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Decay of the coronal magnetic field can release
sufficient energy to power a solar flare

Gregory D. Fleishman'*, Dale E. Gary*, Bin Chen', Natsuha Kuroda?3, Sijie Yu?, Gelu M. Nita'

Solar flares are powered by a rapid release of energy in the solar corona, thought to be produced by
the decay of the coronal magnetic field strength. Direct quantitative measurements of the evolving magnetic
field strength are required to test this. We report microwave observations of a solar flare, showing
spatial and temporal changes in the coronal magnetic field. The field decays at a rate of ~5 Gauss

per second for 2 minutes, as measured within a flare subvolume of ~10? cubic centimeters. This fast
rate of decay implies a sufficiently strong electric field to account for the particle acceleration that
produces the microwave emission. The decrease in stored magnetic energy is enough to power the solar
flare, including the associated eruption, particle acceleration, and plasma heating.

he solar corona sometimes exhibits an

explosive release of the energy stored in

magnetized plasma, which drives pheno-

mena such as solar flares (7-5). The stan-

dard model of solar flares (6-9) posits that
they are powered by magnetic energy stored in
the solar corona and released (dissipated into
other forms) through magnetic reconnection
(10)—a reconfiguration of the magnetic field
topology toward a state of lower magnetic en-
ergy. Changes in the coronal magnetic field
during a flare or other large-scale eruption have
been quantified only indirectly, for example
(I1), from extrapolations of the magnetic field
measured at the photosphere—the surface layer
of the Sun seen in white light. Although this
method can quantify the modest magnetic en-
ergy transfer of ~10%, it is known to suffer
from many shortcomings (72). The extrapola-

Fig. 1. Multiwavelength observations of the
class X8 flare on 10 September 2017. (A) An
EUV image (193 A) with inverted brightness
overlain with contours outlining the thermal
(red contours) and nonthermal (blue contours)
hard x-ray (HXR) emission (16). The green
and white lines are a schematic drawing of the
plasma sheet (the current sheet, according
to the standard solar flare model), closed and
collapsing (newly reconnected) loops, and

the cusp region, where the fastest evolution
of the magnetic field takes place. Only one of
the loop foot points (the southern one) is
located on the visible side of the disk, whereas
the other is located behind the limb (occulted
by the Sun). The thin white curve shows the
solar surface (photosphere). The dotted black

tion approach does not allow the dynamic local
changes of the magnetic field to be quantified
at time scales short enough to characterize the
flare energy release.

We report observations (13) of a large
solar flare—one of several that occurred in
September 2017. The partially occulted eruptive
flare occurred in active region (AR) 12673,
at heliographic coordinates 9° south, 91° west
(Fig. 1A), on 10 September 2017. This event ex-
hibits the main ingredients of the standard flare
model, including a cusplike structure of nested
magnetic loops that evolves upward at a speed
of ~30 km s™ and an apparent current sheet
(Fig. 1A) (14-16). This eruptive flare was widely
observed at many wavelengths (14-19). Esti-
mates of the kinetic, thermal, and nonthermal
energies released in the flare are available
from complementary approaches and datasets,

whereas the dominant magnetic energy has only
been estimated indirectly (20). Figure 1 shows
context information for the flare, including
the microwave images that we observed using
the Expanded Owens Valley Solar Array (EOVSA)
(21) in 26 microwave bands in the range of 3.4 to
15.9 GHz (13).

We produced magnetic field maps from these
observations (13), examples of which are shown
in Fig. 2. The full sequence is shown in movie S1.
They show strong variation between maps,
demonstrating the fast evolution of the coro-
nal magnetic field strength B. The magnetic
field strength decays quickly at the cusp re-
gion; away from that region, the field also
decays but more slowly.

To quantify this decay, Fig. 3 shows the time
evolution of the flaring coronal magnetic field
at two locations marked in Fig. 2. Both loca-
tions exhibit a decay in the magnetic field
strength but with different timing. One loca-
tion shows a decay of the magnetic field from
~600 to ~200 G over ~1 min, a magnetic field
decay rate of |B|~6.6 Gs™'. The decay ends
at about 15:58 Coordinated Universal Time
(UTC), after which the magnetic field at this
location remains roughly constant. By con-
trast, the location within a larger and higher
collapsing loop, marked in Fig. 1A, experiences
alonger decay, until roughly 16:00 UTC. In this
location, the magnetic field decays from ~900
to ~250 G over ~2 min, a rate of |B| = 5.4 G s
The energy release suggested by this magnetic
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lines indicate the solar coordinate grid marked at 5° intervals. X and Y are the Cartesian coordinates with the coordinate center adopted in the center of
the solar disk. RHESSI, Reuven Ramaty High Energy Solar Spectroscopic Imager. (B) The same image as (A), overlain with the microwave observations
taken with EOVSA. The colored regions indicate the =50% brightness areas corresponding to 26 frequencies from 3.4 to 15.9 GHz. The relationships among
different data sources suggest that the microwave emission comes from the cusp region, outlining the newly reconnected collapsing field lines. The gray
box outlines the region of corresponding magnetic field maps in Fig. 2. AIA, Atmospheric Imaging Assembly; Freq., frequency.
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field decay ends around the time of the peak
microwave emission (16:00 UTC), which is
consistent with the theoretical predictions
of microwave emission arising from a pop-
ulation of trapped electrons (I6).

‘We compare these measurements of the de-
caying coronal magnetic field with equilib-
rium models that are based on extrapolation
of photospheric magnetic field measurements
(11). The extrapolation requires corresponding
photospheric vector magnetic field data, which
are not available for this partially occulted
event. However, magnetic field models are
available (22) for this AR a few days earlier,
on 6 September 2017, when this AR could be
seen more face-on. These models found that
the strongest magnetic field in the corona at
the height of 30 Mm was ~200 G [figure 5 in
(22)]. Our measurements at that height match
this model value at the end of the time range
analyzed, after the decay of the magnetic field
is over, which implies that the magnetic field
in the flare evolves toward an equilibrium
state. However, the much stronger values ob-
served earlier in the flare are several times as
high as the equilibrium values. This indicates
that a dynamic, transient magnetic field was
lifted up from lower heights by the eruption
process. This redistribution of the strong mag-
netic field—originally located low in the corona—
over a much larger coronal volume during the
flare might power the solar flare and asso-
ciated eruption.

The Faraday equation is B= —¢V x E
(where B and E are the magnetic and electric
field vectors, respectively, and c is the speed of
light), which requires that an electric field be
associated with the observed decay in mag-
netic field strength. Estimating |V x E| as E/R,
where R is the scale of nonuniformity at the
cusp region, and adopting representative values
B~5Gs ' and R~3.65 x 10® cm—equivalent
to 5 arc sec on the Sun, which is the size of the
smallest coherent structures in the magnetic
maps [as well as in extreme ultraviolet (EUV)
images (I5)]—we find E ~ 20 V cm™. For com-
parison, the Dreicer field, which demarcates
regimes of the steady electric current and
free runaway of the plasma electrons (23),
is Ep~ 10~*V ecm™!. This field strength E is
consistent, within an order of magnitude, with
available indirect estimates (10, 24, 25) for
other large flares. Our choice of the scale R =
5 arc sec is ~10 to 20% of the cusp size and
represents the macroscopic structure. It does
not preclude the existence of smaller-scale
structures and the proportionally smaller
electric fields associated with them. However,
the derived electric field remains above the
Dreicer value for any scales > 5 x 1072 arc sec.

The decrease in magnetic energy at the cusp
region must be associated with a conversion of
that energy into other forms. An energy source
is needed at the cusp region of this event to
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account for its enhanced temperature (15). The
magnetic-field-aligned component of our in-
ferred electric field should accelerate particles
as required to power the microwave emission
and could drive the observed enhanced heat-
ing at the cusp region (15).

The decay in magnetic field strength implies
advection and/or diffusion of the magnetic
field, which can be estimated using the induc-
tion equation, B = V x [0 x B] + vV2B, where
v is the plasma velocity and v is the magnetic
diffusivity. The advection term,V x [v x BJ, can
easily account for the magnetic field variation
during the phase of apparent upward motion
of the arclike structures in the magnetic field
maps from 15:57:00 to 15:59:25 UTC (movie S1).
However, at later times these arclike struc-
tures fade without moving, which implies
dissipation of the magnetic field, not advec-
tion. We estimate the magnetic diffusivity
v required to drive the apparent decay rate
(|B| = 5 G s71) of the magnetic field (B ~ 600 G)
asv~ R? B/B ~10% cm? s~ This value of v is
much larger than the magnetic diffusivity due
to Coulomb collisions (26). It can only be pro-
vided by turbulent magnetic diffusion, which
appears when a large fraction of the velocity v
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entering the induction equation is fluctuating
[turbulent-like (27)], rather than steady. Aver-
aging the induction equation over the random
velocity field results in a renormalization of
the magnetic diffusivity coefficient (26) such
that v~u R/3, where u is the typical turbu-
lent velocity. Nonthermal turbulent velocities
of u ~100 km s~ were measured at the cusp
region in this flare (5), which impliesv ~ « R/
3~1.2 x 10% cm? s7!, in agreement with the
estimate obtained from B above.

Figure 3B shows the evolution of the mean
magnetic energy density (13) in this region.
Over ~1.5 min, the magnetic energy density
decays at a rate of ~200 erg cm > s7, losing
~80% of the magnetic energy available in this
area. The net decrease of the magnetic energy
in the adopted nominal flare volume of 10?® cm?,
which corresponds to a source with a linear
scale of ~20 Mm (Fig. 1), is ~2 x 10%? erg.

We compare this reduction in magnetic en-
ergy density with the energy density of non-
thermal electrons (microwave diagnostics pro-
vides the instantaneous electron and energy
densities, unlike x-ray diagnostics, which
provides electron and energy flux), which we
compute from the same data (13). Figure 3B

15:58:12 LI

16:00:36 UT
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Fig. 2. Evolving maps of the coronal magnetic field. (A to D) Four coronal magnetic field maps derived
for the 10 September 2017 flare, separated by 72 s. Apparent upward motion of the radio source and looplike
structures in the magnetic field maps is visible in panels (A) to (C), showing the spreading of the
reconnection process upward. Red and white squares, and the empty white box, correspond to locations
shown in Fig. 3. The solar coordinate grid and the solar photosphere are shown by the white dotted and
solid lines, respectively. Movie S1 shows an animated version of this figure.
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Fig. 3. Evolution of the magnetic field and magnetic energy. (A) Evolution
of the magnetic field at two locations shown in Fig. 2. The red and black
symbols show the data from the red and white squares, respectively.

Black circles show decay of the magnetic field from 15:57 to 15:58 UTC,
remaining roughly constant after that. The red squares, which correspond
to a higher member of the system of nested loops, show a similar decay
lasting 2 min longer, coinciding with the apparent upward motion of

shows the evolution of the (lower bound of
the) nonthermal energy density, assuming a
power-law distribution of electrons with a low-
energy cutoff of E;, = 20 keV (I13). Although
this nonthermal energy constitutes only a few
percent of the decrease in magnetic energy, it
appears that the main decay of the magnetic
energy is correlated in time with the increase
of the nonthermal electron energy. This result
implies that a direct energy conversion occurs
in this region. The thermal energy density and
kinetic energy density of turbulent motions
cannot be estimated from the microwave diag-
nostics alone but require additional inputs
based on available EUV diagnostics (15). The
estimated thermal energy density (13) is also
shown in Fig. 3B. It overlaps with the lower
bound of the nonthermal energy density ob-
tained above. The Kinetic energy associated
with random motions of the plasma is two
orders of magnitude lower than the thermal
energy. This implies that we observe a region
at the cusp location—where available magnet-
ic energy is converted to other forms of flare
energy—which occurs below, but not within,
the reconnection current sheet. The observed
release of the magnetic energy is sufficient to
power all other observed forms of energy in
the flare.

Our observations quantify the coronal mag-
netic energy at the flare site and establish ex-
actly where and how fast it is released. Our
findings provide a quantitative observation
of energy transformation in a solar flare, link-
ing the thermal and nonthermal energy com-
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ponents to the associated magnetic energy
release.
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Magnetic energy release in a solar flare

Solar flares are bright flashes and associated eruptions of plasma from the Sun that are thought to be powered by
violent rearrangement of the magnetic fields near sunspots. Fleishman et al. observed a bright solar flare with a
microwave interferometer, allowing them to map the magnetic field in the solar corona and monitor how it changed during
the flare. They found a large drop in the local field strength over 2 minutes, releasing enough magnetic energy to power
the entire solar flare. Determining the origin of this energy will help to predict how strong future solar flares may be and
their potential space weather impacts on Earth.
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