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Executive Summary
Magnetic reconnection powers explosive releases of magnetic energy, heating and particle acceleration
throughout the plasma universe. Knowledge of this universal process is vital to understanding the Helio-
sphere, as it plays a key role in solar flares, coronal mass ejections, coronal heating, solar wind acceleration,
geomagnetic storms, and interactions between the solar wind and planetary magnetospheres. As such,
reconnection underpins multiple science objectives of multiple future space missions. The UK plays a
leading role in this international field, through a combination of in situ measurements from Earth’s magne-
tosphere and the solar wind, observations of the solar corona and chromosphere, and world-class numerical
simulations and theory. This white paper identifies:

• Nine priority science objectives for reconnection research in the next decade;

• Recommendations to guide investment in theory, simulations and infrastructure;

• Mission priorities and required measurements to ensure the UK maintains and improves its world-class
credentials in reconnection science.

1 Introduction: Magnetic Reconnection and Its Impacts
Magnetic reconnection is a fundamental plasma phenomenon in which spatially-localised changes in mag-
netic field connectivity change the system on global scales, typically accompanied by explosive release of
magnetic energy, high-speed outflows, heating, and particle acceleration.

In the Heliosphere, magnetic reconnection powers solar flares, coronal mass ejections (CMEs) and ge-
omagnetic storms and substorms. It accelerates particles to very high energies contributing to radiation
hazards, self-organises magnetic fields, mediates mass and energy transport between the solar wind and
planetary magnetospheres, and has a central role in turbulence. It is also believed to play an important
role heating the solar corona and accelerating the solar wind. Astrophysics applications include stellar
flares, stellar CMEs and exoplanet magnetospheres, which all affect habitability. Furthermore, reconnec-
tion’s influence on instabilities, turbulence and transport makes it an important aspect of star formation,
accretion disk dynamics, planet formation, active galactic nuclei, interstellar medium turbulence, pulsar
magnetospheres, magnetar flares and gamma ray bursts [1]. Reconnection is also important in lab plasmas,
where controlling it is central to advancing fusion.

Heliophysics has been a primary driver of advances in reconnection since its inception. The Heliosphere
provides a virtual lab where reconnection can be studied across a far broader range of scales than can be
achieved in experiments. It also provides a wealth of in situ and remote observations at resolutions that
are rarely achievable for astrophysical objects. At the same time, the heliospheric reconnection community
have an excellent track record of collaborating with experimentalists and astrophysicists to drive scientific
progress across diverse applications.

Planning and prioritisation exercises globally have for many decades recognised reconnection as one of
the most important science drivers in astronomy, solar physics and space physics, reflecting its importance
as a fundamental process that underpins space weather and many of the most important science questions
about the Sun, Solar System and wider Universe. This international recognition makes reconnection a key
opportunity for international partnerships and UK investment.

2 Strategic Context
Reconnection powers the solar flares and geomagnetic storms responsible for severe space weather, which
is assessed 4-4 in the UK National Risk Register [2]. Controlling reconnection is central to advancing
fusion energy, with UK Government having committed over £2.5 billion to create a commercial reactor
by 2040 as part of the UK Industrial Strategy [3]. UK leadership in instrumentation attracts multi-million
pound contracts, e.g. ESA contract for the SOLAR-C EUVST short-wavelength camera (details in the
white paper by Matthews). Reconnection is also key to new technologies, e.g. UK-funded Magnetic
Reconnection Plasma Thrusters for Spacecraft Propulsion (Southampton).

Funding reconnection science directly invests in the UK’s current and future workforce – training
individuals who are prized by industry for their coding, supercomputing, machine-learning and AI, data
science, mathematical and analytical skills. Besides industry, many ‘reconnection alumni’ go on to work in
education, science communication, policy, government and defence, while others remain in science in the
UK or overseas, where they contribute to scientific discovery and UK soft power.
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3 Scientific Motivation
Advances in reconnection rely on five research pillars, with the UK having a world-class record in observa-
tions, simulations and theory, and an exceptional talent for joining them together. This section showcases
some major achievements from the last 15 years, which have substantially addressed priority questions from
previous decades. These highlights provide context for the objectives in Section 4, and demonstrate the
importance of strategically funding all five pillars and their synergies.

[Pillar 1] Direct In Situ Measurements
Magnetospheric Multiscale (MMS), launched in 2015, has been a defining mission for collisionless
reconnection. Four spacecraft in a tetrahedral formation resolved the electron diffusion region for the first
time at the dayside magnetopause [4] and nightside magnetotail [5]. The reconnection-focused mission
has produced a huge scientific return, e.g. review [6], including confirming predictions of collisionless
reconnection theory/simulations, discovering ‘electron only’ reconnection [7] and characterising turbulence-
driven reconnection in Earth’s magnetosheath [8].

Parker Solar Probe (PSP) has approached within a record 9 R⊙ (0.04 AU) of the Sun, encountering
reconnection in the heliospheric plasma sheet, post-CME plasma sheets [9] and magnetic switchbacks [10].
PSP and Solar Orbiter encounter ejecta from solar reconnection unprecedentedly close to the source, e.g.
[11], significantly adding to ‘system view’ constraints on coronal reconnection.

Energy Partitioning In situ data have unlocked empirical heating relations [12–16], providing com-
pelling evidence that reconnection preferentially heats ions with ∆Tp/∆Te ≈ (mp/me)

1/4 ≈ 6.5 [17, 18].
UK-led investigations of energy transport for collisionless reconnection have shown that ion enthaply flux is
dominant in the exhaust [19] but electron enthalpy flux dominates in the electron diffusion region [20, 21].
Building on the in situ evidence and spectroscopic observations of solar flares, a UK-led team this year
proposed that ‘hot ions’ are also likely in flares [22].

[Pillar 2] Remote Observations
System View Solar observatories have been successfully coordinated to capture the system response to
reconnection, including outflow jets [23, 24], termination shocks [25–27], heating [28], turbulence [29] and
nonthermal particles [30–33]. The continuous full disk EUV imaging of SDO AIA has provided an essen-
tial foundation, augmented by EUV spectroscopy (EIS, IRIS, SPICE), X-rays (RHESSI, STIX, NuSTAR),
gamma rays (Fermi) and radio (e.g. LOFAR). The X8.2 SOL2017-09-10 flare has been exceptionally well
studied, with imaging capturing the flare plasma sheet, spectroscopy constraining ion temperatures and
turbulence [34–36] and evidencing nonthermal ions [37], while radio, X-rays, and gamma rays have revealed
particles with energies up to 300 MeV [32, 33].

Hi-Res Imaging and Spectroscopy IRIS’s 0′′.33 spectrograph has achieved the breakthrough of reg-
ularly resolving hot chromospheric evaporations – a key capability for constraining energy fluxes from
reconnection [24, 38–40]. IRIS’s Slit-Jaw Imager has discovered nanojets [41] and flare ribbon features
consistent with tearing of the flare current sheet [42, 43], while Solar Orbiter’s HRI has obtained the most
detailed EUV coronal images, documenting explosive and persistent reconnection at 3D null points [44],
oscillatory reconnection [45] and relaxation of magnetic braids [46].

Solar Magnetic Field Data Continuous full disk 1′′ magnetograms from SDO HMI, combined with
coronal magnetic field modelling and data-driven simulations, have provided key information on the solar
magnetic field evolution that triggers flares/eruption [47–49], and 3D topologies in which reconnection
occurs, from single 3D nulls [50, 51] to active region networks of ∼100 null points [52].

[Pillar 3] High-Performance Simulations
Self-generated Turbulence has been captured in reconnection layers by 3D PIC [53] and 3D MHD
simulations since 2011 and 2015 [53–56], which has ushered in a new era for reconnection modelling. With
moderate or strong guide fields, self-generated turbulent reconnection rates of 0.01 are found in 3D MHD
[55, 57] and 0.1 with collisionless physics [53, 58, 59]. MHD rates ≥0.03 have been found in the absence
of a guide field [60], and when transient turbulent forcing is applied at early times [61].

Particle Energisation 3D PIC simulations are now large enough to capture heating and acceleration
of electrons and ions, e.g. [62]. Like observations, simulations indicate ions are preferentially energised,
potentially starting a major shift away from a previous focus on electrons. New approaches that achieve
greater scale separations are being developed, e.g. kglobal [63] and DISPATCH [64].
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Model in the Mission A major recent trend is integration of simulations and theory into missions
for development and interpretation. PIC simulations and theory for MMS were funded as specific mission
packages [65]. 1D radiative hydrodynamics and forward-modelled MHD simulations have amplified the
success of IRIS. ESA funding to develop back mapping tools has been crucial to the success of Solar
Orbiter. In the UK, coupling science simulations with instrument response models has greatly informed the
development of SMILE SXI (Leicester) and SOLAR-C EUVST (MSSL).

[Pillar 4] Theory
Reconnection Rates Today, multiple theories produce fast rates of 0.01 to 0.1, including Petschek,
collisionless X-line, plasmoid-mediated [66] and turbulent reconnection [67]. Recent UK work has shown
how plasmoid-mediated principles can extend to 3D despite the presence of turbulence [68].

Tearing Instability There is now a strong consensus that long current sheets fragment – a major
change from the classic picture of a single X-line. It is also widely accepted that ‘ideal tearing’ instabilities
grow on system time scales for current layer thicknesses far exceeding the Sweet-Parker ratio [69, 70], which
provides one possible solution to the triggering problem, although other factors such as loss of equilibrium
and reconnection-rate dependencies provide other possible solutions.

3D Oblique tearing modes and kink instabilities break translational symmetries, introduce field line
ergodicity and greatly alter reconnection and particle acceleration when comparing 3D and 2D. Theory for
describing the 3D topological skeletons is now mature and regularly applied to eruptions involving single
3D nulls. Recent UK-led work has highlighted the importance of magnetic separators as reconnection sites
[71], and separator networks linking around 100 null points are now being connected to flare observations
[52], moving solar applications beyond single 3D nulls and quasi-separatrix layers.

[Pillar 5] Experiments
While lab experiments are outwith the main scope of the Space Frontiers exercise, it must be remarked
that they are a fifth pillar of reconnection research. Recent highlights include validation of collisionless and
collisional reconnection regimes and plasmoid instabilities [72, 73]. The new FLARE facility in the USA
will probe larger scale separations and Lundquist numbers [74]. Traditional experimental setups are also
complemented by reconnection studies in laser plasmas, e.g. [75].

4 Science Objectives for 2026–2035
The following objectives were selected following community input via an online survey and two online
discussions. The objectives that emerged are aligned with recent international reviews [72, 76], US Decadal
Survey white papers [77] and the 2022 STFC SSAP Roadmap, but reflect current UK expertise and priorities.
The following objectives are very interlinked and therefore explicitly not ranked.

[Objective 1] Cross-scale Coupling Between Kinetic and Fluid Scales
Now that MMS, simulations and experiments have revealed the kinetic physics of collisionless reconnection,
the obvious next goal is cross-scale coupling between kinetic and fluid scales. This is also critical to
understanding nonthermal particles in solar flares. How does the microphysics influence the macrophysics
and vice versa? Can we incorporate the microphysics into fluid theories (closure problem)? Addressing this
challenge requires simultaneous in situ measurements at kinetic and fluid scales, which Plasma Observatory
directly addresses. Kinetic simulations with large domains are vital, requiring investment in world-leading
HPC, PIC expertise and novel code frameworks that self-consistently bridge the kinetic and fluid scales,
e.g. following kglobal [63] and DISPATCH [64].

[Objective 2] Cross-scale Coupling at Fluid Scales
In large systems like the solar corona, reconnection requires cross-scale coupling across many orders of
magnitude of fluid scales. Plasmoid instabilities and reconnection-driven turbulence have emerged as front-
runners to explain this coupling, with both able to produce fast reconnection rates without needing kinetic
effects. However, questions remain about how cross-scale coupling works in 3D. When do turbulence or
plasmoids dominate? What are the properties of reconnection-driven turbulence? How does small scale
structure such as fragmentary 3D current sheets develop and evolve? How is fine scale structure in flare
ribbons and auroras related to reconnection and instabilities? How does turbulent reconnection extend to
3D nulls and separators? 3D MHD simulations, forward modelling, solar observations and theory are all
crucial tools to address these questions.
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[Objective 3] Energetics and System View
Advances on energisation at the reconnection site itself now open up larger questions about energy con-
version and partitioning throughout the global system. The full set of relevant processes includes Alfvénic
jets, shocks, turbulence, waves and particle acceleration. Are acceleration and heating multi-step? How is
energy shared between electrons and ions and what governs this partitioning? What are the contributions
to heating and acceleration in the electron and ion diffusion regions, at separatrices and downstream?
What constitutes the energy flux away from the reconnection site? Is there footpoint acceleration in flares
like in auroras? Tackling these questions requires 3D modelling of large systems with realistic boundary
conditions, e.g. building on [62, 78]. Integrating MHD with test-particles has proved valuable for modelling
flares [79] but more self-consistent approaches are needed in future.

[Objective 4] Reconnection Regimes
Reconnection covers a large family of processes that occur under different conditions. This diversity is
represented in the 2D reconnection phase diagram [80], in which the system size, resistivity and ion inertial
length control which of (at least) five types of reconnection occurs. The number of regimes is greatly
expanded in 3D, which supports turbulent reconnection, finite-B (slipping) reconnection and reconnection
at 3D nulls and separators. Simulations indicate that reconnection is more sensitive to the guide field
in 3D than in 2D, how does this extend over the parameter space? Finite-B (slipping) reconnection and
reconnection at 3D nulls and separators require different theoretical tools than current sheet reconnection,
and this is an active area of research [81, 82]. There is also much still to learn about reconnection in
partially-ionised plasmas, e.g. in the chromosphere.

[Objective 5] 3D Topologies
The questions about cross-scale coupling, energetics and onset should explicitly be explored for reconnection
at 3D null points and separators. Now that theory of 3D magnetic skeletons is established, simulations
of eruptions involving isolated 3D null points are mature [50, 51], and hi-res observations of coronal 3D
nulls are becoming available [44], we must aim to link simulations, observations and theory by modelling
intensity, spectroscopic and particle signatures for 3D null point and separator reconnection. The coming
decade must also move beyond single null points to address complicated topologies, such as the separator
network connecting ∼100 3D null points studied by [52], for which the UK contributed the topological
analysis. How common are large separator networks? How does reconnection spread within them? Are
emission hot spots often identified with spine field lines?

[Objective 6] Onset of Fast Reconnection
CMEs lift off gradually before suddenly accelerating, and the flare impulsive phase (the main energy release,
when many electrons are accelerated) is preceded by a preflare phase of about ten minutes (radio emission
and Te ∼ 10 MK ). Does the sudden change reflect a change in reconnection regime as parameters such
as the guide field evolve, or a switch-on via instability or turbulence [83]? Does the guide field control
electron acceleration [63]? Coronal heating by braiding also requires that finite-B reconnection switches on
after energy has built up; what acts as the switch in that context?

[Objective 7] Oscillatory and Time-dependent Reconnection
The canonical reconnection theories are steady-state (Sweet-Parker and Petschek) or quasi-steady state with
time-independent mean fields plus fluctuations (plasmoid-mediated and turbulent). How does reconnection
differ when time-dependence is taken into account, either for short-lived bursts or oscillatory reconnection
[84–86]? For example, traditional arguments against Petschek reconnection fail if the slow mode shocks
do not have time to fade. Time-dependent reconnection can generate pulsations in emission which may
be used to diagnose the plasma parameters [87–89]. What are the observable signatures of oscillatory
reconnection in 3D? Can theory predict the periods and damping? How firmly can oscillatory reconnection
be connected with quasi-periodic pulsations (QPPs) in flares?

[Objective 8] Reconnection-Mediated Turbulence and Instabilities
Turbulent energy cascades are affected by reconnection [69], which could impact the partition of energy
associated with turbulent dissipation. Equally, MMS observations of turbulence in Earth’s magnetosheath
have revealed novel reconnection dynamics [7, 8]. What are the properties of reconnection-mediated
turbulence and where does it occur? How much energy is dissipated through reconnection in turbulent
plasmas and where does it end up? A related topic is how reconnection affects the nonlinear development
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of common instabilities, e.g. by allowing progression of instabilities that would otherwise be stabilised by
magnetic tension. How do these govern transport between the solar wind and Earth’s magnetosphere, or
between open and closed magnetic fields in the solar corona?

[Objective 9] Role in Solar Wind Acceleration and Coronal Heating
The slow solar wind is believed to originate from interchange reconnection between open and closed fields,
which has been associated with the global ‘S-web’ of quasi-separatrix layers [90–92] (see white paper
by Green). At granular scales, SUNRISE has discovered that photospheric magnetic flux is an order of
magnitude greater than realised before [93], giving impetus to proposals that reconnection driven by flux
emergence, cancellation and braiding contributes to coronal heating and solar wind acceleration [94–96].
Jets of multiple scales also launch waves, flows and switchbacks into the solar wind [50, 97]. Models and
detailed observations of these processes are thus a key priority.

5 UK Leadership, Capability and Partnerships
The UK is an international centre of excellence for reconnection that developed many of the fundamental
theoretical concepts, e.g. [98, 99], coined the name ‘magnetic reconnection’, and has a very strong
track record in fundamental theory, applications, simulations, observations and instrumentation. The
UK contains many of the leading figures in reconnection, who are extremely willing to share knowledge
with early career researchers, supporting the future health of the field. The community is exceptionally
connected and collaborative, facilitating knowledge exchange between space, solar, astrophysics and fusion
research. Compared to other countries, the UK has strong competitive advantages in theory and modelling,
and in linking theoretical understanding to observations. There is, however, a danger of this advantage
slipping without efforts to improve UK funding for theory and mathematical modelling, and to keep UK
supercomputers among the top in the world.

The UK has excellent international partnerships on reconnection, including with Europe, the USA,
Japan and India. The priorities of this white paper (WP) are closely aligned with ESA Voyage 2050 [100]
themes for medium class missions (see their 3.1.1 to 3.1.4). Reconnection is also centre-stage in all three
Science Themes of the US Heliophysics Decadal Survey [101], especially their Guiding Questions ‘How Do
Fundamental Processes Create and Dissipate Explosive Phenomena Across the Heliosphere?’ and ‘How Do
Fundamental Processes Govern Coupling Across Spatial Scales?’

6 Priorities: Missions and Hardware

Plasma Observatory (ESA M7) and Helioswarm We strongly back Plasma Observatory (WP by
Forsyth) for selection as ESA’s M7 mission. A reconnection-focused mission to simultaneously study
the ion and fluid scales is the compelling next step after MMS and essential for [Objective 1]. The UK’s
experience with Cluster, Solar Orbiter and MMS instrumentation and data analysis gives it an excellent
leadership position for Plasma Observatory. We also advocate for UK involvement in Helioswarm, which
also probes multiple scales but focused on the solar wind turbulence rather than a range of magnetospheric
environments [Objective 8]. Since Mars observations are desirable for investigating reconnection in different
environments [Objective 4], M-Matisse is our second choice for M7.

SOLAR-C EUVST (WP by Matthews) is a cornerstone mission for all our science objectives. By pro-
ducing spectroscopic observations with unprecedented wavelength coverage, diagnostic capability and high
resolution, it will probe plasma conditions and structures inside the reconnection region, clarify the roles
of shocks and plasmoids, probe energy partitioning by observing the chromospheric response at very high
cadence, and characterise reconnection in partially-ionised plasma. While the mission is already in develop-
ment, it is important to clearly state that EUVST is of exceptional scientific value and the UK should do
its utmost to ensure it comes to full fruition. The UK could also achieve a much greater and more visible
leadership role in EUVST across all science areas, including reconnection, if UKSA were to make a small
investment in supporting future operations.

SMILE and MUSE Operations and Science SMILE (ESA 2026) and MUSE (NASA 2027) will each
prove innovative technologies and significantly advance reconnection science. SMILE SXI (Leicester) will
image large areas of the Earth’s magnetosheath for the first time, estimating reconnection rates and its
spatial extent, and later connect this global perspective with in situ measurements. MUSE will create solar
spectrographic maps 35 times faster than predecessors, constraining turbulence, ion heating and the energy
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inputs to the lower atmosphere during reconnection. While MUSE and SMILE have already been adopted,
we wish to explicitly record our full backing and our collective view that high priority should be given to
finding additional money to fund UK operations and science.

SPARK (ESA M8) A solar flare mission exploring energy release, emission line profiles, and nonthermal
particle signatures is strongly aligned with [Objectives 2-7]. The UK-led SPARK (WP by Reid), in Step-2
for ESA’s M8 selection, has the backing of the reconnection community. SPARK will build on the advances
of EUVST and MUSE, developing new instruments such as an EUV integral field spectrograph that will
map line widths and shapes without rastering. SPARK will also play a critical role in progressing our
understanding of particle acceleration, determining where and how ions and electrons are accelerated, and
where and how they lose their energy.

X-ray Spectroscopy A crucial capability not addressed by existing mission concepts is spectroscopic
measurements of the hottest material in solar reconnection, where electron temperatures reach about
40 MK. There is also an urgent need for diagnostics that can disambiguate between hot ions and unresolved
motions, which could be solved by spatially-resolved spectra for multiple ions with significantly different
masses. These requirements point to an X-ray spectrograph that captures hydrogen-like and helium-like
lines of ions such as Fe, Ca and S, building on the heritage of Yohkoh’s Bragg Crystal Spectrometer [102]
but with spatial resolution. Options are discussed in the WP by Del Zanna.

UK CubeSats and Sounding Rockets Reconnection science goals could be achieved sooner given a faster
innovation environment for instruments/missions. In the USA, rapid technological and scientific progress
has been made using sounding rockets and CubeSats to fly prototype instruments including X-ray imagers
(e.g. FOXSI, WP by Ryan) and spectrographs (e.g. MaGIXS, X-ray WP by Del Zanna). We would be
delighted if a similar model were to be successfully rolled out in the UK.

Models in Missions As noted in [Pillar 3], models are hugely valuable to hardware development and are
a core capability for data interpretation. The approach of funding models within missions (as a relatively
cheap quasi-instrument) is an excellent model for future UK-involved missions that amplifies scientific
success for a small cost. Critical model requirements are expanded in Section 7.

7 Priorities: Theory, Simulations and Infrastructure

High-performance Computing (HPC) World-leading HPC is essential national infrastructure. For re-
connection, scale separation is key to every science objective in Section 4, which makes computing power
and advanced codes essential (with features like adaptive mesh refinement or fluid kinetic approaches).
As a rule of thumb, doubling 3D resolution requires a 16× increase in computing, while doubling system
length to increase scale separation requires an 8× increase. As a benchmark on the ‘buy in’ for globally-
leading studies, a US simulation of turbulence-mediated reconnection submitted for publication in 2021
had 10000×10000×5000 gridpoints and required 200 million cpu hours [103].

Advanced Fluid Modelling The UK has world-class expertise in MHD simulations and modelling, includ-
ing fundamental numerical experiments and solar and magnetospheric modelling. We welcome STFC’s
investment in the Solar Atmospheric Modelling Suite (SAMS, WP by Hillier), which will catch up UK solar
modelling capability with international competitors. 3D modelling of reconnection improves codes, trains
users and exploits computing infrastructure. Forward modelling should also be supported as a key capability
that underpins comparison between simulations and observations.

Kinetic Modelling The UK has a track record of kinetic plasma modelling that includes 2D and 3D PIC
simulations, e.g. EPOCH++ code and [104–108]. It is important to develop more capacity in kinetic
plasma modelling, including large scale 3D models and hybrid (fluid kinetic) frameworks.

Funding Model for Theory There are concerns that STFC’s Small Awards model is not adequately funding
UK theory research. While theory advances represent some of the highest scientific returns, assessors may
perceive theory research as riskier than numerics or observations, since it explicitly requires novel ideas
during the grant period. Additionally, theory advances may be best achieved by providing established
researchers with significant time to think deeply, which does not readily fit a 3-year 100% RIA + 20% PL
model. Suggestions for improvements include modifying review criteria to better encourage bearing of risk
for scientific reward, introducing a stream where theory proposals are assessed by theorists, and allowing
higher investigator FTE when RIA time is not requested.
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