magnetic reconnection is believed to occur in the centers of Active Galactic Nuclei, 
where matter is accreted onto supermassive black holes. On even larger scales, magnetic 
reconnection may be important in extragalactic radio jets and lobes, and even in galaxy clusters. 
Magnetic reconnection might occur during the recently discovered Fast Radio Bursts. In 
laboratory plasmas, magnetic reconnection is known to occur during sawtooth oscillations in 
tokamaks, neoclassical tearing mode growth, disruptions, the startup of Spherical Torus plasmas 
using Coaxial Helicity Injection, relaxation in Reversed Field Pinches and spheromaks, the 
formation of Field Reversed Configurations by theta pinch or plasma merging, and possibly in 
edge-localized modes. Magnetic reconnection may play a role in magnetized inertial fusion 
plasmas such as Z pinches or laser plasmas. Thus, understanding magnetic reconnection is of 
fundamental importance for plasma physics and significantly contributes to our understanding of 
the Universe and to the success of fusion energy. 
II. Major Scientific Challenges in Understanding Reconnection and Related Explosive 
Phenomena 
 Despite significant progress in the past decades, the following major scientific challenges 
must be resolved before reconnection is fully understood.  
1. The multiple scale problem [e.g., 3-19]: Reconnection involves the coupling between the 
large MHD scale of the system and the kinetic ion and electron dissipation scales that are orders 
of magnitude smaller. This coupling is currently not well understood, and the lack of proper fluid 
closure models is the core of the multiple scale problem. The phase diagram illustrated in Fig. 1 
is based on plasmoid dynamics and shows how different coupling mechanism can exist. 
Questions here include: how do plasmoid dynamics scale with key parameters, such as the 
Lundquist number, how is this scaling influenced by a guide field, do there exist other coupling 
mechanisms, and how does reconnection respond to turbulence and associated dissipation on 
scales below or above the electron scales.  
2. The 3D Problem [e.g., 15-23]: Numerous studies have focused on reconnection in 2D while 
natural plasmas are 3D. It is critical to understand which features of 2D systems carry over to 3D 
and which are fundamentally altered. New effects that require topological analysis include 
instabilities due to variations in the third direction leading to complex interacting “flux ropes”, 
enhanced magnetic stochasticity, and field line separation in 3D. How fast reconnection is 
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related to self-organization phenomena, such as Taylor relaxation, as well as the accumulation of 
magnetic helicity remains a longstanding problem.  
3. Energy conversion [e.g., 24-35]: Reconnection is invoked to explain the observed conversion 
of magnetic energy to heat or to non-thermal particle energy. A major challenge in connecting 
theories and experiments to observations is the ability to quantify the detailed energy conversion 
process. There exist competing theories of particle acceleration based on 2D and 3D 
reconnection, but as of yet there is no consensus on the origin of the observed power laws in 
particle energy distributions. 
4. Boundary conditions [e.g., 36-39]: It is unclear that an understanding of reconnection physics 
in periodic systems can be directly applied to natural plasmas which are non-periodic, and often 
line-tied at their ends such as in solar flares. Whether line-tying and driving from the boundaries 
fundamentally alters reconnection physics has profound importance in connecting laboratory 
physics to astrophysics. It is also important to understand how reconnection works in naturally 
occurring settings which have background flows, out-of-plane magnetic fields, and asymmetries.  
5. Onset [e.g., 40-45]: Reconnection in natural and laboratory plasmas often occurs impulsively, 
with a rapid onset, following a slow energy building up process.  Is the onset a local and 
spontaneous (e.g., plasmoid instability) or a globally driven process (e.g., ideal MHD 
instabilities), and is the onset mechanism a 2D or 3D phenomenon? What are the roles of 
collisions or global magnetic geometry on the onset conditions? A related important question is 
how magnetic energy is accumulated and stored prior to onset. 
6. Partial ionization [e.g., 46-50]: Important reconnection events often occur in weakly ionized 
plasmas, such as solar chromosphere, whose heating requirements dwarf those of corona. This 
introduces new physics associated with neutral particles. Questions include whether increased 
friction slows down reconnection or enhanced two-fluid effects accelerates reconnection.  
7. Flow-driven [e.g., 44,51]: Magnetic field is generated by dynamo mechanisms in flow-driven 
systems such as stars and accretion disks, and reconnection is thought to be an integral part of the 
dynamo process. Key questions include under what conditions reconnection can occur in such 
systems? How fast does it proceed? What effect does reconnection have on the associated 
turbulence and transport? 
8. Extreme conditions [e.g., 52]: Extreme plasma conditions in the vicinity of compact 
astrophysical objects (e.g., intense radiation and pair-particle creation) must be included in 
analytical and numerical models of reconnection before applying theory to observations.  
9. Turbulence, shock and reconnection [e.g., 14-17,53-60] Reconnection is closely 
interconnected to other fundamental plasma processes such as turbulence and shocks. It is 
important to understand the rates of topology change, energy release, and heating, as they may be 
tied to the overall turbulence and shock dynamics.    
10. Related explosive phenomena [e.g., 36,41,61] Global ideal MHD instabilities, both linear 
(kink, torus) and nonlinear (ballooning), are closely related to magnetic reconnection either as a 
driver or a consequence such as in Coronal Mass Ejections, magnetic storms/substorms, and 
dipolarization fronts in the magnetotail. Understanding how, and under what conditions, such 
explosive phenomena take place, as well as their impact, remain major scientific challenges. 
III. Major Research Opportunities in Meeting Scientific Challenges  
 The table below summarizes the capabilities to address the major reconnection questions 
listed in Sec.II by each approach: theory/simulation, observations (in situ and remote sensing), 
and laboratory experiments (magnetized basic, magnetic fusion, and high energy density 
experiments). Green indicates that required capabilities are already in place or can rapidly be 
made available given adequate investment from funding agencies; yellow indicates substantial 
difficulties which are unlikely to be resolved within the next decade.  
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Questions Theory & 
Simulation 

Observations Laboratory Experiments 

in situ Remote 
Sensing 

Magnetized 
Basic 

Magnetic 
Fusion 

High Energy 
Density 

Multi-Scale       
3D       

Energy       
Boundary       

Onset       
Partial Ionization       

Flow-driven       
Extreme       

Turbulence/shock       
Explosive       

1. Theory and numerical simulation. These major questions are ripe for study with fluid, 
kinetic, and hybrid models, as well as, multi-fluid models that include kinetic effects through 
physics-based closure equations. Exascale computing will allow us to finally attack these 
questions in fully 3D systems with realistic plasma parameters. Dedicated programs from the 
DoE and NSF are needed that, over the next decade, will support the development of next-
generation analytical and numerical models and the application of new numerical technology and 
theoretical understanding to the reconnection challenges.  
2. Observations. Over the next decade unprecedented remote sensing observations from 
missions such as Solar Dynamics Observatory, Interface Region Imaging Spectrograph, Fermi, 
and the upcoming Solar Orbiter, as well as exquisite in situ measurements from missions such as 
Magnetospheric Multiscale, Parker Solar Probe and BepiColombo, will deliver a wealth of 
critical new insights on reconnection. The modeling and theory programs proposed above will be 
ideally positioned to take advantage of these data for advancing and validating understanding.   
3. Laboratory experiments. Ground-truth in new understanding is ultimately provided by 
comparing theory and models with laboratory experiments. Dedicated basic reconnection 
experiments have greatly matured, and next-generation facilities are poised to provide access to 
new reconnection phases with direct relevance to heliophysics and astrophysics. New diagnostics 
are needed to provide kinetic-scale measurements at the distribution function level. Magnetic 
fusion and high-energy-density experiments provide unique platforms to address certain major 
questions. In concert with theory and simulation, dedicated programs from the DoE and NSF are 
urgently needed to support the next-generation experimental facilities and diagnostic 
instrumentation that are absolutely essential for achieving closure between theory and 
experiment.  

In summary, magnetic reconnection is a fundamental process both in the universe and in 
laboratory plasmas. The new research capabilities in theory/simulations, observations, and 
laboratory experiments provide the opportunity to finally solve the grand scientific challenges 
summarized in this whitepaper. Success will require enhanced and sustained investments from 
relevant funding agencies (DoE and NSF) throughout the coming decade, especially in the areas 
of theory/simulations and laboratory experiments covered specifically by this survey. These 
investments will deliver transformative progress in understanding magnetic reconnection, which 
will benefit many areas of critical practical importance, such as fusion and space weather.  
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Figure 1. A phase diagram for magnetic reconnection. If either Lundquist number S or the 
normalized size 𝜆 (to ion kinetic scales), is small, reconnection with a single X-line occurs in 
collisional or in collisionless phases. When both S and 𝜆 are sufficiently large, three new 
multiple X-line phases appear through plasmoid instabilities. Global MHD physics can 
effectively couple to local dissipation scales, which can be either collisionless or collisional, 
depending on parameters. There are some updates on this diagram by including effects such as 
electron pressure anisotropy [7]. Various heliophysical and astrophysical cases are also shown in 
their approximate locations in the diagram. Numerical simulations and laboratory experiments 
can already, or are poised to, access all reconnection phases directly relevant to heliophysical and 
astrophysical plasmas. An particularly important question that should be addressed by these 
studies is how does this simplified 2D reconnection diagram extend into more realistic 3D. 
Figure adapted from Ref.[3]: H. Ji & W. Daughton, Phys. Plasmas 18, 111207 (2011). 


