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Executive Summary:
Magnetic reconnection is a fundamental physical process in many laboratory, space, and as-

trophysical plasma contexts. Solar flares serve as an outstanding laboratory to study the magnetic
reconnection and the associated energy release and conversion processes under plasma conditions
difficult to reproduce in the laboratory, and with considerable spatiotemporal details not possible
elsewhere in astrophysics. Here we emphasize the unique power of remote-sensing observations of
solar flares at radio wavelengths. In particular, we discuss the transformative technique of broad-
band radio dynamic imaging spectroscopy in making significant contributions to addressing several
outstanding challenges in magnetic reconnection, including the capability of pinpointing magnetic
reconnection sites, measuring the time-evolving reconnecting magnetic fields, and deriving the
spatially and temporally resolved distribution function of flare-accelerated electrons.



Introduction
Magnetic reconnection, a fundamental physical process in which magnetic field lines undergo

a sudden topological reconfiguration to release magnetic energy, is thought to play a key role in
powering explosive flare activities in many astrophysical and space plasma systems. Outstanding
examples include terrestrial substorms in the Earth’s magnetosphere [1], solar and stellar flares
[2, 3], blazar jets [4], gamma ray bursts [5], pulsar wind nebulae [6], and accretion disks around
protostars [7] and black holes [8]. Magnetic reconnection is also believed as an important mech-
anism for accelerating charged particles to high energies [9, 10], and might be responsible for
heating the solar and stellar coronae to multi-million degrees [11]. By virtue of their proximity,
solar flares—the largest explosions in the solar system—serve as an excellent laboratory to study
the magnetic-reconnection-driven magnetic energy release and the subsequent energy conversion
processes in spatiotemporal detail not possible elsewhere in astrophysics.

In order to release up to 1032 ergs of energy in large X-class solar flares, a large coronal volume,
sometimes comparable to a sizable fraction of a solar radius (109–1010 cm), is needed to participate
in the energy release process [12]. The size of the flare energy release region can be estimated as
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where B is the magnetic field strength in the solar corona. Such a large amount of magnetic
energy has to be released within a short period of 103–104 s (tens of minutes), which requires the
energy release to proceed at a rate many orders of magnitude faster than that associated with the
spontaneous diffusion of the coronal magnetic field in the flaring coronal volume. The size of the
magnetic diffusion region for fast reconnection to proceed, in turn, has to be as small as 103 cm. To
bridge such a huge gap in spatial scales, flare models usually invoke a large-scale, but fragmented
reconnection current sheet (CS; see Fig. 1 for a schematic) [12, 13, 14, 15], or a large number of
small-scale magnetic reconnection sites distributed throughout the flaring volume [16].

For decades we have observed solar flares with ever-increasing spatial, temporal, and/or spec-
tral resolution at different wavelengths. Several models now exist to account for a variety of phe-
nomenological aspects of flares under different reconnection geometries. One of the most well-
known models is the CSHKP model (after [17, 18, 19, 20]; also referred to as the standard model
of solar flares), which involves reconnection within a large-scale CS induced by an erupting mag-
netic flux rope (Fig. 1). However, until very recently, our knowledge of magnetic reconnection, the
“central engine” of flares, was largely limited to what we could infer indirectly from observations
of the morphology and dynamics of the newly reconnected magnetic flux tubes that are populated
with thermal plasma bright in extreme ultraviolet (EUV) or soft X-ray (SXR) wavelengths. Now,
at radio wavelengths, thanks to recent advances in radio interferometry and ultra-fast digital sam-
pling and processing, radio observations have evolved from either Fourier synthesis imaging at a
limited number of frequency channels or total-power dynamic spectroscopy to the ability to do
both simultaneously, radio dynamic imaging spectroscopy, which offers radio imaging with si-
multaneously high spectral and temporal resolution over a large number of contiguous frequency
channels. Radio observations of this kind have begun to provide unique insights of the coronal
magnetic field in the flaring volume and nonthermal electrons accelerated at or in close proximity
to the reconnection region [21, 22, 23, 24, 25, 26, 27, 28].

This white paper emphasizes exciting opportunities enabled by the new radio observing tech-
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Figure 1: Left:
Schematic illustra-
tion of the standard
model of eruptive solar
flares (adapted from
[29, 30]). Coherent
radio bursts and inco-
herent gyrosynchrotron
radiation can provide
excellent diagnostics
of the fragmentary
magnetic reconnection
and energy release
processes (right panels
adapted from [12].)

nique for studying magnetic reconnection and the associated magnetic energy release processes in
solar flares. We will first briefly review some outstanding challenges of this topic, and the observa-
tions required to address them. We then use two recent examples to demonstrate the science poten-
tial. Finally, we will discuss breakthroughs to this field that will be brought by a next-generation
solar radio telescope such as the Frequency Agile Solar Radiotelescope. Results from these stud-
ies, particularly when complemented by other multi-wavelength observations in optical, (E)UV,
soft- and hard X-ray, and γ-ray wavelengths as well as numerical modeling, will provide unique
insights into magnetic reconnection in many laboratory, space, and astrophysical plasma contexts.

Outstanding Challenges
A number of outstanding challenges exist in understanding the fundamental physical processes

underlying magnetic reconnection and the associated magnetic energy release and conversion pro-
cesses in various space, astrophysical, and laboratory plasma contexts. A summary of these chal-
lenges is provided in the white paper by Ji et al. Here we outline three fundamental questions on
which significant insights will be drawn from remote-sensing observations of solar flares:
1. Where and how does magnetic reconnection and energy release occur?

More specifically, what is the global magnetic and plasma context in which the reconnection
occurs? To date, the location of magnetic reconnection has often been inferred indirectly from
the geometry of newly reconnected magnetic flux tubes populated with thermal plasma [31, 32,
33, 34, 35, 36], or from coronal magnetic field models based on magnetograms measured at the
photospheric/chromospheric level [37, 38, 39, 40]. Hard X-ray (HXR) observations in the past two
decades have provided critical insights on this matter, positioning the reconnection site somewhere
above the top of reconnected flare arcades, at least for large eruptive flares [41, 42]. Yet the precise
location of reconnection and its spatiotemporal evolution is largely unknown, due to, in part, the
difficulty in tracing accelerated electrons from the reconnection site(s) with sufficient sensitivity
and dynamic range. More direct and sensitive means for pinpointing the reconnection site(s) is
thus urgently needed.

2. What is the physical nature of the reconnection site(s)?
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The prevalence of fast subsecond-to-second-scale bursts in radio and HXR light curves of flares
implies that the magnetic reconnection is probably highly fragmentary in both time and space
[43]. Yet it remains poorly known whether such fragmentation takes place locally, in a large-scale
structure (such as the elongated CS in the standard flare model), or is widely distributed throughout
the flare volume. Distinguishing these scenarios requires the capability of tracing the reconnection
signatures with simultaneous high sensitivity and spatial resolution at subsecond time cadence,
which has not been routinely available. More importantly, direct identification of the nature of
the reconnection sites requires the knowledge of its inherent magnetic properties, which has been
hitherto missing due to the lack of measurements of the magnetic field in the solar corona.

3. Where and how does the energy conversion occur?
Once the fast magnetic reconnection is triggered, the inflowing magnetic energy in the form of

Poynting flux is quickly converted into other forms of energy: accelerated particles, heated plasma,
turbulence and waves, and bulk flows. The sites for particle acceleration and plasma heating, for
example, do not necessarily coincide with the reconnection region, while their locations and the
mechanisms responsible remain largely unknown [9, 10]. The detailed energy partition in different
energy forms following magnetic reconnection is also poorly constrained by observational data,
although efforts have been made on constraining the global (spatially and temporally integrated)
energetics of large flares [44, 45, 46]. Making progress on this matter requires the capability of
quantifying the magnetic energy release in time and space, as well as the means for deriving the
energy content of the accelerated particles, thermal plasma, and turbulence/waves.

New Opportunities at Radio Wavelengths
Radio observations of flares are in a strong position to make revolutionary breakthroughs on

each of the challenges above, taking advantage of two types of radio emission in solar flares (see
left panel of Fig. 1 for an illustration):
• Coherent radio bursts serve as a highly sensitive means for tracing nonthermal electrons

at or around the reconnection site, thereby probing important characteristics of reconnec-
tion including the location, its fragmentary nature, and the presence of reconnection-driven
shocks, waves, and turbulence (see, e.g., [22, 25, 47] for recent examples).
• Incoherent gyrosynchrotron radiation can be used to measure the evolving magnetic

field at or around the reconnection site, and to quantify the distribution function of flare-
accelerated nonthermal electrons (see, e.g., [26, 48, 49, 50] for recent examples).

Such diagnostics with both radio emission types call for routine, solar-dedicated radio observations
of flares in a broad range from centimeter to meter wavelengths with sufficient spatial, spectral,
and temporal resolution (i.e., “broadband radio dynamic imaging spectroscopy”), combined with
high dynamic range and polarization measurements. Currently there is no solar-dedicated radio
instrument with these capabilities. However, the recent commissioning of two radio facilities,
the general-purpose Karl G. Jansky Very Large Array (VLA) and the 13-element solar-dedicated
pathfinder array Expanded Owens Valley Solar Array (EOVSA), have already started to provide ex-
citing demonstration science results. In the following we briefly discuss two examples to demon-
strate the unique power of this radio imaging spectroscopy.
Example 1: Pinpoint the fragmentary magnetic reconnection sites

Fast electron beams (∼0.1–0.5c) accelerated at or in close proximity to the magnetic recon-
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nection region emit a type of coherent radio emission—known as “type III radio bursts” (see [51]
for a review)—when they propagate along newly reconnected magnetic field lines. Thanks to their
coherent radiation nature, these bursts are usually much brighter than the background, making
them an extremely sensitive means for tracing the electron beams. In order to trace the beams over
a wide range of coronal heights to their site(s) of origin, a wide frequency bandwidth combined
with dense spectral sampling are required to observe the type III bursts from decimetric to metric
wavelengths. Furthermore, as the magnetic energy release proceeds in a highly fragmentary fash-
ion, probably in both space and time [13, 43, 52], subsecond temporal cadence and subarcsecond
spatial resolution of the emission centroids are crucial to distinguish different reconnection events.

Figure 2 shows a recent example from Jansky VLA observations of type III radio bursts asso-
ciated with a reconnection event that occurred with a solar jet. The observations were made in the
1–2 GHz frequency band with 50-ms temporal cadence and a centroid accuracy of ∼1” (∼700 km
on the Sun). Multitudes of semi-relativistic electron beams (>0.5c) associated with a brief, ∼1-
s-duration burst group are seen to diverge from an extremely compact region in the low corona,
which corresponds to a macroscopic magnetic reconnection null point. The null point is likely
highly fragmentary as each electron-beam-conducting magnetic field line displays very different
position angle and inherent density properties. Moreover, different burst groups originate from
distinct null points, suggesting these macroscopic null points are spatially (and temporally) dis-
tributed. We note, however, that the Jansky VLA and the proposed Next Generation VLA (ngVLA)
are both general purpose facilities with very limited observing time for solar science as well as a
restricted instantaneous bandwidth. Since it is not currently possible to predict when solar flares
occur, only isolated cases recorded by these facilities, largely by chance, could be studied in detail.
A solar-dedicated instrument with the necessary capabilities will provide routine observations to
pinpoint the magnetic reconnection sites and probe their fragmentary nature for flares of all sizes
and with a variety of reconnection geometries.
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Figure 2: Trajectories of semi-relativistic electron beams associated with a type III radio burst
group of ∼1-s duration in a solar jet. (A) Type III bursts visible as the nearly vertical bright
features in the radio dynamic spectrum. (B) Each trajectory (colored in time) derived from a burst
in panel (A) within 0.05 s is delineated by a series of nearly linearly distributed source centroids.
All the beams appear to emanate from an extremely compact, <600 km2 region in the low solar
corona, which is likely a macroscopic magnetic reconnection null point (adapted from [25].)
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Example 2: Decipher the magnetic nature of reconnection sites
Microwave (MW; centimeter wavelengths) emission during flares is usually dominated by in-

coherent gyrosynchrotron radiation from mildly relativistic electrons (energies of a few 100s of
keV to MeV) gyrating in the coronal magnetic field [53]. The MW spectra can be used to con-
strain the energy content of flare-accelerated electrons, which, particularly when combined with
imaging spectroscopic observations in HXRs [30, 54], is invaluable for constraining particle accel-
eration and transport processes in flares. (See the white paper by Gary et al.) Meanwhile, the MW
spectra contain unique information about the magnetic field strength and direction in the source
region. Spatially- and temporally-resolved measurements of the MW spectrum will enable us to
quantify the magnetic field structure and evolution in and around the magnetic reconnection site.

The approach of using broadband, spatially-resolved MW spectra to recover the coronal mag-
netic field and the nonthermal electron distribution along each line of sight in the flaring region
has been demonstrated through simulated MW observations of a model flare loop model [48].
More recently, by using MW imaging spectroscopic data from the newly commissioned EOVSA,
this technique was successfully applied to derive both the magnetic field strength and nonther-
mal electron distribution at selected pixels within the looptop region of a large solar flare [26].
The same method can be used to derive these physical properties for every pixel in the image, as
long as the observed microwave data have adequate number of spectral measurements with good
signal-to-noise ratio that sample different portions of the gyrosynchrotron spectrum. The derived
spatial variation and temporal evolution of the magnetic field around the reconnection site will
enable direct comparison with model predictions to identify the magnetic nature of the reconnec-
tion sites, and moreover, to quantify the magnetic energy release and its spatiotemporal variation.
We emphasize that, although EOVSA has already demonstrated the great science potential of this
new technique as a pathfinder for the next-generation solar radio telescope, it is a small array with
only 13 elements. Its angular resolution is limited to ∼60′′/GHz and its image dynamic range
is limited to ∼100:1 at best. To measure the time-evolving magnetic field and flare-accelerated
electron distribution in a much broader area around the magnetic reconnection site with sufficient
spatial details, an instrument with high-fidelity, high-dynamic-range, and high-resolution dynamic
imaging spectroscopy is required.

Concluding Remarks
The examples above are merely a very small subset of all possible diagnostics of magnetic

reconnection and the associated energy release and conversion processes in solar flares enabled by
the new technique of radio dynamic imaging spectroscopy. Breakthroughs on this topic call for
a telescope with sufficient numbers of antennas to ensure high-fidelity, high-dynamic-range, and
high-resolution imaging, combined with good spectral and temporal resolution over a wavelength
range sufficient to sample both coherent radio bursts and incoherent gyrosynchrotron emission.
The utility and impact of an instrument with this capability will be profound not only for the
topic focused here, but also many other topics including particle acceleration, chromospheric and
coronal magnetic field measurements, shocks and coronal mass ejections in the coronal and inter-
planetary space. We direct readers to white papers by Bastian et al., Fleishman et al., and Gary et
al. for discussions on these topics. An instrument with the attributes described above has already
been defined: the Frequency Agile Solar Radiotelescope. The concept is mature and it is ready for
implementation. Separate project-oriented white papers will describe the instrument in detail.
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