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In the standard model of solar flares, a large-scale reconnec-
tion current sheet is postulated to be the central engine for 
powering the flare energy release1–3 and accelerating par-
ticles4–6. However, where and how the energy release and 
particle acceleration occur remain unclear owing to the lack 
of measurements of the magnetic properties of the cur-
rent sheet. Here we report the measurement of the spatially 
resolved magnetic field and flare-accelerated relativistic elec-
trons along a current-sheet feature in a solar flare. The mea-
sured magnetic field profile shows a local maximum where 
the reconnecting field lines of opposite polarities closely 
approach each other, known as the reconnection X point. 
The measurements also reveal a local minimum near the bot-
tom of the current sheet above the flare loop-top, referred 
to as a ‘magnetic bottle’. This spatial structure agrees with 
theoretical predictions1,7 and numerical modelling results. 
A strong reconnection electric field of about 4,000 V m−1 is 
inferred near the X point. This location, however, shows a 
local depletion of microwave-emitting relativistic electrons. 
These electrons instead concentrate at or near the magnetic 
bottle structure, where more than 99% of them reside at each 
instant. Our observations suggest that the loop-top magnetic 
bottle is probably the primary site for accelerating and confin-
ing the relativistic electrons.

Our measurement of the magnetic field and the relativistic elec-
trons is made possible by microwave spectral imaging observations 
of a large X8.2 solar flare on 2017 September 10 (the second-largest 
flare in solar cycle 24) from the newly commissioned Expanded 
Owens Valley Solar Array (EOVSA)8. This event is associated with 
a fast coronal mass ejection that drives a large-scale coronal shock 
in the upper solar corona9. During the initial phase of the event, 
the coronal mass ejection is observed in the low corona as a rapidly 
ascending, balloon-shaped dark cavity at extreme ultraviolet (EUV) 
and microwave wavelengths (Fig. 1), interpreted as an erupting 
magnetic flux rope viewed along its axis10–12. This flux rope is con-
nected to the top of a newly reconnected, cusp-shaped flare arcade 
by a thin elongated plasma sheet, presumably associated with a 
large-scale reconnection current sheet (RCS), extending down from 
the bottom of the cavity. The plasma sheet appears bright in EUV 
bands sensitive to hot flare plasma (Fig. 2a) but dark in EUV bands 
sensitive to background coronal temperatures (Fig. 2b), indicating 
that it has undergone intense flare heating10,13,14. Despite the slight 
asymmetry of the cusp-shaped flare arcade (Fig. 2a), the observed 

features in the plane of the sky offer an ideal case to test against 
the theoretical predictions. Indeed, thanks to the favourable view-
ing perspective, these features match very well the overall mag-
netic configuration in one of the best known theoretical standard 
flare models by Lin and Forbes1 depicted in two dimensions (white 
curves in Fig. 1a,b; Methods).

EOVSA microwave spectral imaging observations provide a 
picture of the flare-accelerated electrons with energies extending 
to at least hundreds of kiloelectronvolts in the relativistic regime8. 
During the primary flux rope acceleration and energy release phase 
around 15:54 Universal time (ut)11, the microwave-emitting rela-
tivistic electrons are present throughout the entire region between 
the erupting flux rope and the flare arcade where the RCS is located 
(filled contours in Fig. 1b). The multi-frequency microwave source 
resembles an ‘hourglass’ shape: the upper part starts from the bot-
tom of the flux rope and narrows downward, then joins its lower 
counterpart located above the flare arcade that broadens toward 
lower heights.

From any pixel of EOVSA’s multi-frequency microwave images 
at a given time, a spatially resolved microwave spectrum can be 
obtained (Fig. 2). The microwave spectra display features charac-
teristic of gyrosynchrotron radiation produced by flare-accelerated 
energetic electrons gyrating in the flare magnetic field8. By fitting 
each microwave spectrum with a gyrosynchrotron source model 
at a given spatial location along the RCS feature (at x ≈ 0 Mm), 
we derive the spatially resolved total magnetic field strength 
Bobs(y) and microwave-emitting energetic electron distribution 
fe(ε, y) = dne(ε, y)/dε at different heights y along the RCS (where ne is 
the energetic electron number density and ε is the electron energy) 
(Methods; see Fig. 2d for examples). The resulting Bobs(y) profile, 
shown in Fig. 3b, represents the height variation of the magnetic 
field strength measured over our resolution element (about 3 Mm 
at 15 GHz) at the location of the RCS (Methods). It displays a gen-
eral decrease of magnetic field strength in height, which meets the 
expectation that the source of the magnetic flux is rooted at the pho-
tosphere and opens up in the coronal volume.

Intriguingly, this Bobs(y) profile shows a local maximum located 
close to the point where the hourglass-shaped upper and lower 
microwave source join together (at y ≈ 31 Mm). In addition, a local 
minimum is present near the tip of the cusp-shaped EUV flare 
arcade (at y ≈ 21 Mm). By comparing with the magnetic field profile 
derived from the theoretical standard flare model in Lin and Forbes1 
provided in an analytical form (at x = 0 Mm, after convolution with 
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EOVSA’s instrument resolution; blue curve in Fig. 3b denoted as 
BLF(y)), we conclude that the features in the measured magnetic 
field profiles match well the features unique to the large-scale 
RCS: the local maximum corresponds to the ‘pinch point’, or X 
point, where the reconnecting magnetic field external to the RCS is 
brought in by plasma inflows and bows inward. The local minimum 
is associated with the bottom of the RCS connecting to the tip of 
the cusp-shaped flare arcade, sometimes referred to as the Y point15. 
These measured magnetic properties firmly verify the presence of 
the RCS at the location where an apparent plasma sheet also appears 
in EUV images.

To investigate the plasma dynamics and energetics (which 
the theoretical model does not provide directly), we perform a 
self-consistent magnetohydrodynamics (MHD) numerical simula-
tion based on initial conditions similar to those in the theoretical 
standard flare model and observational constraints (Methods). Our 
MHD simulation yields excellent agreement with the flare morphol-
ogy and dynamics (Fig. 1c and Extended Data Fig. 1). Further, the 
RCS is clearly seen in the MHD simulation as a thin and elongated 
feature with a strong electric current density jz at the same location 
as the EUV plasma sheet (Fig. 3a). The vertical component of the 
magnetic field vector By quickly switches its sign across the current 
sheet, indicating ongoing magnetic reconnection (Extended Data 

Fig. 2; Methods). Similar to the theoretical model, the total mag-
netic field strength profile along the RCS BMHD(y) achieves excel-
lent agreement with the measurements (red curve in Fig. 3b; after 
convolution with instrument resolution; see Methods). Moreover, 
our MHD simulation explicitly pinpoints the site from which bidi-
rectional reconnection outflows are ejected along the RCS (that is, 
where the vertical component of the plasma speed vy = 0). This site, 
sometimes referred to as the ‘stagnation point’, is located close to the 
reconnection X point identified from the magnetic field profile—
another feature predicted by the theoretical standard flare model7.

EUV time-series imaging data provide a means of directly mea-
suring the speeds of inflowing plasma into the RCS (known as 
‘reconnection inflows’) at multiple heights vx(y) (Fig. 4a; Methods), 
which are around 100 km s−1 throughout the RCS region (see 
also ref. 10). The simultaneous and co-spatial measurements of  
B and vx enable an estimate for the spatial distribution of the elec-
tric field Ez ≈ vxBy/c and the electromagnetic energy (Poynting) 
flux Sx � vxB2

y=4π
I

 at the RCS. Here By � B sin θ
I

 is the vertical 
component of the magnetic field strength in the close vicinity of 
the RCS. θ is the viewing angle between the line-of-sight direc-
tion z and the magnetic field vector. It is a parameter constrained 
in our microwave spectral fitting, which is within 40–90∘ but has 
relatively large uncertainties (Methods). For the purpose of an 
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Fig. 1 | observation and modelling of the eruptive solar flare on 2017 September 10. a, EUV 211-Å image showing the erupting magnetic flux rope as  
a fast-ascending balloon-shaped dark cavity, observed by the Atmospheric Imaging Assembly aboard the Solar Dynamics Observatory (SDO/AIA).  
The multi-frequency EOVSA microwave source is shown as filled colour contours (26% of the maximum intensity at their respective frequency). White 
curves are magnetic field lines derived from the theoretical standard flare model in Lin and Forbes1. b, Detailed view of the central region (black box in  
a, rotated by 90° to the upright orientation). A 30–100-keV hard X-ray (HXR) source (purple contours; showing 50% and 90% of the maximum), 
observed by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI), is present above the top of the soft-X-ray (SXR)-emitting hot flare 
arcade (red contours; showing 30%, 60% and 90% of the maximum intensity at 12–18 keV, also observed by RHESSI). c, Same field of view as b, but the 
nearly identical magnetic field lines are derived from the numerical magnetohydrodynamics simulation (see Methods). The microwave and hard X-ray 
source are removed to show the cusp-shaped EUV flare arcade (bright white).
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order-of-magnitude estimate, here we take the upper limit By ≈ B, 
hence Ez ≈ vxB/c and Sx ≈ vxB2/4π. Our estimate of the electric field 
in the RCS is over 4,000 V m−1 (red symbols in Fig. 3c), consistent 
with earlier indirect estimates16. Such a strong electric field falls 
well into the super-Dreicer regime16, which can easily accelerate 
electrons to relativistic energies (hundreds of kiloelectronvolts to 
megaelectronvolts) within a small acceleration distance of ≲ 1 km. 
The inflowing energy flux Sx available for reconnection is of the 
order of 1010–1011 ergs s−1 cm−2, sufficient to power a large X-class 
flare that releases > 1032 ergs within several minutes at its peak rate 
(Methods). The dimensionless reconnection rate M = vx/vA is of the 
order of 0.01, where vA ¼ 2 ´ 1011B=

ffiffiffiffiffiffi
nthe

p


I
 6,000–10,000 km s−1 is 

the estimated Alfvén speed around the X point with B ≈ 300–500 G 
(see Fig. 3b) and thermal plasma density nthe

I
 of the order of 1010 cm−3 

(see, for example, refs. 13,14 for estimates for nthe
I

 of this RCS feature 
and ref. 17 for discussions on Alfvén speeds in solar active regions).

We also derive the spatially resolved energetic electron distribu-
tion along the RCS fe(ε, y) from the microwave data. Figure 3d shows 
this distribution as an energy–height diagram. In Fig. 3e, we show 
the spatial distribution of the total electron number density at rela-
tivistic energies (integrated above 300 keV, or Lorentz factor of >1.6; 
that is, n > 300

e ðyÞ ¼
R

> 300 keVf eðε; yÞdε
I

). The microwave-emitting 
energetic electrons are ubiquitous throughout the RCS region. 
However, the shape of the spatial distribution of the relativistic elec-
trons along the RCS n > 300

e ðyÞ
I

 does not demonstrate any obvious 
correlation with the reconnection electric field distribution Ez(y) 
shown in Fig. 3c. In particular, in the vicinity of the reconnection X 
point (at x ≈ 31 Mm), there exists a local depletion of the energetic 

electrons while a relatively hard electron energy spectrum is present 
(with a spectral index δ ≈ 3.3, corresponding to a small colour gra-
dient over electron energy in Fig. 3d). The hard spectrum suggests 
that the X point might be a site for electron acceleration thanks to 
the presence of a strong electric field. However, the relatively small 
number density of the energetic electrons indicates that either the 
acceleration efficiency is low around the X point, or that the elec-
trons accelerated there escape rapidly and could not accumulate to 
an appreciable density18. Such a depletion of energetic electrons, 
whether due to lack of acceleration or fast escape, may explain 
why microwave or hard X-ray emission is often very weak or even 
entirely absent at the inferred reconnection X point19–21.

In contrast, Fig. 3d shows that the spatial distribution of the 
energetic electrons fe at almost all energies strongly peaks in the 
vicinity of the Y point near the bottom of the RCS, whereas the 
total number density of the relativistic electrons n > 300

e
I

 exceeds 
those near the X point by more than two orders of magni-
tude (Fig. 3e). Thus, this region, which contains most of the 
microwave-emitting relativistic electrons, appears to be the pri-
mary site for confining and/or accelerating electrons to rela-
tivistic energies. It is also the site where hard-X-ray-emitting 
electrons at relatively low non-thermal energies (tens of kiloelec-
tronvolts) are frequently observed (purple contours in Fig. 3a; see 
a review by ref. 22). This region coincides with the location where 
newly reconnected magnetic field lines emanating from the RCS 
interact vigorously with the underlying flare arcades, some of 
which are observed in EUV time-series images as multitudes 
of contracting loops (Fig. 4c and the accompanying animation; 
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Fig. 2 | Spatially resolved microwave spectra in the RCS region. a,b, In the enlarged view of the central region (grey box in Fig. 1c), the RCS can be  
identified as a thin elongated feature near x = 0 Mm, which appears bright in the SDO/AIA EUV 193-Å band, which is sensitive to heated plasma of about 
18 MK (a), and dark in the EUV 211-Å band, which is sensitive to cooler coronal plasma of about 2 MK (b). c, Same as b, but with the multi-frequency 
microwave source overlaid. d, Examples of the microwave spectra (circle symbols with error bars, shown in solar flux units, or sfu, per 2″ pixel;  
1 sfu = 104 Jy = 10−19 erg s−1 cm−2 Hz−1) from selected locations along the RCS feature at x ≈ 0 Mm (numbered small boxes in c). The error bars show 
the uncertainties evaluated by using the root mean square of the background fluctuations in an area away from the source. Shaded areas indicate 
dynamic-range-limited data points excluded from the spectral fit. The corresponding best-fit results based on gyrosynchrotron radiation are shown as  
black curves. Also shown are the corresponding values of the magnetic field strength (B, in Gauss) and the logarithm of relativistic electron density with 
energy above 300 keV (n>300

e
I

, in cm−3) from the spectral fitting results.
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Methods). It has been proposed as a natural location for beta-
tron acceleration by collapsing magnetic traps23 or Fermi-type 
acceleration processes that involve rapid contraction of magnetic 
islands5 or plasma compression24. Additionally, it provides an 
ideal environment for the generation of turbulence, waves and 
(fractal) electric field13,20,25 (see also a recent study by ref. 26 in 
which their presence is implied by an observed rapid decay of the 
magnetic field), or ‘termination’ shocks (formed by reconnection 
outflows impinging upon the flare arcade)2,27,28, all of which have 
been suggested as possible particle acceleration mechanisms29. In 
addition to the plethora of likely acceleration processes, the local 
minimum of the magnetic field in this region represents a ‘mag-
netic bottle’ that helps confine electrons. Similar magnetic bottle 
structures have been observed in situ in Earth’s magnetosphere, 
within which an enhanced flux of energetic electrons and ions has 
been reported30. The new methodology based on the microwave 
imaging spectroscopy reported here now permits the remote 
probing of such crucial plasma structures as solar flare RCSs. 
These new measurements, representing two-dimensional projec-
tions of three-dimensional physical phenomena in the plane of 
the sky, offer stringent constraints to guide theories of particle 
acceleration and improve realistic three-dimensional modelling  
of solar flares.

Methods
Magnetic modelling. Magnetic modelling of this event is performed along two 
lines, one based on a well-developed theoretical model, and another based on a 

self-consistent, two-and-half-dimensional resistive MHD numerical simulation, 
detailed below.

Theoretical model. First, we investigate the general geometry of the event and 
magnetic field profile by adopting a theoretical eruptive flare model first developed 
by Priest and Forbes31,32, which was then further refined by several works including 
refs. 1,7,33. This model, sometimes referred to as the ‘catastrophe model’ provided 
in an analytical form, is arguably the best known theoretical model in the 
framework of the standard flare scenario depicted in two dimensions. It consists 
of a pre-existing force-free magnetic flux rope (and its mirror current below the 
photosphere) in the solar corona. The background coronal magnetic field is created 
by having a pair of magnetic sources with opposite polarities located at (or slightly 
below) the photosphere. As shown by ref. 32, the flux rope can lose its equilibrium 
owing to the converging motions of these two footpoint sources and rise, leading 
to a ‘catastrophic’ eruption. The flux rope eruption induces an extended current 
sheet trailing the rope in which fast magnetic reconnection can be triggered, which 
further facilitates the eruption through the release of the magnetic energy.

Here we use the formulae of the magnetic vector potential distribution 
A(x, y) described in ref. 1 to build the theoretical magnetic model using 
observation-constrained free parameters, which include only the height of the flux 
rope centre h (from EUV imaging of the flux rope cavity), footpoint separation 
2λ (from the size of the flare arcade at the surface), the locations of the lower 
and upper tips of the RCS p and q (obtained, respectively, from the tip of the 
cusp-shaped flare arcades and the bottom of the balloon-shaped flux rope cavity 
in EUV images) at different times of the flare event, and a scaling factor A0 for the 
strength of the photospheric magnetic sources. Examples of the magnetic model 
overlaid on EUV images at three selected times are shown in Extended Data Fig. 1a.  
An excellent match is found for the flare geometry between the model and the 
observations. Moreover, after adjusting the scaling factor A0 to match the magnetic 
field strength according to the values derived from EOVSA microwave data, the 
coronal magnetic field profile in the close vicinity of the RCS B(y) from the model 
agrees very well with the measurements from the microwave spectral imaging data 
(blue curve in Fig. 3b).
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MHD simulation. We perform self-consistent, two-and-half-dimensional resistive 
MHD numerical simulation for this event based on very similar initial setups and 
scaling in the theoretical model described above. The physical parameters in the 
simulation are homogeneous along the third dimension. Extended Data Fig. 1  
shows the initial setup, nearly identical to the theoretical model. At this point, 
the flux rope has risen to a location with a single reconnection X point formed 
between the rope and the underlying closed arcades (that is, the initial length of 
the vertical RCS is zero). The initial height of the flux rope h is adjusted according 
to the theoretical model in order to place the rope in a state of non-equilibrium for 
its subsequent eruption1,32. Since the evolution starts in a non-equilibrium state, 
the flux rope can rise at the beginning with a quick acceleration followed by the 
formation of an extending RCS at later times.

Our simulation box has a grid size of 512 × 1,536. Three levels of adaptive mesh 
refinement are introduced in regions with a large pressure gradient. The finest 
grid size and typical time step are 2.44 × 10−4 and about 10−5 in normalized units, 
which correspond to, respectively, 0.0732 Mm and 0.00138 s in physical units. The 
simulation was performed using the publicly available MHD code Athena++34, 
where the hyperbolic MHD parts are solved by the Godunov-type method and 
shock structures are captured using the Harten–Lax–van Leer discontinuities 
(HLLD) Riemann solver.

One notable modification from the theoretical model lies in the magnetic 
sources at the bottom boundary: the two point sources at the photosphere in the 
original theoretical model are replaced with a pair of extended line sources, shown 
as blue and red lines in the leftmost panel of Extended Data Fig. 1c. The reason of 
such a modification is twofold: first, it is more realistic in the sense that the opposite 
polarities of the sunspot group in the active region are not point-like, but both 
show a substantial spatial extension (>10 Mm) and are separated by a well-defined 
polarity inversion line (see, for example, studies on the photospheric magnetic field 
of the active region measured a few days before14,12,35,36). Second, the difficulty in 
numerically modelling the area close to the two delta-function footpoint sources 
is removed. The magnetic field outside the flux rope is similar to previous works 

based on the theoretical model31, except that we introduce a weak current density 
jz distributed around the flux rope (with a Gaussian shape, amounting to about 
0.05% of the maximum current density of the flux rope) to smooth the sharp 
edge around the flux rope. To achieve pressure balance and an initial force-free 
condition within the flux rope, we also introduce a guide field Bz (that is, along 
the third dimension perpendicular to the x–y plane) which peaks at the flux rope 
centre but decreases rapidly at greater distance from the rope. A similar setup of 
the jz and Bz distribution of the flux rope was used in ref. 37. Last, for the purpose of 
simplification, the coronal background is initialized with a uniform plasma density 
of around 109 cm−3 in most of the simulation domain (which only increases toward 
the flux rope centre for the purpose of pressure balance) and a temperature of 2 MK. 
To facilitate fast magnetic reconnection, we also include a considerable resistivity 
that corresponds to a magnetic Reynolds number of the order Rm ≈ 105. Different 
selections of the Rm value would affect the internal properties of the RCS and flare 
dynamics. However, it has little impact on the large-scale magnetic configuration 
surrounding the RCS, which is the primary focus of this modelling study.

In the two-and-half-dimensional MHD model, the RCS exhibits itself as a 
vertical feature with a strong current density jz located at x = 0 Mm (Extended Data 
Fig. 2a). Extended Data Fig. 2c demonstrates the variation of the x, y, z components 
of the magnetic field vector across the current sheet (that is, Bx(x), By(x), Bz(x)) at 
a selected height close to the reconnection X point. At the centre of the RCS, the 
vertical component By quickly switches its sign and the horizontal component Bx is 
nearly zero. Both phenomena are characteristics of ongoing magnetic reconnection 
in the RCS, which is responsible for releasing the magnetic energy and powering 

the flare15. The total magnetic field strength B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
x þ B2

y þ B2
z

q

I

 shown in 

Extended Data Fig. 2d, therefore, displays a very sharp and narrow (<400 km in 
width) dip at the RCS centre. To compare the MHD modelling results directly with 
the magnetic field measurements from observations with finite resolution, we have 
convolved the magnetic field distribution in the MHD model using a Gaussian 
function with a FWHM of 3 Mm (equivalent to EOVSA’s resolution at ν = 15 GHz). 
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After the convolution, the sharp dip in total magnetic field across the RCS is 
nearly smoothed out (solid curve in Extended Data Fig. 2d). However, the spatial 
variation of the total magnetic field as a function of height (B(y)) in the immediate 
vicinity of the RCS is preserved (Extended Data Fig. 2b), which, as we discussed in 
the main text, allows us to identify the reconnection X point as a local maximum 
and the loop-top ‘magnetic bottle’ as a local minimum on the B(y) profile.

The perpendicular component of the magnetic field Bz � B cos θ
I

, or the guide 
field, may have a profound impact on the detailed reconnection and particle 
acceleration processes18,38. To investigate the possible impacts of the presence of 
a guide field Bz on the overall flare geometry, we have run two MHD test cases. 
The first case has a relatively weak Bz, which amounts to about 30% of the total 
magnetic field strength B in the RCS region (corresponding to a viewing angle 
θ ¼ arccosðBz=BÞ  70

I
, a typical value derived from the microwave spectral fit 

results). In the second case, a stronger guide field of about 60% of the total field 
strength is introduced (corresponding to θ ≈ 50º, which is near the lower bound of 
typical fit values). The results of the overall magnetic geometry for the two cases 
are shown in Extended Data Fig. 1b and c, respectively. More detailed variations 
of the magnetic field components in the RCS region for the two cases are shown in 
Extended Data Fig. 2 (top and bottom rows, respectively). We find that, although 
the dynamics of the magnetic flux rope eruption differ slightly between the two 
cases, the overall flare geometry exhibits very few differences. However, detailed 
features of the magnetic field strength profile at the RCS B(y), including the local 
maximum and minimum near the reconnection X and Y points, are affected by 
the different values of the guide field introduced in the MHD model—for example, 
a strong Bz throughout the simulation domain would make the peculiar features 
associated with the RCS less profound (see, for example, the comparison between 
Extended Data Fig. 2b and f). In this work, we find a better match between our 
observations and the weak-guide-field case for the B(y) profile, which we adopt in 
the observation–modeling comparison.

Our self-consistent two-and-half-dimensional MHD modelling matches the 
observed flare geometry and RCS magnetic field profile also predicted in the 
theoretical magnetic model (Extended Data Fig. 1b and Fig. 3b). It also provides a 
crucial framework for us to identify various key components associated with the 
magnetic reconnection, which include the RCS and the primary reconnection X 
point, the plasma inflows and outflows, and the distribution of the reconnecting 
magnetic energy and electric field along the RCS.

Microwave spectral analysis. The EOVSA instrument and an overview of the 
observation of the 2017 September 10 X8.2 flare were discussed in a recent paper8. 
To briefly summarize, EOVSA obtained data in the range 2.5–18 GHz of this event 
with 134 frequency channels spread over 31 equally spaced spectral windows, 
each of which has a bandwidth of 160 MHz. The centre frequencies of these 
spectral windows are given by ν = 2.92 + n/2 GHz, where n is the spectral window 
number from 0 to 30. In this study, images were made in 3.4–18 GHz by combining 
the spectral channels within each of spectral windows 1–30 using the CLEAN 
algorithm provided in the Common Astronomy Software Applications (CASA) 
package39. The nominal full-width at half-maximum (FWHM) angular resolution 
is 113.7″/νGHz × 53.0″/νGHz at the time of the observation. In this study, a circular 
beam with a FWHM size of 73.0″/νGHz is used for restoring the CLEAN images, 
while the size is fixed at 5″ above 14.5 GHz (note that here we used a slightly 
smaller restoring beam than in ref. 8). Solar coordinate transformation and image 
registration are performed using tools included in the SunCASA package (https://
github.com/suncasa), which utilizes open-source packages including CASA39, 
SunPy40 and Astropy41.

Microwave spectral imaging data from EOVSA allow us to derive a microwave 
spectrum F(ν) at each selected pixel location (x and y) and time t. The spatially and 
temporally resolved microwave spectra show characteristics of the gyrosynchrotron 
radiation produced by energetic electrons gyrating in the coronal magnetic field42. 
Here we employ the fast gyrosynchrotron codes43 to calculate the microwave 
brightness temperature spectra based on the gyrosynchrotron radiation theory. 
The codes perform a full radiative transfer calculation along the line of sight 
(approximately the z direction in our adopted coordinate system, with x and y axes 
aligned with solar south–north and east–west, respectively), with the capability  
of reducing the computing time by several orders of magnitude compared  
with approaches that use exact formulae44 while retaining the accuracy of the 
resulting spectra.

The spatially resolved microwave spectra contain information about the 
flare-accelerated energetic electrons, particularly those at mildly relativistic 
energies, as well as unique diagnostics for the magnetic field strength in the source 
region. The peak frequency of the spectra is sensitive to the magnetic field strength 
B and the number density of energetic electrons ne. The high-frequency, optically 
thin side of the spectra is mainly determined by the electron energy distribution 
with a spectral index δ. The low-frequency, optically thick side of the spectra 
constrains the effective temperature of the nonthermal electrons and to some 
extent, the density and temperature of thermal plasma if free–free absorption or 
Razin suppression play a part. For more details of the diagnostics of the source 
parameters using microwave gyrosynchrotron spectra, we refer the readers to other 
works8,26,43,45–47. Although the gyrosynchrotron radiation spectra have the potential 
to constrain flare-accelerated nonthermal electrons in a broad range of energies 

from a dozen kiloelectronvolts to megaelectronvolts, for this study, we focus on 
those at mildly relativistic energies (about 100 keV–1 MeV).

Here we adopt an algorithm26,46 to fit the spatially resolved microwave spectra 
to obtain an initial set of physical parameters of the source, which include the 
magnetic field strength B, the angle between the magnetic field vector and the 
line-of-sight direction θ, the energetic electron distribution fe(ε), and the thermal 
electron density nthe

I
. We assume a homogeneous source along the line of sight 

with a column depth of 10″, as well as a power-law electron distribution fe(ε) 
with a spectral index δ, and low- and high-energy cutoffs of 10 keV and 10 MeV, 
respectively. As already verified by detailed tests using simulated microwave 
spectra from realistic three-dimensional flare models46,47, the fitting algorithm 
works very well to recover the source parameters for spectra with a single, 
well-defined peak located within the observational frequency range. However, 
there are a few cases that pose challenges for the algorithm, as follows. (1) For 
spectra at lower heights where the magnetic field strength is particularly high, the 
spectra appear to continue to rise beyond the highest observable frequency (for 
example, bottom right panel of Fig. 2d, such that the spectral peak is absent. (2) 
For spectra at higher heights, the high-frequency portion of the spectra is largely 
dominated by noise and could not be included for spectral analysis (shadowed area 
in Fig. 2d). This is largely limited by the dynamic range of the instrument (up to 
~100:1 for EOVSA): the presence of a very bright high-frequency source at lower 
heights (in the loop-top region) hinders the detectability for a much weaker source 
at greater heights. (3) At some other locations, the spectra display more than one 
spectral peak, which implies the presence of multiple components within the 
resolution element.

To evaluate and refine the initial fitting results, we employ a Markov chain 
Monte Carlo (MCMC) analysis method, implemented by an open-source 
software emcee48 included in the Python package LMFIT (https://lmfit.github.io/
lmfit-py), to sample the posterior probability distributions (PPDs) of the fit results 
based on Bayesian statistics49. We have performed such MCMC analysis for all 
the microwave spectra along the current sheet. Extended Data Fig. 3 shows an 
example of the MCMC analysis results in the form of a ‘corner plot’. In the corner 
plot, the diagonal panels show the one-dimensional projection of the PPDs of the 
respective fit parameters. The two-dimensional projections of the PPDs between 
pairs of the fit parameters are shown as the non-diagonal panels. These probability 
distributions provide quantitative constraints on the locations in which the fit 
parameters are most likely to be found in the multi-parameter space. The widths 
of the PPDs are, in turn, optimal estimates for the uncertainties of the respective 
fitting parameters. As expected, for a spectrum that has a single spectral peak in 
the observing frequency range, the PPDs of the fitting parameters are clustered 
around the minimization results, such that the fitting results are well constrained. 
If the spectral peak is not very profound or is completely absent from the observing 
frequency range, the PPDs are relatively broader, and sometimes display more than 
one local concentration in the multi-parameter PPDs. For spectra at higher heights 
with noisy measurements at high frequencies, the broader PPDs are also present. 
For these cases, the fit results of the respective parameters have larger uncertainties 
and, under some circumstances, are not unique. The increased uncertainties 
for these spatial locations are reflected by the larger error bars shown in Fig. 3. 
For these cases, we use fitting results from nearby pixels (with well-constrained 
spectra) to inform the selection of an appropriate range for the fitting parameters. 
Another round of spectral fitting is then performed to ensure that the resulting 
fitting parameters conform with the PPDs from the MCMC analysis. Extended 
Data Fig. 3 shows an example of a marginal case in which the spectral peak is 
not very profound (which corresponds to location ‘2’ in Fig. 2c. Although the 
multi-parameter PPDs display more than one branch of distribution, the MCMC 
approach successfully finds the most probable combination of parameters that also 
achieves a good fit to the observed spectrum. We caution that, however, the best 
multi-parameter fitting results do not necessarily always coincide with the peak 
value(s) in a given one-dimensional or two-dimensional PPD in the corner plot for 
a given parameter or parameter pair.

At a small subset of spatial locations (at y ≈ 21–28 Mm around the region 
above the loop-top near the bottom of the RCS), the spectra display a secondary 
spectral peak. This is a possible indication of the existence of a second population 
of accelerated electrons in this highly dynamic region where reconnection outflows 
meet the newly reconnected flare arcade. Such spectra could not be fitted with 
a model that assumes only one homogeneous source along the line of sight. For 
these cases, we introduce a secondary source along the line of sight that shares the 
same parameters as the primary source but differs only in B, total electron number 
density ne and δ. The fitting results are again evaluated using the MCMC method, 
and the associated uncertainties are reported accordingly. As demonstrated in 
Extended Data Fig. 4, although the degree of freedom is inevitably increased with 
the addition of more fitting parameters, there are adequate measured data points in 
the microwave spectra to warrant a reliable fit, as shown by the well-defined PPDs 
of the fit parameters. For these spectra, we show the resulting magnetic field B 
associated with the primary component (with a higher B value) in Fig. 3b, and the 
total ne values from both components in Figs. 2d and 3e.

We note that the coronal magnetic field strength derived from the microwave 
data is consistent with the results from ref. 50, which reported a coronal field 
strength of up to 350 G at a height of about 25 Mm in the post-flare arcade 
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obtained ~30 minutes later when the field strength had already decreased46, by 
using infrared spectropolarimetry based on measurements of the magnetically 
sensitive Ca ii 8,542-Å line. Our measurements of a strong coronal magnetic 
field is also consistent with the measurements of a multi-kilogauss (up to 
>5,000 G) photospheric field in the core region of the active region when the same 
region was viewed on-disk four days before36, as well as the coronal magnetic 
field extrapolated from the photospheric measurements and validated using 
high-frequency microwave probing of the coronal magnetic field51.

EUV plasma flows. To investigate plasma flows in the close vicinity of the 
magnetic reconnection site and measure their speeds in the plane of the sky, we use 
observations from the Atmospheric Imaging Assembly aboard the Solar Dynamics 
Observatory (SDO/AIA)52, which provides full-Sun imaging at multiple EUV filter 
bands with a spatial resolution of around 1.2″ (pixel size 0.6″) and a cadence of 
12 s. To reveal plasma flows along the direction of the RCS, we make a vertical slice 
at a location along RCS (labelled slice ‘a’ in Fig. 4b). At each spatial location at the 
slice y, we obtain the time evolution of the EUV intensity I(t, y), which is displayed 
in the form of a ‘time–distance plot’, shown in Fig. 4c. In the time–distance plot, 
the horizontal and vertical axes represent time and spatial location along the slice, 
respectively. We also apply a running-ratio technique on the time–distance plots 
in order to bring out the fast time-varying features (that is, plasma flows): the 
normalized intensity shown at each time and spatial pixel is the ratio of the original 
intensity I(t, y) to its second nearest-neighbour frame at the same location y. The 
same technique is applied to all SDO/AIA EUV passband images. We find that, at 
the time of interest, the plasma flows along the direction of the RCS (that is, the 
vertical direction y near x ≈ 0 Mm) are best seen in the 171-Å and 211-Å passbands, 
possibly owing to their sensitivity to continuum emission (thermal bremsstrahlung) 
at flare temperatures13,53. In the SDO/AIA 171-Å time–distance plot of Fig. 4c, 
downward-moving plasma flows appear just below the bottom of the RCS (or 
the reconnection Y point) as coherent tracks moving toward the bottom-right 
direction. In the accompanying SDO/AIA 171-Å running-ratio animation 
(Supplementary Video 1), we find that these downward-moving plasma flows 
are associated with the fast contraction motion of the newly reconnected loops 
emanating from the tip of the cusp-shaped feature (located near the RCS bottom). 
The speeds of the contracting loops are measured using the slopes of these tracks in 
the time-distance plot, which amount to approximately 150–510 km s−1.

The observed speeds of the plasma downflows (or fast-contracting loops) 
below the bottom of the RCS (around 150–510 km s−1) are at least an order of 
magnitude slower than the estimated Alfvén speeds in the inflow region, around 
6,000–10,000 km s−1. This result is in line with previous findings on plasma 
flows above the post-flare arcades: it has been shown that almost all reported 
signatures of plasma outflows, including the so-called supra-arcade downflows 
and supra-arcade downflowing loops, have velocities well below the presumed 
reconnection outflows at or close to Alfvén speeds14,54,55. Such a persistent speed 
discrepancy has been discussed in the literature (see discussions in ref. 14 and 
references therein). Here we highlight one possibility: high-speed Alfvénic plasma 
outflows are too fast to be detected in EUV/SXR time-series images with a limited 
time cadence—in this case, outflows at Alfvén speeds would traverse the entire 
length of the RCS (about 50 Mm at the time of interest) within about 0.5 s, much 
shorter than AIA’s cadence of 12 s. In order to readily detect these Alfvénic plasma 
flows through running-difference/ratio imaging based on a few neighbouring 
time integrations, the flows need to be slowed down substantially to ≲1,000–
2,000 km s−1 (as in our case and many other reported cases in the literature) by, for 
example, a drag force along its path or passing a shock front.

To investigate plasma inflows at different locations of the RCS vx(y), we make 
a series of horizontal slices across the RCS at different heights (labelled ‘b1’ to ‘b5’ 
in Fig. 4b). For each slice at a height y, we obtain the EUV intensity at all the pixels 
on the slice (that is, in the x direction) as a function of time, resulting in a series of 
time–distance plots shown in Fig. 4a. The plasma inflows appear as close-to-linear 
tracks on the running-ratio time–distance plots, whose speeds are measured based 
on their slopes. The uncertainties of the inflow speed measurements are estimated 
empirically by assuming a spatial uncertainty of four AIA pixels (2.4″, or about  
2 × AIA angular resolution) for each position measurement, together with a 
temporal uncertainty of 12 s (that is, 1 × AIA cadence) for the time determination. 
We note that, as shown from the time-distance plots in Fig. 4a and the 
accompanying animation (Supplementary Video 1), the converging inflows seem 
to evolve slightly toward the −x direction at later times. This is probably due to the 
temporal evolution of the RCS as the flare reconnection progresses.

Powering the second-largest solar flare of solar cycle 24. From measurements 
of the RCS magnetic field B and inflowing plasma speed vx, we obtain an 
electromagnetic energy flux brought into the RCS for reconnection, Srec, which is 
of the order of 1010–1011 ergs s−1 cm−2. The total energy available for release during 
the flare impulsive phase is _εrec ¼ SrecA

I
, where A = 2lylz is the total area of the RCS 

that is currently undergoing fast reconnection. The length of the RCS ly is readily 
available from the microwave/EUV imaging data (about 40 Mm; see Fig. 3a). The 
depth of the RCS lz is unknown because it lies along the line-of-sight direction. We 
take it to be of the same order as the RCS length, 10 Mm. Thus _εrec

I
 ≈ 1029–1030 ergs s−1. 

As stated in the main text, this is sufficient to power a large X-class flare that 
releases a total energy of 1032 ergs within several minutes at its peak rate.

Data availability
The data that support the plots within this paper and other findings are available at 
http://ovsa.njit.edu (EOVSA), https://hesperia.gsfc.nasa.gov (RHESSI) and http://jsoc.
stanford.edu (SDO), or from the corresponding author upon reasonable request.

Code availability
The microwave spectral fitting software, GSFIT, is available in the 
community-contributed SolarSoftWare (SSW) repository, under the packages 
category, at https://www.lmsal.com/solarsoft/ssw/packages/gsfit. Fast 
gyrosynchrotron codes are available within the GX_simulator package in the SSW 
distribution at https://www.lmsal.com/solarsoft/ssw/packages/gx_simulator. Codes 
for calculating the theoretical magnetic model are available from the corresponding 
author upon reasonable request. Public software packages utilized in this study 
include SunCASA (https://github.com/suncasa/suncasa), CASA39 (https://casa.
nrao.edu), SunPy40 (https://sunpy.org), Astropy41 (https://www.astropy.org), 
Athena++34 (https://princetonuniversity.github.io/athena), emcee48 (https://emcee.
readthedocs.io), and LMFIT (https://lmfit.github.io/lmfit-py). 
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Extended Data Fig. 1 | Magnetic modelling of the X8.2 eruptive solar flare event on 2017 September 10. a, Representative magnetic field lines from 
the theoretical standard flare model of Lin & Forbes1. b, and c, Results from the numerical resistive two-and-half-dimensional MHD model in the weak 
and strong guide field Bz case, respectively. Background is SDO/AIA time-series images of the EUV 211-Å filter band. The thin vertical structure with 
red-orange colour near x = 0 Mm is the RCS with an enhanced electric current density jz. The first panel in each row shows the initial conditions of the 
magnetic modeling, which consist of a line current that represents the magnetic flux rope (red circle symbol) and a pair of bipolar magnetic sources at the 
solar surface (point sources in theoretical model and line sources in MHD).
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Extended Data Fig. 2 | Magnetic field variation across and along the RCS in the MHD simulation. a, Enlarged view of the central RCS region in the MHD 
model (white box in the right panels of Extended Data Fig. 1b,c). The RCS exhibits itself as the vertical feature with a strong current density jz. b, Height 
variation of the total magnetic field strength B(y) along the RCS (at x = 0 Mm; vertical dashed line in a). Dashed and dotted curves represent results from 
the full-resolution MHD model at x = 0 Mm and x = 1 Mm. Solid curve is the B(y) profile obtained after convolution with EOVSA’s instrument resolution. 
The latter contains key information about the average magnetic field in the immediate vicinity of the RCS (same as the red curve in Fig. 3b), which 
compares favorably with results derived from EOVSA microwave observations. c, Spatial variation of the x, y, z components of the magnetic field vector 
across the RCS (Bx(x), By(x), Bz(x)) obtained at y = 31 Mm (horizontal line in a). d, Total magnetic field variation across the RCS B(x). Dashed and solid 
curves show, respectively, the result from the full-resolution MHD model and that after convolution with EOVSA instrument resolution. Note the sharp dip 
at the very center of the current sheet is smoothed out. (e)–(h) Same as above, but for the stronger guide field Bz case.
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Extended Data Fig. 3 | MCMC analysis for an example spatially resolved microwave spectrum. The spectrum is taken from the location labelled ‘2’ in  
Fig. 2c. Red lines/circles in each panel indicate the final fit results from the MCMC analysis. Corresponding spectra and residuals calculated from each 
MCMC sampling in the multi-parameter space are shown in the upper right panel as grey curves. Red curves are the final fit spectrum and residual.  
Note the total number density of energetic electrons shown in the corner plot is the result integrated above 100 keV (n> 100

e
I

), which is different from the 
value of n> 300

e
I

 shown in Fig. 2d.

NatuRE aStRoNoMY | www.nature.com/natureastronomy

http://www.nature.com/natureastronomy


Letters NATurE AsTrONOmyLetters NATurE AsTrONOmy

Extended Data Fig. 4 | MCMC analysis for an example spatially resolved microwave spectrum with two spectral components. The spectrum is taken 
from the location labelled ‘3’ in Fig. 2c. The corner plots are similar to Extended Data Fig. 3, but they show MCMC results with two source components. 
Parameters with subscripts ‘1’ and ‘2’ indicate the physical parameter for the two components, respectively. Red curve and dashed black curve in the upper 
right panel shows, respectively, the fit spectrum with both components and the spectrum calculated from the component with a stronger magnetic field 
only (that is, component with subscript ‘1’).
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