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ABSTRACT

Aims. Diagnosing solar flare conditions is essential for understanding coronal energy release. Using combined microwave and X-ray
data, we aim to reconstruct 3D maps of the magnetic fields and plasma parameters in the SOL2021-05-07 flare.

Methods. We used imaging spectroscopy from the Expanded Owens Valley Solar Array (EOVSA) to derive spatial maps of the
magnetic field strength, as well as the thermal and nonthermal electron densities, along with the power-law index of nonthermal
electrons via gyrosynchrotron modeling. Simultaneous X-ray observations from Hinode/X-Ray Telescope (Hinode/XRT) and Solar
Orbiter/Spectrometer Telescope for Imaging X-rays (SolO/STIX), taken from different vantage points, enable a stereoscopic recon-
struction of the flaring loop. By correlating the positions of microwave and thermal X-ray sources, we associated the 3D coordinates

with the microwave-derived plasma parameters.

Results. We derived observational 3D maps of magnetic field strength, Alfvén speed, and plasma beta in a flaring volume, revealing
a magnetically dominated environment. These spatially resolved diagnostics provide valuable constraints for models of magnetic
reconnection and flare dynamics, representing a step toward a realistic 3D characterization of energy release in solar eruptive events.
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1. Introduction

Solar flares and many other solar transient phenomena are driven
by free magnetic energy, which is a dominant form of energy
in the corona (Priest & Forbes 2002; Shibata & Magara 2011).
Therefore, our understanding of the three-dimensional (3D) dis-
tribution of the magnetic field in the corona during flares is cru-
cial for unraveling the physics of these transient phenomena.

The standard solar flare model (CSHKP, Carmichael 1964;
Sturrock 1966; Hirayama 1974; Kopp & Pneuman 1976) sug-
gests that a reconnecting X-point or implied current sheet
are the key sites of the magnetic reconnection and particle
acceleration; whereas recent observations (Krucker et al. 2010;
Fleishman et al. 2011; Chen et al. 2020; Fleishman et al. 2022)
have reported a looptop or cusp region to be the main energy
release or particle acceleration sites. Therefore, devising a 3D
picture of the magnetic field and plasma is needed to localize
the reconnection region, track energy release and transport, and
link accelerated particles to their sources. It could also reveal
the presence of current sheets, plasmoids, and flaring loops.
This 3D picture is important to constrain magnetohydrodynamic
(MHD) simulations (Janvier et al. 2015; Toriumi & Wang 2019),
improving our understanding of reconnection dynamics and flare
evolution (Jiang et al. 2016; Arnold et al. 2021; Guo et al. 2024;
Inoue et al. 2023; Afanasyev et al. 2023).

However, measurements of the coronal magnetic field in
flares remain challenging and rare. The coronal magnetic field
is often quantified using indirect approaches such as nonlinear
force-free field (NLFFF) extrapolations. These models extrapo-
late the magnetic field from photospheric magnetograms under
the assumption that the corona is approximately force-free.

* Corresponding author: kaltman@leibniz-kis.de

Although it is widely used, NLFFF extrapolations have certain
limitations (Schrijver et al. 2006; Wiegelmann & Sakurai 2012;
De Rosa et al. 2009) and they can be entirely erroneous during
episodes of major restructuring in the magnetic field that accom-
pany large solar flares (Fleishman et al. 2020; Afanasyev et al.
2023).

A new and so far unique way of inferring evolving mag-
netic field directly in the flare volume is based on the microwave
imaging spectroscopy of nonthermal emission produced by
energetic electrons accelerated in the solar flare that produce
gyrosynchrotron emission, while moving in the ambient mag-
netic field (Gary et al. 2013). Broadband imaging instruments
such as EOVSA (Gary etal. 2018) provide spectral imaging
across a broad frequency range (1-18 GHz), enabling spatially
resolved measurements of magnetic field over the flaring volume
(Fleishman et al. 2020, 2026).

Despite their advantages, microwave observations provide
only a two-dimensional (2D) map of brightness temperature,
offering no direct information about the source’s position along
the line of sight (LOS). This limitation complicates efforts to
reconstruct the full 3D volume of the flare, necessitating com-
plementary observational techniques or model assumptions.

To address this, stereoscopic X-ray observations from multi-
viewpoint missions can be used to determine the 3D positions
of X-ray sources (Ryan et al. 2024). When the same emission
region is detected in both microwave and X-ray data, the X-ray-
derived geometry can serve as a proxy for 3D localization of
microwave-emitting regions. This provides a 3D distribution of
the magnetic field along with the plasma in flaring regions.

Ryan et al. (2024) presented the first 3D reconstruction of a
thermal X-ray loop-top source during the Geostationary Opera-
tional Environmental Satellite (GOES) M3.9-class 2021-May-07
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EOVSA Dynamic Spectrum for 2021-05-07
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Fig. 1. Top: Background-subtracted dynamic total power radio spectrum
of the 2021-05-07 solar flare observed by EOVSA (top), color scale
shows the flux density in solar flux unit (sfu). Bottom: Time profiles
at selected frequencies illustrate the burst evolution. The black dashed
lines mark the overplotted times of XRT observations.

flare, using coordinated STIX and Hinode/XRT observa-
tions. Their reconstruction yielded refined time-dependent esti-
mates of the source’s volume (2-5) x 10?7 cm?, plasma density
(4-7)x10'%cm™3, source mass (2-5)x 10" g, and thermal
energy (0.75-1.5) x 10°° erg, while demonstrating that conven-
tional 2D approaches may overestimate the actual source size.

In this study, we analyze the 2021-05-07 solar flare (see, e.g.,
Ryan et al. 2024; Mondal et al. 2024) using EOVSA observa-
tions to recover the magnetic field values in the soft X-ray (SXR)
source studied stereoscopically by Ryan et al. (2024). The 3D
geometry derived from stereoscopic X-ray data is then used to
reconstruct the spatial structure of the magnetic field, Alfvén
velocity, and plasma beta in the flaring region.

2. Observations
2.1. Solar Orbiter/STIX and Hinode/XRT

To estimate the 3D locations of the radio emission, we
employed the results of Ryan et al. (2024), who analyzed this
same event. They performed a 3D volumetric reconstruction
of the X-ray emitting plasma as a function of time at 16
time frames during the flare. This was achieved by leverag-
ing Solar Orbiter’s (Miiller et al. 2020) —97° separation from
the Sun-Earth line to combine cotemporal images from Solar
Orbiter/STIX (Krucker et al. 2020) and the Hinode/XRT Be-
thick filter (Kosugi et al. 2007; Kano et al. 2008) via an elliptical
tie-pointing technique (Inhester 2006; Horwitz 2002).

2.2. EOVSA

EOVSA (Gary et al. 2018) provides imaging spectroscopy at 1s
cadence across 451 frequencies from 1 to 18 GHz. Raw data
were retrieved from the public archive and calibrated using
standard procedures, including delay, bandpass, and gain cor-
rections. The self-calibration (Cornwell & Fomalont 1999) was
applied using the burst peak and extended to the full observa-
tional interval 18:52-19:10 UT.

Imaging was performed with a 4-second cadence across
48 frequency bands ranging from 1.25 to 17.16 GHz. During
the imaging reconstruction (using CLEAN)), a circular restoring
beam (defining the angular resolution of the image) was applied,
with the full width at half maximum (FWHM) set to 60”"v~" for
frequencies below 12 GHz and fixed at 5" for frequencies above
12 GHz, where v represents the observing frequency in GHz.
Total power calibration was performed by scaling the image-
integrated fluxes to match single-dish measurements for each
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frequency band. For each map, we computed the root-mean-
square (rms) value, which is typically used as a measure of error
for all pixels of the given map. This approach overall works
well, although it might overestimate errors in some locations
with weak, but reliably measured brightness.

The temporal evolution of the microwave burst is illustrated
in Fig. 1, which shows the background-subtracted dynamic spec-
trum (top) and light curves at selected frequencies (bottom).
Dashed vertical lines mark the times of XRT observations used
for stereoscopic reconstruction.

2.3. SDO (AlA)

Extreme-ultraviolet (EUV) observations from the Atmospheric
Imaging Assembly (AIA) aboard the Solar Dynamics Obser-
vatory (SDO) were employed to investigate the flare structure
(see Fig. 2) and its evolution over time. The 12-second cadence
dataset was calibrated and aligned using the aia_prep.pro
routine provided in the SolarSoftWare (SSW) distribution
(Lemen et al. 2012). A differential emission measure (DEM)
analysis is carried out using the regularized inversion method
(Hannah & Kontar 2012), applied to imaging data from six
SDO/AIA EUV bands (94 A, 131A, 1714, 193A, 2114,
and 335 A). The analysis yields the distribution of the LOS-
integrated total emission measure,

Exy) = f n2(x,y)dz,

in the plane of the sky shown in Fig. 2b. This emission mea-
sure matches well the thermal number density inferred from the
microwave spectral fitting (Fig. 2c¢).

2.4. Inferring the 3D locations of radio emission

A comparison of the EOVSA and XRT Be-thick images (Fig. 2)
indicates that the core of the radio emission originates along
the same (or very similar) lines of sight as the X-ray emis-
sion. In addition, comparison of X-ray- and microwave-derived
source parameters presented in Sect. 3.2, reveals an almost per-
fect match of the thermal number densities inferred from these
two independent diagnostics. This implies that the microwave
emission originates from the same volume as the X-ray one.
However, the microwave diagnostics do not resolve the source
along the LOS and, instead, they recover the means of the source
parameters weighted with the spatial distribution of the nonther-
mal electrons. Accordingly, we approximated the 3D locations
(Fig. 3) of the radio source as lying in a plane passing through the
center of the X-ray source at the given time derived in Ryan et al.
(2024) and the Sun’s rotational axis. The heights shown in Fig. 3
were calculated from the intersections of the EOVSA lines of
sight and this 2D plane. Figure 3 displays positive heights (i.e.,
above the solar surface level) over a rectangular area that fully
inscribes the 20% level of the XRT X-ray brightness.

To quantify the uncertainty in the 3D source heights, we
estimated representative upper limits based on the geometry of
the elliptical cross-sections used in reconstruction (Ryan et al.
2024). Specifically, for each cross-section, the uncertainty was
defined as half the vertical distance between the two intersec-
tions of the ellipse boundary and the LOS from EOVSA through
the ellipse center. This approach provides a conservative esti-
mate of the maximum height variation within each cross-section.
The resulting distribution of height uncertainties spans from
+0.5 Mm to +3 Mm, with both the mean and median approach-
ing +2Mm. Although some 3D positions have uncertainties
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Fig. 2. Panel a: AIA 94 A image at 18:56:59 UT showing the flaring region. The EUV flux tube system is partly occulted by the preexisting cool
filament (a horizontal absorption feature). Thin colored contours represent 20% of EOVSA microwave brightness at four frequencies indicated in
the legend. The thick red contour shows 20% level of the soft X-ray source observed by Hinode/XRT (Be-thick filter) at 18:56:25 UT. Panel b:

Total emission measure of the flare region, with the thin green contour marks the region of enhanced thermal density at the levels of 3.6 x 10'° cm~

3

and 8 x 10'" cm™3, as shown in the bottom panel of Fig. 7. Given the peak EM value of ~2x 10! cm™ and a loop depth of ~20” (~14 Mm, roughly
matching the spatial scale in the plane of the sky), the inferred peak electron density is approximately 1.2x 10'' cm™, consistent with the ny, values
inferred from the microwave spectral fitting and shown in panel (c); this is also the same as the one shown in the bottom panel of Fig. 7. Note:
most of the individual EOVSA images (contours in panel a) do not have loop shapes matching EUV loops; however, the thermal number density
inferred from the multifrequency spectral fitting reveals a loop-like structure (shown in panel ¢), matching the AIA-derived EM map in panel b.
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Fig. 3. Heights of the SXR source in the plane made by the solar rota-
tion axis and the geometrical center of the SXR source obtained by
Ryan et al. (2024) from the 3D stereoscopic reconstruction of the joint
STIX/XRT data. The green line represents the solar limb. The red con-
tour shows Hinode/XRT 20% brightness at 18:56:25 UT (as in Fig. 2a).
The violet contour shows 10% of the 5.79 GHz EOVSA image taken at
18:55:44 UT.

below 0.5 Mm, and a few reach up to 2.9 Mm, we adopted a rep-
resentative uncertainty of +2 Mm for all reconstructed positions.

3. Spectral model fitting

Here, we apply the method of microwave imaging spectroscopy
(Gary et al. 2013; Fleishman et al. 2020, 2022, 2026) to infer the
spatial distributions and temporal evolution of plasma param-
eters in the 2021-May-07 solar flare. Using EOVSA observa-
tions we constructed multifrequency images of the microwave-
emitting region, forming an evolving 3D data cube in frequency
and space. At each spatial pixel of the brightness maps, we fit the
observed spectrum with a homogeneous gyrosynchrotron emis-
sion model using a dedicated tool called GSFIT (Fleishman et al.
2020). This uniform source represents a bar with 2" x 2" front
area (prescribed by the pixel size) and 8" depth (of the order of

the individual features in the flare images; see Fig. 2). For this
spectral model fitting, we adopted an isotropic single power-law
model for the nonthermal electrons with fixed E,j, = 10keV
and Enx = S MeV. We also fixed the temperature of the ambient
plasma at 7 = 20 MK to exclude noticeable free-free absorption
as our trial spectral fit runs with free temperature showed that the
fit results are not sensitive to T provided it is reasonably large.
Therefore, the free fit parameters are: the nonthermal number
density, n,g, and power-law index, J, the thermal density, ny,,
the magnetic field, B, and its angle, 6, to the LOS. Typically, 8
is not well-constrained from the fits; however, we found that it is
important to keep it free to permit enough flexibility for the fit to
find a valid solution. By repeating this analysis over successive
time steps, we obtained evolving parameter maps that reveal the
dynamics of the flare, including the magnetic field strength, B,
the thermal plasma density, ng,, and the parameters of the non-
thermal electron distribution.

3.1. Spectral fitting results

We performed the bulk spectral model fitting for most of the
flare duration, 18:54:56—19:09:56 UT selected to fully cover all
available 3D SXR stereoscopic reconstructions, over all pixels
with a significant microwave flux integrated over the spectrum
(above 0.5 sfu- GHz). Figure 4 illustrates the overall goodness of
the fits. Left panel: Fitted y? (=reduced Chi?) map for a selected
time frame (18:57:24 UT) that is centered around one and ranges
between small values (well below 1) and 4.75. This illustrates a
combination of rather good and “not-so-good” fits, which might
serve an indication that the observed spectrum deviates from
that from a uniform source at the corresponding locations. The
cases with very small y? indicate that the errors are overestimated
in certain locations; see Sect. 2.2. An example of a very good
fit (x> = 0.25) that closely matches literally all spectral data
points is shown in the middle panel. This match confirms that the
shape of the fitted spectrum is consistent with the one from a uni-
form source. In other locations (shown in green and, especially,
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Fig. 4. Goodness of the spectral fit. Left: y? (=reduced Chi?) map for the time frame of 18:57:24 UT. Red contour shows the XRT brightness contour
computed for 18:57:08 UT. Middle: Example of the spatially resolved spectrum from the pixel shown by the red cursor (i.e., the intersection of
the two red dashed lines) in the left panel and corresponding good spectral model fit shown by the blue curve. The vertical dashed red line marks
the spectral peak that demarcates the optically thick (to the left) and thin (to the right) parts of the spectrum. Right: Evolving 2D histogram of the
x? metric (colored dots) and the corresponding median values (black symbols with error bars). This demonstrates that the spectral fits are mainly

acceptable.

yellow and red colors), the observed spectra (not shown) have
more complex shapes; namely, they have more than one spectral
peak or a shallow slope(s), inconsistent with the isotropic uniform
source model. In such cases, the spectral fit can randomly pick up
one of the sources ignoring the others, which results in enhanced
x* metric and “jumps” of the fit parameters between these two
sources located on the same LOS. Right panel: Evolving 2D his-
togram of the y? distribution on top of which we overplotted the
evolving median values with their corresponding uncertainties.
This plot demonstrates that although there are many cases with
too high y2, we have an acceptable spectral model fit (y* < 1.5)
in at least half of the valid pixels in each time frame.

Figure 5 illustrates instantaneous parameter maps and their
evolution. The time frame, 18:57:24 UT, the same as in Fig. 4,
was selected at the end of the first analyzed impulsive peak of
the radio burst, when, presumably, the effect of source nonuni-
formity along the LOS must be minimal'. All demonstrated
parameter maps are rather smooth, albeit with several defects or
artifacts. The thermal number density map displays a nice loop-
like structure, assumed to be tracing a hot and dense post-flare
loop with number density within the range of ny ~ (2—-8) X
10'° cm™3. This loop structure projects onto a bright AIA feature
clearly seen in Fig. 2, which is partly occulted by a cool filament.
The filament material is transparent for the microwave emis-
sion; thus, the loop structure is recovered using the microwave
spectral model fitting. The nonthermal number density in this
loop is about np, ~ 10%cm™; the spectrum of the nonthermal
electrons is very soft, 6 > 10, while distinctly different from a
purely thermal one (see, e.g., Fleishman et al. 2015; Wang et al.
2017). Such a very tiny population of the nonthermal electrons
is expected at the phase of local minimum of the microwave
brightness.

The second column in Fig. 5 displays evolution of these
parameters in the pixel shown by the cursor in the parameter maps.
This pixel was selected because most of the spectra from this loca-
tion during the burst duration are consistent with a homogeneous-
source model, as in Fig. 4, permitting a meaningful spectral model
fitting. There are many other pixels, where the y? metrics are

' If we have two (or more) sources along the LOS at a decay phase,

emission from one of them might decay slower than the other(s). Thus,
at the late decay phase emission from that one may dominate.
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above 2-3, which is an indication that the uniform source model
might not be sufficient to fit the data, because more than one source
is likely located along the LOS. An inspection of such cases and
post-processing filtering of the fit results indicate that the uniform
source fit “picks up” either one or the other source along the LOS,
which is further elaborated on in Sect. 3.2.

During the first analyzed impulsive peak, 18:54:56—
18:57:24 UT, the magnetic field in this location goes down from
700G to 470G, with the rate of B ~ —=7Gs~! similar to ear-
lier reported values (Fleishman et al. 2020, 2026). However, this
only lasts half of minute and then slowly rises up to 810 G with
the rate B ~ 3Gs~!. In principle, these changes in the inferred
magnetic field might represent a geometrical effect, when dif-
ferent portions of the LOS are illuminated by the radio-emitting
nonthermal electrons in different moments, rather than the evo-
lution “in place.” However, the inferred thermal number den-
sity remains in the range of the density inferred from the X-
ray data; thus, we are likely detecting real temporal variations
in B. Further apparent evolution of the magnetic field represents
a combination of decreases and increases overall (anti)correlated
with microwave brightness peaks in time (presumably, episodes
of the free magnetic energy release) superimposed on a general
trend of the magnetic field increase up to ~900 G with the rate
B~ 0.2Gs™!. During the maximum phase of the burst, ~19:00—
19:04 UT, the fit solutions for the magnetic field are not unique,
even though the individual spectra are pretty smooth.

The thermal number density clusters around a few 10'° cm™3;
the uncertainties of individual values are typically about 20—
30%. Thus, the thermal number density is well constrained by
the data. The mean values show a slowly increasing trend, but
the range of the variation remains within the uncertainties and,
thus, they are not statistically significant.

The nonthermal number density is clearly correlated with
the microwave brightness, as expected, until about 19 UT. After-
ward, it could not be well constrained because of the afore-
mentioned nonuniqueness of the fit at the later times. After the
episode when the fit is not unique (=19:00-19:04 UT), the non-
thermal number density gradually decreases as the burst fades
out.

The spectral index, §, demonstrates a very prominent soft-
hard-soft behavior during most of the individual temporal bright-
ness peaks. The range seen for the ¢ variation is between 4
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Fig. 5. Parameters inferred from the spectral model fitting and their evolution. Top row: Magnetic field strength. Second row: Thermal electron
number density. Third row: Nonthermal electron number density. Bottom row: Nonthermal electron power-law index. Left column: Parameter maps
corresponding to the same time frame (18:57:24 UT) as used in Fig. 4. Each map shows a region of interest (ROI) computed as a 20% contour (in
red) of the XRT brightness for 18:57:08 UT. Middle column: Evolution of the fit parameters for the cursor-selected pixel (blue symbols) along with
their corresponding median values (horizontal black lines). The selected pixel shown by a cursor in the left panels demonstrates smooth spectra
and good spectral fits during the entire duration of the burst. Right column: Evolution of 2D histograms of the parameter distributions within the
selected ROI during the entire flare duration. For the nonthermal parameters, evolution of the corresponding median values (symbols with error
bars) are shown on top of the 2D histograms to aid the eye. In both the middle and right columns, vertical dotted red lines highlight the selected
time frame of the maps displayed in the left column. A horizontal stripe in 2D histogram of the thermal density at ng, ~ 2% 10'9 cm™ is an artifact,
as explained in Fig. 6.
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and 14, which is much wider than typically reported from X-
ray data (e.g., Grigis & Benz 2004). Even though the hard X-ray
is mainly produced in the footpoints, and the microwave emis-
sion comes from a coronal volume, which can explain different
values of the indices, the difference in their ranges is striking.
A possible interpretation of this dissimilarity between the X-ray
and microwave diagnostics, already proposed in Fleishman et al.
(2025), is that is it likely due to their sensitivity to nonthermal
electrons with different energies, which evolve differently (see,
e.g., Chen et al. 2021).

These parameter trends discussed for a single pixel are con-
sistent with general trends displayed by the third column show-
ing evolving 2D histograms of the same parameters for all pixels
inscribed within the red ROI. However, these histograms reveal
additional features, which cannot be identified for an individ-
ual pixel. The histograms of the magnetic field and the ther-
mal number density display a pronounced dichotomy (or even
a trichotomy) of solutions. This is due to aforementioned com-
plexity of many individual spectra that show signatures of sev-
eral sources along the LOS, while the uniform source spectral
model can report properties of a single source only. Given that
the relative contributions of these different sources to the total
spectrum can vary in space and time, the spectral fitting results
fluctuate between these different sources yielding the parameter
dichotomy. We note that the effect of this dichotomy is minimal
in the local minimum of the microwave brightness at 18:57:00—
18:58:00 UT; the middle of this interval is shown by the verti-
cal red line. This dichotomy and trichotomy are further illus-
trated by Fig. 6, which shows a 1D histogram of the magnetic
field and thermal number density within the specified ROI dur-
ing the entire analyzed flare duration. Interestingly, the nonther-
mal electron population does not exhibit any dichotomy and this
could possibly point to at most a single acceleration source in
this event.

3.2. Median parameter maps

In Sect. 2.4, we note that the nonthermal microwave source
projects onto the Hinode/XRT SXR source, suggesting that they
originate from the same or closely related regions. However,
the discovered source complexity along many LOSs implies the
presence of at least two different microwave sources along those
LOSs. This makes it difficult to associate any of those sources
with the SXR source for which the stereoscopic 3D reconstruc-
tions are available. To address this issue, we note that (accord-
ing to Fig. 6) those two sources have notably different magnetic
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field and thermal number density. Thus, to disentangle the phys-
ical properties of those two distinct sources, we needed to create
averaged parameter maps as follows. We considered a restricted
two-minute time range, 18:55:00-18:57:00 UT, where there are
many (but by far not all) good spectra, allowing for unique spec-
tral fits. For each pixel and time frame, we sorted out the fit out-
come into two cases: with the inferred magnetic field above or
below 100 G, based on the value that separates two main peaks
in the histogram shown in Fig. 6. Then, for each pixel with
the strong magnetic field, we determined, over the correspond-
ing time frames within our two-minute interval, the median val-
ues and standard deviations of the magnetic field and thermal
number density and assigned all those values to the correspond-
ing pixels to obtain the median parameter maps of this “main”
source. Then, we repeated this procedure for the pixels-over-
time frames associated with the small magnetic field (in a “sec-
ondary” source).

Figure 7 shows these median maps in the first and second
rows. These maps clearly demonstrate that the strong magnetic
field is associated with overall a denser source with the same
number density as observed in SXRs. The other source (shown
in the second row) is more tenuous by a factor of 10 and roughly
two orders of magnitude fainter overall than the main source in
the SXRs; thus, it appears to be invisible there. This permits us
to associate the main source with the SXR source and assign 3D
coordinates of the SXR source to the microwave inferred mag-
netic field values in the main source. To double check this con-
clusion, we applied the same approach to another one-minute
interval, 18:57:00-18:58:00 UT, which is almost free from the
solution dichotomy. The corresponding median parameter maps
are shown in the third row of Fig. 7. It is apparent that they are
similar to the parameter maps of the main source obtained for
the previous 2-minute interval, validating our approach. We note
that the regularized maps from the bottom row of Fig. 7 are very
similar to the instantaneous maps shown in Fig. 5, indicating the
robust performance of the spectral model fitting during the ana-
lyzed one-minute interval.

The second and fourth columns of Fig. 7 show maps of
the standard deviations of the corresponding parameters, which
demonstrate the statistical significance of the inferred parame-
ters over most of the area. However, in a region where the mag-
netic field is strong (red colors in the upper part of the maps
in the first and third rows), the thermal number density is not
well constrained (see white-blue colors in the parameter maps
vs. yellow-green colors in the standard deviation maps). The
reason for this behavior is well understood. The thermal num-
ber density affects the gyrosynchrotron spectrum via the dis-
persion relations of electromagnetic waves (the so-called Razin
effect; see, e.g., Sect. 9.4.2 in Fleishman & Toptygin 2013). The
Razin effect primarily affects the gyrosynchrotron spectrum at
frequencies of f < 20ny,/B. Thus, in sources with a strong mag-
netic field (B ~ 1200 G), the gyrosynchrotron spectrum is only
weakly sensitive to the thermal number density at frequencies
of f 2 1.5GHz provided that ng, < 10" cm™. Therefore, the
white-blue “gaps” in the thermal density maps do not imply low-
density regions; rather, they point to the regions where this den-
sity cannot be constrained using the microwave data.

Figure 8 shows an overall modest increase (typically, by
less than 100G with a median value 45G) of the magnetic
field across most of the ROI between the intervals 18:55:00—
18:57:00 UT and 18:57:00-18:58:00 UT. This indicates a mag-
netic field increase rate of about B ~ 0.5Gs™!.

Below, we capitalized on the fact that the thermal number
density in a denser source inferred from the microwave data
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Fig. 7. Maps (44" x 44"") of the coronal magnetic field strength and thermal electron number density, along with their standard deviations. Top
and middle panels: Derived over the two-minute interval 18:55:00-18:57:00 UT for pixels with B > 100G and B < 100 G, respectively. Bottom
panel: Derived over the one-minute interval 18:57:00-18:58:00 UT for pixels with B > 100 G. The red contour shows the 20% ROI level from
Hinode/XRT at 18:56:25 UT, and the violet contour indicates the 10% brightness level from the 5.79 GHz EOVSA image at 18:55:44 UT.

[ — |
—400.0 -240.0 -80.0 80.0 240.0 400.0
i [C)
T
310 - B
3 a00© ]
=4
I,
>
290 ¢ Bl
280 B
il oo lLncnnones s I
-910 -900 -890 -880 -870
X [arcsec]

Fig. 8. Map of the median magnetic field difference between two inter-
vals: [18:55:00-18:57:00] UT minus [18:57:00-18:58:00] UT, with the
median computed in both cases using only pixels where B > 100 G. The
red contour shows the 20% ROI level from Hinode/XRT at 18:56:25 UT,
while the violet contour indicates the 10% brightness level from the
5.79 GHz EOVSA image at 18:55:44 UT.

spans the range of ng ~ (1-10) x 10'°cm™3, with a median
value near 5 X 10'°cm™, which matches the density derived
from the stereoscopic SXR data analysis perfectly (Ryan et al.

2024). In that case, the density varies between approximately
(5-7) x 10" cm™ (their Fig. 6e); thus, we can focus on that
denser source. This match is consistent with the assumption that
the volume filling factor is close to unity in the flaring source.
Given the absence of comparably dense plasma at other loca-
tions than the SXR source, we can conclude that the microwave
and SXR emissions arise from the same physical volume. This
provides a robust basis for assigning the 3D X-ray—derived coor-
dinates to the plasma and magnetic field parameters inferred for
our main source from the microwave analysis.

3.3. Evolution of the fit parameters moments

For each of the 16 ROIs, employed in Ryan et al. (2024) for
the SXR stereoscopic reconstruction, we analyzed the physi-
cal parameters inferred from the microwave spectral model fit-
ting described in Sect. 3.1 within a temporal window of +12s
around the corresponding time frame. Only fit solutions with
magnetic field strengths above 100G were included in the
analysis.

Within each ROI, over each 24-second interval, the mean,
median, and standard deviation of the parameters were calcu-
lated to provide representative values and associated uncertain-
ties. The resulting time dependences are presented in Fig. 9.

A158, page 7 of 11



Kaltman, T, et al.:

magnetic field

1000 £
— 900
S 8oof
T 700¢
600 £ :
18:54 18:57 19:00 19:03 19:06
Time [UT]
thermal electron density
5 i
e o
& L
C£ r
18:54 18:57 19:00 19:03 19:06
Time [UT]

19:09

19:09

A&A, 707, A158 (2026)

nonthermal electron density

18:57 19:00 19:03

18:54
Time [UT]
spectral index
25F .
20 E
o 190 ;
108 R RE
5t
OE -+ B
18:54 18:57 19:00 19:03 19:06 19:09
Time [UT]

Fig. 9. Temporal evolution of the mean (black) and median (blue) values of four physical parameters: magnetic field strength (B), nonthermal
electron density (n,n), thermal electron density (n4), and electron spectral index (6), derived from radio diagnostics. The parameters are averaged
over each of the 16 ROISs (corresponding to 16 time frames analyzed by Ryan et al. 2024). Error bars denote the standard deviation across the ROIs
at each time step. Horizontal dashed lines indicate the mean and median of each parameter over the full interval. All parameters exhibit only minor

variations with time, remaining within the respective uncertainties.

The temporal profiles of the inferred parameters show no
significant systematic evolution. The median magnetic field
strength (B) displays a slight upward trend consistent with earlier
revealed increase of B ~ 0.2 G s~!. The nonthermal electron den-
sity (nnm) varies over nearly two orders of magnitude; however,
the large disparity between the mean and median, together with
the broad error bars, suggest the presence of outliers, rather than
a global trend. The thermal electron density (ny,) remains nearly
constant throughout the analyzed period, aside from a short-lived
dip around 19:02 UT. The spectral index (6) fluctuates within the
range ~(7-15), with increasing uncertainties toward the end of
the interval.

The weak temporal variability and close agreement between
the mean and median trends of the magnetic field indicate that
it did not evolve noticeably within the selected XRT ROIs. This
justifies the use of short (1-2 min) temporal segments for further
analysis and allowed us to average parameter values over such
intervals, which provides smoother parameter maps than for any
individual time frame.

These median values complemented by the source volume
defined from the SXR stereoscopy, V = 5 X 10?7 cm?, enable
us to compute and compare the available energy and pres-
sure of the magnetic field and thermal plasma. Specifically, for
Bued = 750G, we obtained Wy ~ 1032 erg, while for nym med =
103cm™3, 6peq ~ 8, and adopted E.;, = 10keV we obtain
Wan = 2.4 x 10% erg, which is less than the magnetic energy by
more than two orders of magnitude; thus, the inferred magnetic
field is sufficient to power the flare (cf. Fleishman et al. 2020).

These data also permit us to check if the derived flare param-
eters are consistent with the plasma confinement by the mag-
netic field. At the looptop edge, we have B = 306 G; thus, the
magnetic pressure is pp = 1120ergem™, which is a factor of
5 higher than the thermal pressure py, ~ 230ergcm™ obtained
for the microwave derived thermal number density and X-ray
derived temperature of 16 MK (Ryan et al. 2024, the microwave
spectra are not sensitive to such high temperatures as was noted
in the beginning of Sect. 3). This dominance of the magnetic
pressure is sufficient for plasma confinement.
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Fig. 10. Scatter plot of the representative heights of the EOVSA
microwave source (estimated by intersecting the EOVSA lines of sight
with the plane defined by the Sun’s rotation axis and the geometric
center of the SXR source; see Fig. 3) versus the corresponding mean
magnetic field strengths. Vertical and horizontal bars indicate uncer-
tainties in height and magnetic field strength, respectively. The green
and orange lines show empirical magnetic field height profiles from
Fedenev et al. (2023) overplotted for reference. The correspondence
indicates that our reconstructed magnetic field values are physically
plausible and lie within the expected range for active region loops.

3.4. Height dependence of the magnetic field

3D coordinates of our reconstruction permit us to determine how
magnetic field strength varies with height in the corona, which is
important for many practical applications. Figure 10 shows this
dependence in the form of a scatter plot of the median magnetic
field strength versus height of the source, for the pixels within the
ROI obtained from Hinode/XRT 20% image at 18:56:24.9 UT.
This plot reveals an overall decrease of the field strength with
height as expected.

To place our results in the context of previous observations
and models, we compare them with the published profiles of
the coronal magnetic field dependence on height. The green
line shows an empirical dependence for a “typical” magnetic
field in active regions (AR) inferred by Dulk & McLean (1978)
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Fig. 11. Maps of the Alfvén velocity (left), plasma beta (center), and plasma-to-gyro frequency ratio (right) for the high-B source (top two rows,
time intervals 18:55:00-18:57:00 and 18:57:00-18:58:00 UT) and the low-B source (bottom row, 18:55:00-18:57:00 UT). The red contour shows
the 20% ROI level from Hinode/XRT at 18:56:25 UT, and the violet contour indicates the 10% brightness level from the 5.79 GHz EOVSA image

at 18:55:44 UT.

from a combination of different indirect techniques. Most of
our inferred data are located above this line. The yellow line
shows a maximum magnetic field Byax (k) obtained from NLFFF
extrapolation devised for AR 12673 at 2017-Sep-06, when this
AR displayed high photospheric (Wang et al. 2018) and record-
breaking coronal magnetic field (Anfinogentov et al. 2019). By
construction, the yellow line represents a (soft) upper bound of
the AR magnetic field in the steady state, confirmed by a com-
pilation of various coronal magnetic field measurements per-
formed by Fedenev et al. (2023)?. Our inferred magnetic field
data are mostly below this line.

4. 3D Maps of the Alfvén speed and plasma beta

The reconstructed 3D maps of magnetic field strength and
plasma number density allow us to derive key physical param-

2 An interactive version of their B(h) plot can be found at https:
//www.leibniz-kis.de/en/research/solar-magnetism/
coronal-magnetic-field/.

eters that govern plasma dynamics in the solar corona; most
notably the Alfvén speed va = B/+/4mp and the plasma beta
B = 8np/B? (see, e.g., Gary 2001; Arnold et al. 2021), where B
is the magnetic field strength, p = 1.2m, (ng + nng) is the mass
density, and p = 3nyhkgT is the thermal pressure of the plasma.
Here, m,, is the proton mass, while the factor 1.2 accounts for
the presence of helium and heavier ions according to solar coro-
nal abundances. The thermal pressure, p, is calculated from
the inferred thermal electron number density using the ideal
gas equation of state, where kp is the Boltzmann constant and

= 16 MK is the plasma temperature inferred from the SXR
data (Ryan et al. 2024).

Figure 11 presents the spatial distributions of the Alfvén
speed (va), plasma beta (8), and the plasma-to-gyrofrequency
ratio (@ = fpe/ fe) for two intervals: 18:55:00-18:57:00 UT (top
and bottom rows) and 18:57:00-18:58:00 UT (middle row; the
bottom row shows the results obtained for the low-B source; see
Sect. 3.2 and the bottom row of Fig. 7). Within the ROI (red con-
tour), plasma beta remains well below unity in the main source,
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indicating a magnetically dominated environment. The Alfvén
speed ranges there from 2 x 108 to over 8 x 108 cms~!. The ratio
a stays around 1 across most of the ROI. In contrast, in the sec-
ondary, “low-B” source, the Alfvén velocity is about ten times
smaller than in the main source, the plasma  is about 1, and the
frequency ratio is well above 1.

Despite the general regularity seen among the parameter
ranges between the two intervals, the internal structure of the
flaring volume is highly inhomogeneous. Localized variations
in va, B, and fp./ fge reveal complex plasma and magnetic con-
figurations, which are crucial for revealing the effects of wave
propagation, reconnection physics, and particle acceleration
mechanisms.

5. Discussion

This study reports 3D reconstruction of the magnetic field and
other physical parameters in the coronal source of the 2021-05-
07 flare obtained using a combination of imaging microwave
spectroscopy and stereoscopic SXR data. To infer the magnetic
field, we employed a gyrosynchrotron spectral model fitting of
the EOVSA imaging spectroscopy data, which also provides
thermal number density and nonthermal electron properties.

The microwave data reveal a complexity of the flare source
with at least two distinct microwave sources at many LOSs
and time frames. At the beginning of the flare, roughly 18:55—
18:58 UT, the data allow for these sources to be disentangled
with distinctly different microwave-inferred parameters. One of
them displays the thermal number density matching that inferred
from the SXR data, which permitted us to identify this microwave
source with the SXR source. Therefore, the 3D coordinates
derived from the SXR stereoscopic data can be applied to the mag-
netic field and other parameters inferred from the microwave spec-
tral model fitting, providing us with previously unavailable evolv-
ing 3D distributions of the coronal magnetic field in the flaring
region, along with a number of other inferred parameters (notably
the thermal and nonthermal number densities). This highly impor-
tant new information on the magnetic field in the flaring volume
permitted us, in particular, to investigate dependence of this mag-
netic field on the height and put these data in the context of other
measurements and models of the coronal magnetic field.

Moreover, having access to 3D data on both the magnetic
field and plasma density enables the construction of 3D distri-
butions of key parameters that govern plasma dynamics, such
as the Alfvén velocity and plasma beta. These quantities play a
fundamental role in the physics of flares. The plasma beta quanti-
fies the relative importance of thermal and magnetic pressure. As
emphasized by Gary (2001), the assumption § < 1 is not always
valid throughout the corona and accurate magnetohydrodynamic
modeling requires knowledge of 3, especially in regions where it
approaches or exceeds unity. Properly accounting for high-beta
environments is essential, as they could potentially invalidate the
force-free approximation (Wiegelmann & Sakurai 2012). More-
over, the plasma beta plays a pivotal role in both the theoretical
understanding and numerical modeling of magnetic reconnec-
tion and current sheet formation (Chen et al. 2020). The Alfvén
speed sets the characteristic scales for MHD wave propaga-
tion and reconnection rates. In models of particle acceleration
(e.g., Arnold et al. 2021), the Alfvén speed often plays a central
role: it defines the normalization of fundamental physical scales
(including energy, time, and length), while governing the rate of
electron acceleration and influencing the spectral slope (i.e., the
hardness) of the resulting electron energy distribution.

Our ability to derive these quantities in 3D using coordi-
nated microwave and X-ray data offers a major leap in connect-
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ing observed structures with the plasma conditions responsible
for energy release and particle acceleration. While many obser-
vational studies are limited to 2D projections or LOS integrals,
spatially resolved 3D diagnostics allow us to identify localized
variations essential for flare dynamics.

These 3D distributions provide important, earlier unavail-
able, observational constraints for theoretical models of flare
energy release and particle acceleration (e.g., Arnold et al. 2021)
and in a broader context of the magnetohydrodynamical (MHD)
models of the solar corona. For example, the Alfvén velocity
is the key parameter in the theory of the MHD waves, which
is foundational to coronal seismology (e.g., McLaughlin et al.
2011; Nakariakov et al. 2024). Traditionally, the coronal seis-
mology relied on simplified models, such as uniform cylindrical
structures (Zaitsev & Stepanov 1982; Edwin & Roberts 1983),
to interpret coronal oscillations. These models typically assume
spatially uniform magnetic field and plasma density, enabling
analytical solutions that (as compared to observations) can yield
mean or weighted values of the Alfvén velocity and other rel-
evant parameters in the analyzed loop (e.g., Nakariakov et al.
2024).

Meanwhile, our results show that both the Alfvén speed
and plasma beta vary significantly within the flare region, as
illustrated in Fig. 11, which is in line with several earlier
reports (Verwichte et al. 2013; Cho et al. 2017). These spatial
variations reveal the nonuniformity of the magnetic field and
plasma density in the flaring loop. The observed complexity
challenges the simplified seismological models and calls for a
more sophisticated advanced modeling approaches. Incorporat-
ing these nonuniformities into coronal seismology is crucial for
improving the realism of the MHD models, which is needed for
reliable coronal diagnostics.

Finally, we computed a 3D distribution of the plasma-
frequency-to-gyrofrequency ratio, @, which turned out to be
equal to about 1 in our flaring region. This parameter controls the
coherent emission mode, which can be generated in the plasma.
Roughly speaking, if this ratio is smaller than 1, then the electron
cyclotron maser (ECM) emission may dominate; meanwhile, in
the opposite case, the plasma emission may dominate provided
that some instability conditions are met (Fleishman & Melnikov
1998; Yu et al. 2024). In our case, we have both @ < 1 and a > 1;
therefore, conditions for both ECM and plasma emission can be
met.

To conclude, we have reported a new powerful methodol-
ogy for recovering 3D magnetic field and its associated parame-
ters such as the Alfvén speed and plasma beta. We applied this
methodology to a solar flare jointly observed with a set of mul-
tiwavelength instruments. The derived 3D distributions of the
parameters can now be used as important observational con-
straints in various aspects of the flare modeling.
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