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Abstract

High-energy solar activity eruptions are closely related to the current struc-
tures within active regions, and Ampere’ s law j_z= [1/ _0 ( xB)J] _z is the
theoretical basis for measuring the line-of-sight current density in active regions.
Since random noise inevitably exists in measured vector magnetic fields, current
densities calculated using different forms of Ampere’ s law exhibit significant dif-
ferences. To compare the differences in results calculated by different forms and
explore a practical method for current calculation, based on the vector magne-
togram of active region AR11158 measured by the Solar Dynamic Observatory
(SDO)/Helioseismic and Magnetic Imager (HMI) on February 15, 2011, the line-
of-sight current density distributions in the active region were calculated using
both the differential algorithm and integral algorithm of Ampere’ s law. The re-
sults show that the line-of-sight current density j_z distribution obtained by the
differential algorithm is far more affected by random noise than that obtained
by the integral algorithm, and the current structures in the distribution map
are less clear than those obtained by the integral algorithm. Additionally, when
the radius of the integration loop is increased, the noise signal in the calculated
current distribution map decreases rapidly, thereby making the current struc-
tures in the calculated line-of-sight current distribution map clearer. However,
when the radius of the integration loop is further increased, while obtaining a
clearer current distribution map, some fine structures in the current distribution
map are also distorted. This study demonstrates that appropriately expanding
the integration loop for calculating line-of-sight current distribution maps can
reduce the influence of random noise on the calculation results, thereby obtain-
ing clear and realistic line-of-sight current distribution maps, but an excessively
large radius of the integration path will, while eliminating noise effects, cause
loss of some fine structures in the current distribution. Therefore, in practical
current calculations, high-resolution vector magnetograms should be used, and
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an appropriate integration path should be selected to calculate the line-of-sight
current in active regions using the integral algorithm of Ampere’s law, thus help-
ing us explore the relationship between flare eruptions and current structures
within active regions.
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Abstract: Solar energetic eruptions are closely related to current structures
within active regions, with Ampere’s law serving as the theoretical foundation for
measuring vertical current density. However, random noise inevitably present in
measured vector magnetic fields leads to significant differences in current density
calculations depending on the form of Ampere’s law employed. To compare these
different computational approaches and identify a practical method for current
calculation, we analyzed vector magnetograms of active region AR11158 mea-
sured by the Solar Dynamics Observatory (SDO)/Helioseismic and Magnetic
Imager (HMI) on February 15, 2011. Using both differential and integral al-
gorithms of Ampere’ s law, we computed the distribution of vertical current
density within the active region. The results demonstrate that the vertical cur-
rent density distribution obtained through the differential algorithm is far more
susceptible to random noise than that from the integral algorithm, with current
structures appearing less clearly defined. Furthermore, when the integration
loop radius is expanded, the noise signal in the calculated current distribu-
tion decreases rapidly, yielding clearer current structures. However, continued
expansion of the integration loop radius, while producing clearer current dis-
tribution maps, simultaneously distorts some fine-scale structures. This study
confirms that appropriately expanding the integration loop can reduce the im-
pact of random noise on calculations and produce clear, reliable vertical current
distribution maps, though excessively large integration radii eliminate noise at
the cost of losing fine structural details. Therefore, in practical current calcula-
tions, high-resolution vector magnetograms should be used with Ampere’ s law
in integral form, selecting an appropriate integration path to calculate vertical
currents in active regions, thereby helping us explore the relationship between
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flare eruptions and current structures.

Keywords: active region; flare; vector magnetic field; electric current density;
Ampere’ s law

Solar flares are high-energy explosive phenomena in the solar atmosphere, often
accompanied by coronal mass ejections (CMEs) that release large quantities of
high-energy particle streams and magnetic clouds into interplanetary space, be-
coming a primary cause of hazardous space weather. Therefore, studying flare
eruption mechanisms is crucial for effective prevention of catastrophic space
weather. Research indicates that magnetic flux emergence and cancellation,
sunspot rotation, and shear motion are three primary mechanisms triggering
major flares. A study of multiple flares in active region AR12673 (including
an X9.3-class flare) proposed a new trigger mechanism where eruption is in-
duced by blockage from pre-existing magnetic fields. During September 4-10,
2017, AR12673 produced 88 flares, including 4 X-class, 27 M-class, and 57 C-
class events, with the two most intense flares occurring on September 6 (X9.3)
and September 10 (X8.2). The X9.3 flare was the strongest of Solar Cycle 24,
producing significant geophysical effects. Consequently, this active region has
been extensively studied, with results showing that shear motion and sunspot
rotation played important roles in triggering the two successive X-class flares
and CMEs. Flare energy release occurred in low-shear magnetic loops above
the neutral line, with photospheric enhancements caused by high-energy par-
ticles from the flare bombarding the photosphere. Magnetic reconnection is
considered an effective mechanism for rapid energy release during flares, typi-
cally occurring in highly sheared magnetic field regions. During reconnection,
magnetic topology changes, converting magnetic energy into thermal energy for
plasma heating and kinetic energy for particle acceleration. The initial energy
release is generally believed to occur primarily in the corona, with flares driven
by free magnetic energy released through reconnection. Free magnetic energy
refers to the difference between total magnetic energy and potential field energy
—the greater the deviation of an active region’ s magnetic configuration from a
potential field, the larger the difference between total and potential field energy,
the stronger the non-potentiality, the more free magnetic energy stored, and
the greater the probability of flare production. Shear and twist of magnetic
field lines in and below the photosphere, as well as emerging magnetic flux, all
contribute to the non-potential nature of active region magnetic fields. Since
magnetic field gradients are large at neutral lines with no significant variation
in the longitudinal component but highly sheared horizontal fields, substantial
free magnetic energy is generated under magnetic pressure, causing most flares
to occur near magnetic neutral lines. Studies of five X-class flares found that
magnetic shear along neutral lines significantly increased after the flares. Re-
cent high-resolution vector magnetogram studies indicate that active regions
with strong shear along their main neutral lines contain substantial net cur-
rents. Research on current distributions in active regions shows that flare- and
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CME-productive active regions are inherently endowed with large net currents,
consistent with recent observational results. Furthermore, flare ribbon positions
and morphology are closely related to strong photospheric current ribbons, with
morphological changes in flare ribbons during evolution potentially associated
with current ribbons. Regions of high current density in solar active regions
coincide with Ha flare kernels and areas of extreme magnetic shear, supporting
the theory that flares are triggered by plasma instabilities caused by strong cur-
rents. These studies confirm that currents may exist before flare eruptions and
play important roles in them, with close relationships between current ribbons
and flare ribbons in active regions. Therefore, calculating current distributions
in strong magnetic fields on either side of active region neutral lines is significant
for predicting flare eruption locations and morphology.

With continuously improving temporal and spatial resolution of observational in-
struments, our understanding of solar eruption mechanisms has deepened, with
accurate vector magnetic field measurements being crucial for studying trigger
mechanisms. Solar vector magnetic field measurements are based on the Zee-
man effect. Since polarization signals from the corona and transition region are
extremely weak, vector magnetic fields in these regions are currently difficult to
obtain, leaving the photosphere as the only region where magnetic fields can be
accurately measured. Using measured photospheric magnetic field structures
as boundary conditions, the nonlinear force-free field (NLFFF) model can be
applied to extrapolate possible three-dimensional spatial vector magnetic field
structures. However, since coronal vector magnetic fields cannot be accurately
measured, calculating current distributions in the corona is nearly impossible.
Based on accurately measured photospheric vector magnetograms, we can apply
Ampere’ s law to calculate vertical current density distributions in the photo-
sphere. Since observational instruments are inevitably affected by systematic
and random errors during vector magnetic field measurements—systematic er-
rors primarily originate from assumptions and simplifications about solar atmo-
spheric parameters, instrument scattering and abnormal reflection, and system
coherence, while random errors mainly arise from atmospheric seeing and instru-
ment electrical noise—systematic errors can be somewhat eliminated from raw
data or reduced through methods like dark-field and flat-field processing. The
remaining systematic errors are continuously differentiable functions across the
field of view, affecting currents in predictable ways. Random errors, however,
vary randomly across spatial pixels, cannot be eliminated from raw data, and
typically follow normal distributions, posing significant obstacles to calculating
vertical current density using the differential algorithm of Ampere’ s law. By
introducing random noise into vector magnetic fields, previous research studied
the relationship between noise effects and spatial resolution, analyzing results
from differential, small-loop integral, and large-loop integral methods, finding
that the integral form of Ampere’ s law along a large loop yielded the best
results when high-order terms were neglected. To further verify these results
and examine the correspondence between flare ribbons and current ribbons, we
used vector magnetic field observations of AR11158 from SDO/HMI on Febru-
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ary 15, 2011, applying four forms of Ampere’ s law (differential form, small-loop
integral, medium-loop integral, and large-loop integral) to calculate the vertical
current distribution in this active region, comparing results with appropriately
expanded integration loops. We also examined the relationship between current
density extrema and flare ribbon positions and morphology to test the validity
and rationality of the current density calculation method.

1.1 Data Sources

The Solar Dynamics Observatory (SDO) carries three instruments: the Helio-
seismic and Magnetic Imager (HMI), the Atmospheric Imaging Assembly (AIA),
and the Extreme Ultraviolet Variability Experiment (EVE). SDO/HMI provides
data on photospheric vector magnetic fields, intensity, and Doppler velocities.
On February 15, 2011, active region AR11158 located at S20W12 exhibited a
complex [y magnetic configuration and produced an X2.2-class flare between
01:44 UT and 02:06 UT lasting approximately 22 minutes. References [28-29]
provide detailed studies of this active region. In this work, we use magnetic
field data from SDO/HMI during the flare eruption, with a spatial resolution of
0.5 arcseconds per pixel and temporal resolution of 45 seconds per frame. Vec-
tor magnetic field measurements are obtained through polarization radiative
transfer equations based on the Zeeman effect, with specific processing details
described in [30]. SDO/HMI employs the Very Fast Inversion of the Stokes
Vector (VFISV) technique [31] to derive vector magnetograms with a tempo-
ral resolution of 12 minutes per frame. The 180° azimuth ambiguity inherent
in solving vector magnetic fields from polarization radiative transfer equations
poses significant challenges. Various methods have been developed to address
this, including potential field calibration, force-free field approximation, mini-
mum energy method, magnetic charge method, and continuity method. The
SDO team preprocesses vector magnetic field data using the minimum energy
method [35] to resolve the 180° ambiguity, enabling successful solar magnetic
field research.

SDO/ATA observes different layers of the solar atmosphere, simultaneously
providing information in 10 different wavelength bands: 7 extreme ultravio-
let (EUV) bands (30.4 nm, 17.1 nm, 19.3 nm, 21.1 nm, 33.5 nm, 9.4 nm, 13.1
nm), 2 ultraviolet (UV) bands (170 nm and 160 nm), and 1 visible light band
(continuum at 450 nm). Reference [38] details the corresponding spectral lines
and observation regions for each band. ATA images have a spatial resolution of
0.6 arcseconds per pixel and temporal resolutions of 12 seconds per frame (EUV
bands) and 24 seconds per frame (UV bands). This study uses SDO/AIA data
from the 170 nm and 30.4 nm bands, where 170 nm observes the temperature
minimum region and photosphere, while 30.4 nm observes the chromosphere
and transition region.
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1.2 Calculation Methods

Figure 1 Figure 1: see original paper shows the longitudinal magnetogram of
AR11158 at 02:00:00 UT on February 15, with white representing positive polar-
ity and black representing negative polarity. The area enclosed by the black box
contains a pair of opposite magnetic polarities, with the red arrow indicating the
magnetic neutral line (polarity inversion line) separating positive and negative
fields, shown as yellow dashed lines in (a) and (b). An oval negative polarity
region lies above the neutral line, while a crescent-shaped positive polarity re-
gion lies below, with extremely large magnetic field gradients near the neutral
line. Figure 1(b) presents the vector magnetogram observed by SDO/HMI at
the same time, with longitudinal magnetic field as the background and small
arrows representing transverse magnetic field components. Blue arrows cover
positive polarity regions, red arrows cover negative polarity regions, arrow length
indicates transverse field magnitude, and arrow direction shows transverse field
orientation. The grayscale background matches Figure 1(a), representing longi-
tudinal field strength. The vortex-like structure evident in the transverse field
arrows suggests strong currents may exist in the active region. We use these
vector magnetograms to calculate current density distributions using different
forms of Ampere’ s law, comparing results to identify the optimal calculation
method. In addition to vector magnetograms, the Solar Dynamics Observatory
also acquired monochromatic images in various wavelength bands. Figures 1(c)
and (d) show monochromatic images of the X2.2 flare in AR11158 on February
15, 2011, observed by SDO/ATA at 170 nm (01:58:08 UT) and 30.4 nm (01:58:12
UT). The flare ribbons appear primarily within the black box region, with some
structures along its upper right edge. Comparing Figures 1(a), (c), and (d)
reveals that the flare occurred mainly near the magnetic neutral line.

Research indicates that solar active regions may contain sheet-like current struc-
tures with relatively small spatial scales but high material densities. While
abundant observational data for these structures have been obtained, particu-
larly during flare eruptions, accurately measuring current intensities and specific
current density distributions within them remains challenging. We calculate the
vertical current density J, on the photospheric surface using photospheric vec-
tor data from HMI. Given the discrete nature of vector magnetogram data, the
differential form of Ampere’ s law J, = MLD(V x B), is typically used, where p
is the vacuum permeability. As shown in Figure 2 [Figure 2: see original paper],
calculations use values of B, and B, at midpoints A(x+Ax,y), B(x,y+Ay), C(x-
Ax,y), and D(x,y-Ay) on the four sides of the innermost small square, with the
difference formula:

J 1 By(:C—I—A;my)—By(gc—Aw,y) Bm(xay"’_Ay)_Bm(xay_Ay)

zO(xay): ;0 2Ax - 2Ay

where J, is the vertical current density calculated using the differential method.
This equation shows that higher spatial resolution (smaller Ax and Ay) yields
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finer current density structures. However, measured magnetic fields B are often
affected by random noise, introducing error vectors n. Representing the true
magnetic field value plus systematic errors as B,, the measured field can be
expressed as B = B, + n. The calculated vertical current density J,, then
becomes the sum of the true vertical current density J, ., and error current
density J, ;5. generated by random noise:

Joo = 2Ax 2Ay

z

Equation (3) demonstrates that when random noise components n, and n,
remain constant, decreasing Ax and Ay with increasing spatial resolution ul-
timately amplifies the vertical current density, drowning out the true current
signal. Therefore, the integral form of Ampere’ s law is typically employed:

1 ¢B,-dl
J, = 14B,.d dt
Ho $

where B, is the measured transverse magnetic field, B, = Bmi + Btyj, with i, j
being unit vectors in the x and y directions and B,,, B,, the measured transverse
field components; ds is the area enclosed by the integration path, typically a
square with side length nAx, where n is the number of spatial grid points, so
s = nAz x nAy. Equation (4) shows that Ax varies with vector magnetic
field spatial resolution—higher resolution requires larger loops, lower resolution
requires smaller loops. Selecting an appropriately sized integration loop based
on resolution can rapidly reduce random noise effects. Small, medium, and large
loops are typically defined based on resolution.

As shown in Figure 2, the loop integral method uses transverse magnetic field
B, values along the integration path to calculate the average current density
within the enclosed area, yielding the current density at the loop center O(x,y).
The result represents the average current density over the integration region.
Integration proceeds counterclockwise, with loops centered at O(x,y) expanding
from small to large (or inner to outer), designated as small loop (square with 2Ax
side length, integration path C;), medium loop (square with 4Ax side length,
integration path C,), and large loop (square with 6Ax side length, integration
path C3). The small loop integration path follows the square edges through
points (x+Ax, y+Ay), (x-Ax, y+Ay), (x-Ax, y-Ay), and (x+Ax, y-Ay), with
corresponding vertical current density J,;. From Equation (3), the small loop
formula is:

1 4,Bodl Y, B-Al

J ——
Ho ds to (2Az)(2Ay)

zl(x7y) -
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where ds = 2Azx x 2Ay.

The medium loop integration path follows the square edges through points
(x+2Ax, y+2Ay), (x-2Ax, y+2Ay), (x-2Ax, y-2Ay), and (x+2Ax, y-2Ay),
with corresponding vertical current density J,o:

ifcz B, -dl 1 Zcz B, - Al

oz, y) = =—
20y = T T iy (1A (4Ay)

where ds = 4Ax x 4Ay.

The large loop integration path follows the square edges through points (x+3Ax,
y+3Ay), (x-3Ax, y+3Ay), (x-3Ax, y-3Ay), and (x+3Ax, y-3Ay), with corre-
sponding vertical current density .J,;:

S 1§ Biodl Y, B, Al
- ;C7 = — = —
ST ds 1o (6A7)(6Ay)

where ds = 6Az x 6Ay.

Figure 3 [Figure 3: see original paper] shows vertical current density distribu-
tions calculated using both differential and loop integral methods of Ampere’
s law during the flare eruption (02:00:00 UT). “Dif” denotes the differential
method, “Int” the integral method, “1C” small loop, “2C” medium loop, and
“3C” large loop. White and black represent positive and negative current density
distributions, respectively, with corresponding vertical current density values of
+0.05 A -m~2 and -0.05 A - m~2. For comparison and analysis, we apply identi-
cal vertical current density thresholds of $1+0.05A4-m™{-2}$ for both differential
and integral methods. Figures 3(a) and (b) show distributions calculated using
the differential method and integral method (small loop), respectively. Fig-
ures 3(c) and (d) show results with expanded integration loops: (c¢) medium
loop and (d) large loop. Due to random noise in measured transverse magnetic
fields, the current density distribution from the differential method (Figure 3(a))
shows greater noise influence compared to the small-loop integral method (Fig-
ure 3(b)). When expanding the integration loop to two loops (medium loop,
Figure 3(c)), the resulting current density distribution exhibits even less noise
than the small-loop method. With three loops (large loop, Figure 3(d)), al-
though noise is further reduced, some fine structures in the current density
distribution become noticeably distorted. Therefore, considering random noise,
the optimal approach is to expand the integration loop to two loops, i.e., using
the medium-loop integral method to calculate vertical current density.

Comparing Figure 3(c) with Figure 1(a) reveals that strong currents primarily
originate in strong magnetic field regions near the neutral line, showing good
correspondence with strong fields. Figures 1(a), (¢), and (d) indicate that flare
ribbons appear in regions near the neutral line, suggesting a positional corre-
spondence between current ribbons and flare ribbons. As shown in Figure 4
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[Figure 4: see original paper], we align the vertical current density distribution
calculated using the medium-loop integral method (Figure 3(c)) with monochro-
matic images at 170 nm and 30.4 nm from the same flare moment (Figures 1(c)
and (d)) after projection correction. Green and blue contour lines represent
positive and negative current ribbons, respectively, with corresponding vertical
current densities of +0.02 A - m~2 and -0.02 A - m~2. The results show that
flare ribbons appear roughly in locations with stronger currents where more
free magnetic energy is stored and released, and that flare ribbons and current
ribbons exhibit similar morphologies.

3 Discussion and Conclusion

Determining where solar flares will erupt and what morphology they will assume
has long been a frontier topic in solar physics. Flare eruptions are closely related
to active region currents, which manifest primarily as vertical currents gener-
ated by variations in the transverse magnetic field from vector magnetograms.
Therefore, selecting an effective method for calculating vertical currents in ac-
tive regions is particularly important. Without considering random noise, both
differential and integral forms of Ampere’ s law produce similar vertical current
density results as spatial resolution increases. However, when random noise
is considered, the differential form, though computationally efficient, yields in-
creasing current density dispersion and uncertainty as spatial resolution im-
proves (grid spacing Ax and Ay decrease). Even smoothing the vertical current
density distribution eliminates not only noise signals but also underlying cur-
rent signals. The integral form, while more computationally intensive, reduces
measurement dispersion and minimizes random error effects. Expanding the
integration loop effectively reduces vector magnetic field spatial resolution (in-
creasing grid spacing Ax and Ay), rapidly decreasing measurement dispersion
and improving accuracy. The variance of vertical current density calculated
using Ampere’ s law in integral form is smaller than that from the differential
form. When the integration path exceeds the linear size of the smallest spatial
resolution structures in the vector magnetogram, fine structures in the result-
ing current density distribution become distorted. Using high-resolution vector
magnetograms to find an appropriate integration path for calculating vertical
current density can remove noise signals while preserving original current signals,
yielding more accurate results.

Based on this theory, we compared several methods for calculating vertical cur-
rent density: the differential algorithm, small-loop integral method, medium-
loop integral method, and large-loop integral method (Figure 3). We conclude
that when random noise is considered, the integral algorithm of Ampere’ s law
with the integration loop expanded to the second loop produces the clearest
vertical current density distribution without distorting fine current structures.
Figure 4 shows that flare ribbons and current ribbons exhibit remarkably sim-
ilar eruption positions and morphology, demonstrating that calculated vertical
current density distributions are crucial for accurately predicting flare eruption
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locations and morphology. To theoretically analyze whether an integration path
is appropriate, simulations could set a true current density value in the vector
magnetic field. However, since our data are observational with spatial sampling
affected by random noise, true current density values cannot be determined.
Therefore, this work validates the accuracy of the simulation method from [24]
using actual observational data, showing that expanding the integration loop
(to the medium loop in this study) yields the best current density distribution.
This approach allows us to predict possible flare eruption locations and mor-
phology using calculated vertical current density distributions, validating the
effectiveness and reliability of our current calculation method. Future work will
utilize AIA data from other wavelength bands to study flare ribbons and current
ribbons in multiple active regions, testing the rationality and universality of this
method.
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