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Abstract: This paper introduces PyTransHelio, a Python-based graphical interface tool designed for solar physics
research, which automates the calculation of magnetic flux-weighted centroid coordinates of active regions in full-disk
magnetograms and supports the identification and analysis of footpoints in trans-equatorial loops. The tool addresses
the operational complexity and lack of dedicated graphical user environments in traditional Interactive Data
Language/SolarSoftWare workflows by integrating modules for magnetogram header parsing, three-coordinate system
conversions (pixel/Stonyhurst/Carrington coordinates), automatic magnetic pole detection, and footpoint distance
calculation, enabling end-to-end automation. Users can swiftly obtain active region centroid positions and trans-
equatorial loop footpoint spacings through an intuitive three-step workflow: “Load — Click — Results.” Its modular
architecture balances flexibility and extensibility as an open-source tool, significantly lowering the barrier to solar
photospheric magnetogram analysis.
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Sunspots, the most visible manifestations of solar mag-
netic activity, have been central to humanity’s explo-
ration of solar physics since Galileo’s era. They repre-
sent the “footprints” of intense magnetic flux tubes penetrat-
ing the solar photosphere, which often converge to form
larger-scale magnetic structures known as active regions
(ARs). These ARs serve as the core building blocks for
energy storage and release in the solar atmosphere, giv-

ing rise to violent energy eruptions such as solar flares,
coronal mass ejections (CMEs), and solar energetic parti-
cle events. Historically notable ARs, such as the source
region of the 1859 “Carrington Event” or the AR cluster
during the 2003 Halloween storms, starkly demonstrate
the potentially catastrophic impact of extreme AR erup-
tions on Earth’s space environment and modern technologi-
cal systems!!l. Studying the physical properties, evolution-
ary patterns, and eruptive potential of ARs is not only
key to understanding the nature of solar magnetic activ-
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ity but also foundational for assessing their heliospheric
effectsl2].

The Sun follows an approximately 11-year activity
cycle. Since December 2020, it has entered Solar Cycle
(SC) 25. According to the latest predictions and observa-
tions from international authorities, the current cycle is
expected to peak between 2024 and 2025B!. During this
peak phase, the likelihood of super ARs—characterized by
greater numbers, larger sizes, and more complex mag-
netic configurations—emerging on the solar surface
increases significantly. Eruptions from such super ARs,
including intense flares and high-speed CMEs, can
severely perturb interplanetary space and Earth’s magneto-
sphere, triggering catastrophic geomagnetic storms, upper
atmospheric heating, radiation belt electron acceleration,
satellite orbital decay, and even power grid failures[*l.
Against this backdrop, the need for precise characteriza-
tion and dynamic monitoring of ARs has become more
urgent than ever(3-1,

The internal magnetic structure of ARs is often
highly inhomogeneous and asymmetric. Traditional morpho-
logical descriptors (e.g., contour-based centroids) may fail
to capture their physical center, particularly in cases of
bipolar/multipolar interactions, trans-equatorial AR com-
plexes, or coronal loop footpoint localizationll. To over-
come this limitation, we have developed a magnetic flux-
weighted centroid algorithm for ARs based on full-disk
longitudinal magnetogram data. The algorithm uses high-res-
olution, continuous-coverage photospheric magnetograms
from the Solar and Heliospheric Observatory (SOHO)
/Michelson Doppler Imager (MDI) and the Solar Dynam-
ics Observatory/Helioseismic and Magnetic Imager
(SDO/HMI) instruments!’l. It uses the magnitude of the
vector magnetic field at each pixel as a weighting factor,
to compute the centroid of AR magnetic distributions.
This method shifts focus from morphological edges to the
spatial core of magnetic flux concentration, offering a
more objective representation of AR “magnetic centers”4].

Calculating magnetic flux-weighted centroids for ARs
holds significant practical value. Firstly, it provides a uni-
fied, quantifiable metric for locating core magnetic struc-
tures, facilitating quantitative analysis of internal AR con-
figurations and cross-AR comparisons. More critically, pre-
cise centroid calculations and their associated photo-
spheric footpoint positions are essential for quantifying
cross-equatorial flux transport efficiency and large-scale
loop system extensions in studies of trans-equatorial ARs
or interconnected coronal loop systems, e.g., footpoint
localization of trans-equatorial loops (TLs). These met-
rics are vital for understanding global solar magnetic cou-
pling, energy transfer pathways, and predicting the impact
scope of potential eruption sourcest8].

TLs are large-scale bright loop structures spanning
the solar equator to connect both hemispheres, first
observed during the Skylab mission in the 1970s. These
structures average 20°-30° in longitudinal extent (up to
61° at maximum) and are widely attributed to magnetic
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reconnection—when magnetic field lines from ARs in oppo-
site hemispheres extend to equatorial regions, forming
cross-hemispheric linkages via X- or Y-type reconnection.
TLs are not only correlated with the SC (~35% of ARs
exhibit such connections), but also dynamically linked to
flares and CMEs; they may vanish due to flare-induced
destabilization or trigger CMEs upon eruption. Within
solar dynamo theory, TLs are regarded as key structures
sustaining cross-hemispheric magnetic coupling, critical
for understanding the poloidal-toroidal field conversion
mechanism. Recent decade-long observations by the
X-Ray Telescope (XRT) aboard the Hinode solar obser-
vatory spacecraft (Hinode/XRT) have provided a robust sta-
tistical foundation for TL researchl®-19, When TLs link
ARs across hemispheres, accurately measuring the dis-
tance between their opposite-polarity footpoints (i.e., the
magnetic flux-weighted centroids of the connected ARs)
becomes a key metric for studying large-scale magnetic
coupling.

Current research in this field heavily relies on the
Interactive Data Language/SolarSoftWare (IDL/SSW)
toolchain, which poses notable bottlenecks: the workflow
is cumbersome, requiring manual integration of multiple
standalone tools for coordinate conversions (pixel — Stony-
hurst — Carrington) and centroid calculations; the com-
mand-line-driven approach entails a steep learning curve,
hindering accessibility for non-specialists, and; the lack of
visual interactivity prevents intuitive guidance during analy-
sis. Although Python ecosystems (e.g., sunpy, drms) offer
solar data interfaces, end-user-oriented, integrated graphi-
cal user interface (GUI) tools remain scarce.

To address these challenges, we developed PyTransHe-
lio. The tool introduces valuable integrated functionalities:
a one-click pipeline automating magnetogram header
parsing, multi-coordinate conversions, magnetic pole iden-
tification, centroid computation, and TL footpoint pairing
with spacing outputs. Simultaneously, PyTransHelio offers
an interactive GUI, enabling users to locate ARs via
region selection or clicks, visualize magnetic pole weight
distributions and centroids in real time, and annotate TL
footpoint pairs with connecting lines. Designed as an effi-
cient, user-friendly all-in-one solution, PyTransHelio can
work in both core solar physics research (e.g., magnetic
topology modeling) and educational applications.

The core processing pipeline (see Fig. 1) of PyTransHe-
lio begins with magnetogram file input, supporting flexi-
ble image transport system (FITS) format data from
SOHO/MDI and SDO/HMI. Key header information (obser-
vation time, resolution, instrument parameters) is first
extracted via the astropy.io.fits module. Subsequently, a
complete conversion chain is implemented from pixel coor-
dinates to Stonyhurst coordinates (using the sunpy.map.
solar_pixelate to hpc() method) and then to Carrington
coordinates (based on the astropy.coordinates.SkyCoord
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Fig. 1. Software flowchart illustrating the calculation workflow.

class). The conversion relationship can be expressed as
RCarrington = f(‘pStony: Lobs)-

To quantitatively characterize the spatial center of
mass of magnetic flux distribution in solar ARs, we
employ a magnetic flux-weighted centroid algorithm. This
method determines the core weighted position of mag-
netic structures by calculating the spatial first-order
moment of the absolute magnetic field values in ARs,
avoiding the sensitivity of traditional morphological cen-
troids to edge contours!'!]. For a given AR domain Q (typi-
cally defined by magnetogram threshold segmentation or
manual selection), its weighted centroid coordinates
(xc, yc) are defined as

EDraw polygon region.
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(x, y)eQ (x, y)eQ
(xc, yc) = > (1)
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where B(x, y) represents the longitudinal magnetic field
strength (in Gauss units) at pixel (x, y) within an AR.
The absolute value operation ensures equivalent contribu-
tions to the centroid from both positive and negative polari-

ties. The denominator Z IB(x, y)I represents the total abso-
Q

lute magnetic flux in region £, serving as a normaliza-
tion factor. The numerator terms compute the weighted spa-
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tial integrals of magnetic flux in the longitudinal (x) and
latitudinal (y) directions, respectively.

The coordinates (x., y.) physically characterize the
core position of the magnetic flux distribution in the AR.
Its calculation accuracy directly depends on the spatial reso-
lution of the magnetogram (e.g., 0.5"/pixel for SDO/HMI)
and the calibration level of magnetic field measurement
erTorS.

To further suppress the influence of noise on the calcu-
lation of the magnetic flux-weighted centroid, we adopt a
robust thresholding method based on the statistical proper-
ties of the quiet Sun region. This region is defined by cus-
tomizing its range as areas within the full-disk magne-
tograml!2l, Within these regions, a root mean square
(RMS) thresholding procedure is applied, specifically cal-
culating the standard deviation (o guie) of the magnetic
flux values in the quiet Sun. A threshold value of 30 guiet
is then used to exclude pixels whose magnetic flux falls
below this value during the centroid computation.

This methodology is grounded in the statistical distri-
bution of magnetic flux in the quiet Sun, where the flux
is predominantly constituted by a small number of high-
intensity magnetic elements, accounting for approxi-
mately 90% of the total flux while regions with low flux
contribute minimally(!3]. Therefore, discarding points with
magnetic flux below 30 g does not lead to a signifi-
cant loss of physical information. Instead, it substantially
reduces noise-induced artifacts in the estimation of the
magnetic flux-weighted centroid, thereby improving both
the accuracy and reliability of the derived centroid position.

The thresholding procedure is described by

Bihreshold = 3O—quiet s 2)

where o e is the standard deviation of the magnetic
flux values in the identified quiet Sun regions. Only pix-
els satisfying

B(x, y) 2 Bihreshold

are included in the summation of Equation (1).

To eliminate the impact of projection distortions
(such as limb darkening and geometric distortions at the
solar disk edges) in full-disk magnetograms on AR posi-
tion measurements, it is necessary to convert Cartesian
pixel coordinates (x, y) into standard heliographic spheri-
cal coordinates. Based on the spherical geometry of the
Sun, the corrected heliographic latitude (6) and longitude
(¢) can be derived using World Coordinate System
(WCS) parsing of FITS header parameters (e.g.,
CDELT1, CRVALI) using sunpy.map.all coordinates
from map, followed by inverse projection transformation
calculations,

X
R%un_xz_yz]’ (3)

Y ), ¢ = arctan(

6= arcsin(
sun
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where R, is the apparent solar radius (in pixels), derived
from the magnetogram calibration parameters, and x and
y are Cartesian coordinates with the solar disk center as
the origin, subject to the constraint x> +y* < RZ . The lati-
tude 6€[-90° 90°] (0° at the equator, positive north-
ward) and longitude ¢ €[-180°, 180°] (0° at the central
meridian, positive westward).

The geometric interpretation of this transformation
can be elucidated using two key steps related to coordi-
nate calculation. For latitude calculation, the vertical off-
set y is first projected onto the normal component of the
solar sphere, and this projected value is then mapped to
the latitude angle using the arcsine function. For longi-
tude calculation, the horizontal offset x is divided by the
spherical curvature correction term +/RZ,, —x2—y2. This
division operation yields the projected longitude angle on
the tangential plane.

To standardize solar rotation observation data into the
Carrington Coordinate System, the original Stonyhurst
longitude must be converted to Carrington longitude. This
transformation is achieved by adjusting the initial merid-
ian offset and normalizing the longitude range, with the
relationship,

Lear = (Lsiony — Lo +360°)  mod 360°. @)

To quantify the true spatial span of TL systems on
the solar surface, it is necessary to calculate the great-cir-
cle distance between their two footpoints. This distance
reflects the actual physical length of the magnetic loop
crossing the equator and serves as a key parameter for
analyzing the strength of trans-equatorial magnetic cou-
pling(14.15],

Based on spherical trigonometry, the heliographic lati-
tude-longitude coordinates of the two footpoints (6, ¢;)
and (6,, ¢,) are converted into a three-dimensional angu-
lar separation, calculated as

AO A
d = 2Ry, arcsin( \/sin2 > +c0s 8| cos B, sin® 7¢) )

The results are given in both arcseconds (') and
degrees (°) to accommodate diverse research requirements.

The software is designed with a layered architecture,
consisting of three core layers with distinct functions. The
Presentation Layer is built with Tkinter, and its primary
role is to provide an intuitive GUI that includes func-
tional modules such as file selection, coordinate system
switching, and a results display area. The Logic Layer
serves as the core processing component, implementing
the magnetic map processing pipeline through the
Pipeline class to execute key data processing tasks. The
Visualization Layer uses Matplotlib for magnetic map dis-



play and annotation functions, facilitating the intuitive pre-
sentation of analysis results.

The software encompasses several key innovative fea-
tures that enhance its usability and reliability for solar
physics data analysis. First, it offers real-time coordinate
synchronization: When users switch between different coor-
dinate systems, the positions of magnetic flux-weighted cen-
troids and coordinate grids are dynamically refreshed, ensur-
ing that spatial information remains accurate and up-to-
date throughout the operation. It also supports one-click
export functionality, which allows users to export rele-
vant data or results into files in either JSON or TXT for-
mat, streamlining the process of data sharing and subse-
quent analysis.

Using intelligent fault tolerance, via the sunpy.map.
Map tool, the software can automatically detect invalid

magnetic maps, and is equipped with an alert mechanism
to notify users promptly of such issues, reducing the risk
of erroneous data processing. To ensure the results are
reproducible, end-to-end automation in the analysis work-
flow eliminates manual calculation errors commonly associ-
ated with traditional methods.

As shown in Table 1, comparative analysis with exist-
ing tools (IDL/SSW) demonstrates the significant advan-
tages of PyTransHelio. It requires no programming skills,
is open-source under the Massachusetts Institute of Technol-
ogy (MIT) License, provides a dedicated TL analysis inter-
face, and although its processing speed is currently
“Medium (optimization in progress)”, these features
already outperform IDL/SSW, which lacks support for no-
code operation, open-source licensing, and specialized analy-
sis interfaces.

Table 1. A comparison of features of IDL/SSW and features of PyTransHelio tools

Feature IDL/SSW PyTransHelio
No programming skills required X v
Open-source license X MIT license
Dedicated TLs analysis interface X v
Processing speed Fast Medium (optimization in progress)

A key distinction between PyTransHelio and conven-
tionally used tools, such as IDL/SSW packages, lies in
the calculation of Carrington longitudes. The Carrington lon-
gitude computations in IDL/SSW are based on earlier
methodologies described on a dedicated webpage by the
Space Physics Research Group (affiliated with the Univer-
sity of Maryland Department of Physics). This webpage
was developed to organize and present observational data
and charts from the Charge, Element, and Isotope Analy-
sis System / Mass Time-Of-Flight (CELIAS/MTOF) Pro-
ton Monitor aboard the SOHO satellite, structured by Car-
rington Rotation. It notes that the initial IDL/SSW
approach assumed a constant synodic rotation period of
27.2753 days for deriving Carrington rotation times.
These techniques were later refined with sine-cosine
series fits to align with Astronomical Almanac data, includ-
ing a specific offset adjustment for 1996, to minimize
residuals.

By contrast, PyTransHelio uses sunpy’s implementa-
tion for Carrington coordinate calculations. As explicitly
detailed on the same University of Maryland webpage,
which contextualizes tool selection for analyzing
SOHO/CELIAS/MTOF proton monitor data, sunpy-
derived start and stop times of Carrington rotations
closely match values from the Astronomical Almanac.
Critically, the webpage explains that this sunpy-based
methodology differs intentionally from the traditional
approach used by IDL/SSW tools. This divergence in com-
putational frameworks directly leads to the observed differ-

ences in Carrington longitudes.

To validate the accuracy of PyTransHelio in calculat-
ing Carrington coordinates and TL footpoint distances, we
have conducted a comparative analysis against previously
published studies using IDL/SSW-based methods (see
Table 2). In this table, (S) shows southern hemisphere
ARs, and (N) shows northern hemisphere ARs. Latl is
the Carrington latitude of the TL footpoints derived from
external research cases!!%l, while Lat2 shows the Carring-
ton latitude of the TL footpoints obtained from our own
data. (°)1 and (°)2 are the TL footpoint separations
between our data and data from external sources. The
results demonstrate strong consistency in derived Carring-
ton latitudes and TL footpoint separations, with minor dis-
crepancies attributable to the inherently qualitative nature
of TL identification in existing literature, which often pre-
cludes high-precision quantitative comparisons. Notably,
due to algorithmic differences in Carrington longitude cal-
culations between IDL/SSW and sunpy (the underlying
coordinate transformation library in PyTransHelio), longitu-
dinal validation was instead performed against sunpy-
based reference studies. As shown in Table 3 (TIME1 and
LONI1 are the eventtime and the corresponding Carring-
ton longitude of the central meridian, as computed by the
University of Maryland SpacePhysics Research Group.
TIME2 and LON2 are our measured values, derived using
PyTransHelio, for the same event times to facilitate a com-
parative assessment), the calculated Carrington longitudes
of the central meridian at multiple observation epochs
show excellent agreement with these benchmark values,
further confirming the computational robustness of PyTran-
sHelio.

Astronomical Techniques and Instruments, 3(3): 1-12, 2026 5



Table 2. Comparison between PyTransHelio and other IDL/SSW-based TL studies

Date AR (N) Latl (N) Lat2 (N) AR (S) Latl (S) Lat2 (S) )1 (®)2
2011-02-14 0 10.5 6.14 11158 -11.7 —-19.13 24.2 30.291
2011-03-13 0 12.8 6.26 11171 -10.5 -15.92 23.7 27.735
2011-04-18 11191 10.6 7.55 0 7.1 -14.19 17.8 21.766
2011-05-23 0 15.9 14.3 11216 -10.7 -20.2 27.2 34.967
2011-10-16 11319 3.7 9.59 11316 -13.7 -11.92 17.5 21.543
2012-06—15 11506 8.3 11.78 11504 -12.9 -15.71 21.8 28.782
2012—-07-03 11513 11.2 15.85 11515 -13.5 -15.99 25.6 33.831
2013-03-09 0 17 8.06 11689 -8.9 —12.11 26.1 25.138
2013-04-04 11708 14.3 10.74 11711 -54 —18.03 223 34.276
2017-05-20 12656 14.7 11.91 12658 0.2 —6.99 15.4 18.960

Table 3. Comparison of Carrington longitudes of the central meridian at different event times

TIMEL LONI1 TIME2 LON2
1996—05-05 10:00:00 356.2 1996—05-05 10:39:04 351.4
1999—07-22 11:00:00 353.5 1999—07-22 11:39:00 346.4
2001-01-18 11:00:00 346.9 2001-01-18 11:15:01 340.8
2004—-12-07 00:00:00 3442 2004—12-07 00:00:28 3432
2013—-10-08 00:00:00 229.8 2013—10-08 00:58:17 2293
2016—01-08 00:00:00 182.3 2016—01-07 23:58:08 181.8
2021-11-05 00:00:00 173.8 2021-11-04 23:58:33 173.5

Before using our program for trans-equatorial loop anal-
ysis, we need to configure the environment and obtain
FITS files of Line-of-Sight (LOS) magnetograms and X-

Table 4. Data sources for magnetograms and X-ray images

ray images from astronomy databases. For the tested
FITS files available for software analysis, information
about their source (i.e., the instrument and satellite of ori-
gin) and download links can be found in Table 4.

Data type Satellite Instrument Data download link
LOS magnetogram sources SDO HMI NASA SDO
SOHO MDI ESA SOHO
X-ray image sources Yohkoh SXT NASA Yohkoh data archive
Hinode XRT Hinode data center

It should be noted that X-ray images are not directly
loaded into the program. Instead, the user needs to deter-
mine the footpoint positions of trans-equatorial loops by
comparing magnetograms and X-ray images recorded on
the same day (with a recommended time difference of no
more than 12 h) before using the program for analysis.

Both SOHO/MDI and SDO/HMI are used to obtain
solar LOS magnetograms, but they differ significantly in
technical parameters, resolution, and application scenarios.
Their specific characteristics and uses are shown in Table 5.

Although this program has a partial header keyword
completion function, when downloading FITS files of
LOS magnetograms from online databases, it is still recom-
mended to select versions with more complete informa-
tion (e.g., when downloading SOHO/MDI FITS files, the
user should select “ALL” for keywords, as shown in
Fig. 2). This is because sunpy requires the header of a
FITS file to contain key information for analysis (detailed
in Table 6).

Because X-ray images from different years were

6  www.sciengine.com/ATI

observed by different satellites and instruments, the down-
load process may be complicated. Therefore, it is recom-
mended to use HelioViewer?, which integrates X-ray
images from various instruments across all time periods,
facilitating quick access to X-ray images of specific dates.

First, ensure that the Python version is =3.11, then
install all third-party libraries listed in the requirements.
txt file in the code repository, using the pip command.
For a more detailed configuration guide, refer to the docu-
mentation of PyTransHelio.

After completing the above steps, the program is
ready to be launched. To access the software via com-
mand line, users should first navigate to the program direc-
tory using the cd command, then execute the program by

1. HelioViewer website: https.//helioviewer.org/


https://helioviewer.org/

Table 5. Comparison of SOHO/MDI and SDO/HMI instrument characteristics

Satellite/Instrument Magnetogram characteristics

Primary scientific applications

SOHO/MDI
— Spatial resolution: 2"
— Temporal cadence: 96 min

— Spectral line: Fe I 676.8 nm (photospheric)
— Limitations: Low SNR (1073 T sensitivity), limited dynamic
range; struggles with weak-field regions (e.g., internetwork)

— Long-term evolution of solar magnetic
fields (SC 23)
— Sunspot dynamics and AR monitoring
— Ground truth for pre-2010 magnetogram calibrations

— Real-time space weather forecasting (flares/CMEs)
— Quantitative coronal magnetic field extrapolations
— Small-scale flux emergence/dispersal studies

SDO/HMI
— Spatial resolution: 0.5"
— Temporal cadence: 12 min
— Spectral line: Fe 1 617.3 nm
— Advantages: High sensitivity (detects < 1 G fields),
full Stokes vector measurements
4. Select Keywords
Use Series Content to choose which keywords are
visible here.
**NONE** a
ALL* .
cparms_sg000
data_bzero
data_bscale
T REC
T _0BS
DATE__OBS v

Fig. 2. Example of the SOHO/MDI FITS download interface,
showing the keyword selection option. “ALL” should be
selected here to ensure complete header information.

entering python PyTransHelio.py in the command line inter-

face. For those using an integrated development environ-
ment (IDE), the program can be started directly by click-
ing the built-in run button.

(1) Click “Select FITS file” to choose the FITS file
for analysis. You will then enter the file selection page.
Navigate to your FITS file directory by clicking, then dou-
ble-click the FITS file to select it.

Fig. 3 shows the appearance of magnetograms from
SDO/HMI and SOHO/MDI when opened in the software.
The two appear almost identical, except that SDO/HMI
magnetograms have higher resolution (4096 x 4096 pix-
els), which correspondingly makes the software analysis
slightly slower. By contrast, MDI has a lower resolution
(1024 x 1024 pixels), resulting in faster software analysis.

Table 6. Required FITS header keywords for solar magnetogram analysis, and essential metadata fields that must be present in

FITS file headers for correct processing

Keyword

Description

CTYPEI, CTYPE2
CUNIT1, CUNIT2
CRPIX1, CRPIX2

CRVALI, CRVAL2
CDELTI, CDELT2

DSUN_OBS
RSUN_OBS

Coordinate types (e.g., ‘HPLN-TAN” for heliographic longitude, ‘HPLT-TAN’ for heliographic latitude)
Coordinate units (e.g., ‘arcsec’)
Positions of reference pixels in the image
Physical coordinate values corresponding to reference pixels (e.g., central longitude/latitude of the solar disk)
Pixel scale (e.g., 1.0"/pixel)
Sun-Earth distance (unit: m)
Apparent radius (unit: arcsecond)

(2) As shown in Fig. 4A, a set of interactive controls
is located below the “Select File” button, consisting of
two rows of spinner controls. The first row contains a
pair of spinners that allow the user to adjust the upper
and lower bounds for the visualization of magnetic flux
values in the magnetogram. A smaller interval between
these bounds enhances the contrast of high-flux regions,
making them more distinguishable, while a larger inter-
val reduces the contrast and thus the visibility of such
structures.

The spinner labeled “Noise Threshold” in the second
row is used to suppress the contribution of weak mag-
netic field noise during the subsequent computation of the
magnetic flux-weighted centroid. Specifically, pixels with
magnetic flux values below this threshold are excluded

from the calculation.

(3) After completing the aforementioned two steps,
the user should select the “quiet region” radio button (see
Fig 4A). This region corresponds to areas characterized
by generally low magnetic flux density, which typically
appear as relatively uniform gray patches in the magne-
togram, without significant concentrations of black or
white pixels. The user should then move the cursor to the
magnetogram display and delineate such a quiet Sun
region by tracing a polygonal contour (see Fig 5).

On closing the polygon, the value in the “noise thresh-
old” spinner control will update automatically. This
updated value represents the calculated threshold, based
on Equation (2), which uses the statistical properties of
the selected quiet region. During the subsequent computa-
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current file: 20100809 _6429.fits
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-50
txt file path:
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—150 Write to txt file |
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Fig. 3. (A) SDO/HMI magnetogram showing the appearance when opened in the software (at a resolution of 4096 x 4096 pixels).
(B) SOHO/MDI magnetogram showing the appearance when opened in the software (at a resolution of 1024 x 1024 pixels).

¥ PTansieio

Selectthe FITS file || Select X-Ray file | Close Image | acs 4fak
R N N N
[Noise Theshold 482 | 1.0
O N FootPoint O § FootPaint ) unselected © Guiet region 038
start calculating I
0.6}
New txt file Select txt ﬁlel
tat file path: 0.4}
Remarks:
0.2}
Write to txt file I
0.0 ! . . .
00 02 04 06 08 1.0
A B

Fig. 4. (A) Positions of “noise threshold”, “select X-Ray file”,
and “quiet region”. (B) Magnifying Glass Button interface
element for activating zoom functionality.

tion of the magnetic flux-weighted centroid, pixels with
magnetic flux values below this threshold will be
excluded from the calculation.

(4) Locate the footpoints of trans-equatorial loops in
X-ray images and map them to approximate positions in
full-disk magnetograms (Fig. 6).

Currently, the software supports X-ray image files in
two formats only: .fts (used by Yohkoh/SXT) and .fits
(used by Hinode/XRT). Users may load locally stored
files in either format via the “Select X-ray File” button
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200
B

150

Fig. 5. A comparison of the selected areas shows that
suitability as a quiet region depends on the concentration of
black or white pixels. (A) Unsuitable—characterized by
considerable concentrations of black or white pixels. (B)
Suitable—characterized by the absence of significant black or white
pixels.

on the graphical interface (Fig. 4A). This functionality facili-
tates direct visual comparison between AR locations in
the magnetogram and the corresponding X-ray image
(Fig. 7).

The program automatically extracts and compares the
observation timestamps from the headers of both the magne-
togram and the X-ray file. A green “Time Matching” indica-
tor is displayed if the absolute time difference is less than



Fig. 6. A composite figure showcasing coronal structures in X-
ray. The left image highlights the approximate positions of
identified footpoints, while the right image displays TLs with
key locations marked.

12 h (see Fig. 8A). This temporal matching condition mini-
mizes positional discrepancies of solar features between
the two images, reducing the potential for human error in
misalignment.

(5) Click the “Magnifying glass” button (Fig. 4B) to
zoom in on a specific region for detailed observation, facili-
tating subsequent AR selection (Fig. 9B).

A . 35000
HINODE observation 25 000
time: 2013—10—08T06:09:18.136 20 000
1 000" 15000
T i 10 000
/ 5000
500"
OH
=500"
-1 000"
-1 000" —500" 0" 500" 1 000"

Helioprojective longitude (Solar-X)

Clicking the “Magnifying glass” button enables zoom
operations on the image. This feature allows users to conve-
niently magnify specific areas for clearer observation of
image details, facilitating more precise selection of
regions of interest in subsequent steps. After zooming in,
image details become more prominent, making it easier
for users to identify and locate relevant features.

(6) Ensure no top toolbar buttons are selected
(Fig. 10, distinguished by the depressed appearance when
selected), then drag to outline the target AR (Fig. 9A).

When the polygon closes, pressing “Enter” will dis-
play the AR ID, the magnetic flux-weighted centroid coordi-
nates in three coordinate systems (shown on the right
panel), and a dark blue cross marking the centroid posi-
tion in the preview image. The right panel includes sev-
eral options: polarity (with choices of Positive or Negative),
hemisphere (with options of North or South), an input
field for the AR ID, and N FootPoint thresholds featuring
custom flux limits with automatically set default values.

B

Yohkoh observation
time: 1997-01-17T00:07:44.559

1 000"

500"

—500"

Helioprojective latitude (Solar-Y)

—1 000"

—1000" —500" 0" 500" 1000"
Helioprojective longitude (Solar-X)

Fig. 7. Comparison of X-ray images of the Sun from Hinode/XRT (A) and Yohkoh/SXT (B).
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Fig. 8. (A) Position of “time matching”. (B) Full-disk view after returning from region selection.
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Fig. 9. (A) AR outline created by dragging to select the target
region. (B) Zoomed region view showing enhanced details for
AR selection.
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Fig. 10. Visual contrast of a toolbar button in its unselected
(top) and selected, depressed (bottom) states.

(7) If returning to full-disk view after selecting a south-

ern hemisphere region, click the “Left arrow” button

fneEI FQ=

-200

A

200

N Footpoint Setting () positive © negative AR: 0

150

Select the FITS file | Close Image

© N FootPoint O § FootPoint O unselected

(Fig. 8B shows the returned view).

(8) Repeat the process to calculate the magnetic flux-
weighted centroid for the opposite polarity region
(Fig. 11A).

A green confirmation message will appear when selec-
tions are complete (Fig. 11B). To export the results, users
can either click “Start calculating” and then “Select TXT”
to append the results to an existing file, or choose “New
TXT” to save the results to the desktop with automati-
cally generated headers.

In the output sample (Fig. 12), the meanings repre-
sented by each abbreviation are: NPOL & SPOL are polar-
ity of northern and southern footpoints (north/south polar-
ity); NARN & SARN, are AR numbers for northern and
southern footpoints (AR number); NLON/NLAT &
SLON/SLAT are Carrington longitude and latitude of north-
ern and southern ARs; LDEG & LRAD are Footpoint sepa-
ration distance of TL, but with different units (length
degree & length radian); and REMARK is for additional
notes.
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start calculating

ot file path:

Remarks:

latitude: 6.368 deg*

The selection is
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§ FootPoint
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Fig. 11. (A) Opposite polarity region selection with centroid calculation. (B) Confirmation message showing ready state for

calculation.

DATE
20131008

NPOL NARN NLON NLAT SPOL
11856 22922 1031  +

SARN ~ SLON
11857 230.91

SLAT
-379

LDEG  LRAD
14198 0.248 |

REMARK

Fig. 12. A sample of the TL parameters output saved in a text
file (.txt) by the software.
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These specific parameter combinations are important
in solar physics research and space weather forecastingl*],
aiding in identifying and studying TLs, where the posi-



tive/negative characteristics of NLAT and SLAT directly
reflect trans-equatorial properties. NPOL/SPOL, NARN/
SARN, and NLON/SLON comprehensively describe the
specific magnetic field structures and source regions con-
necting the two hemispheres, while LDEG/LRAD quanti-
fies the scale of these trans-equatorial connections.

In terms of space weather, trans-equatorial loops, as
regions of complex magnetic field structures, are prone to
energy accumulation and can trigger eruptive events such
as flares and CMEsl'®l. These parameters enable determina-
tion of whether eruptive events involve trans-equatorial
loops (based on NARN/SARN, NPOL/SPOL, NLON/
NLAT/SLON/SLAT) for event attribution, and monitor-
ing of the evolution of trans-equatorial loops (such as
scale changes or increased complexity in the footpoint
ARSs) to assess their instability and provide clues for predict-
ing potential eruptive events.

The quantifiable magnetic loop scale parameters pro-
vided by LDEG and LRAD facilitate statistical analyses,
such as studying typical scale distributions of trans-equato-
rial loops and their relationship with SC phases, as well
as physical modeling, such as calculating magnetic
energy. Additionally, standardized output information,
including AR numbers, Carrington coordinates, polarity,
separation distance, and remarks, ensures clear and compa-
rable analysis results, making them easier for other
researchers to understand and use, thereby promoting data
sharing and reproducibility in scientific research.

PyTransHelio’s capability is most evident in its auto-
mated workflow and scalable architecture. This capability,
rigorously validated with data from established instru-
ments including SDO/HMI, SOHO/MDI, YOHKOH/SXT,
and Hinode/SRT, provides a robust foundation for integrat-
ing data from future missions. Preliminary assessment sug-
gests its architecture may potentially support data from
new instruments, like Solar Orbiter Polarimetric and Helio-
seismic Imager (PHI), pending formal compatibility verifica-
tion of the specific FITS formats it uses. This positions
the framework as a promising cornerstone for future solar
physics research. In the context of AR studies, the ability
of our software to rapidly process and analyze data is
invaluable. For example, during the peak of a SC, when
the frequency and complexity of ARs are expected to
increasel!7], PyTransHelio can assist in quickly identifica-
tion and characterization of ARs, enabling researchers to
monitor their magnetic evolution in real-time. This real-
time monitoring can provide early warnings for potential
solar eruptions, such as flares and CMEs, which can have
significant impacts on Earth’s space environment[!8:19],

Our tool also holds great educational potential. By pro-
viding an intuitive and user-friendly interface, PyTransHe-
lio can introduce students and novice researchers to the

complex world of solar physics. Through hands-on experi-
ence with analyzing ARs and TLs, learners can gain a
deeper understanding of the underlying physical pro-
cesses. This educational aspect is further enhanced by the
open-source collaboration model. The GitHub repository
serves as a platform for the community to contribute,
share ideas, and further improve software. Such a collabora-
tive effort can lead to the development of new features
and improvements, making PyTransHelio an even more
powerful tool for solar physics education and research.

Like any scientific tool, PyTransHelio also has its limi-
tations. In weak magnetic field regions, the detection
noise remains a challenge. To address this, future work
will focus on implementing advanced segmentation mod-
els using artificial intelligence. These models can poten-
tially enhance the accuracy of magnetic field detection,
allowing for more precise analysis of ARs in these
regions. Additionally, the processing speed for large
datasets is an area of concern. With the increasing vol-
ume of solar data being collected, optimizing the tool’s mul-
tithreading capabilities is essential. By improving the pro-
cessing speed, PyTransHelio can handle larger datasets
more efficiently, enabling researchers to analyze more com-
prehensive datasets and draw more accurate conclusions
about ARs and TLs.

In terms of community impact, PyTransHelio is an
important addition to the PyData solar physics ecosystem.
As a complementary tool, it encourages researchers to
adopt and contribute to its development. By using PyTran-
sHelio, researchers can streamline their workflows, mak-
ing their research more efficient. Moreover, the open-
source nature of the tool promotes collaboration, allow-
ing researchers from different backgrounds to work
together. This collaborative environment can lead to new
discoveries and advancements in solar physics, particu-
larly in the study of ARs and their associated phenomena.

Our software’s innovation is its ability to encapsu-
late professional astronomical data processing capabilities
with intuitive click-based operations, significantly lower-
ing barriers to research entry. We anticipate that it will
emerge as a valuable asset for both solar physics educa-
tion and research, and we warmly invite the community
to engage in its testing and usage.

This work is supported by the National Key R&D Pro-
gram of China (2021YFA1600501), National Natural Sci-
ence Foundation of China (12373057), ISSI/ISSI-BJ Team
2024 (24-604), and the Chinese Meridian Project (CMP).
Marianna B. Korsos is grateful for the Leverhulme Trust
Found (ECF-2023-271). Marianna B. Korsos and Rober-
tus Erdélyi acknowledge the Nemzeti Kutatasi, Fejlesztési
¢és Innovacios Hivatal (NKFIH) OTKA (K142987). Rober-
tus Erdélyi is grateful to Science and Technology Facili-
ties Council UK (STFC, ST/M000826/1), and acknowl-
edges the President’s International Fellowship Initiative in

Astronomical Techniques and Instruments, 3(3): 1-12, 2026 11



China (2024PVA0043) and the NKFIH Excellence Grant
(TKP2021-NKTA-64) for enabling this research.
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manuscript writing. Jie Chen took charge of steering the
team’s research direction, coordinating project advance-
ment, and proposing core research topics. Zechen Wen
and Chenfei Zhao accomplished the derivation of the
main algorithm for this program and provided test cases.
Zihan Yu conducted comparative studies with the old meth-
ods (IDL/SSW). Robertus Erdélyi, Marianna B. Korsos,
and Ying Song contributed to the conceptualization of the
research framework; provided methodology validation for
the comparative analysis; offered critical review and edit-
ing input that significantly enhanced the intellectual con-
tent and clarity of the manuscript; and supervised the over-
all research activity. All authors have read and approved
the final manuscript.

Deepseek and Doubao Al were employed specifi-
cally for translating sentences with uncertain terminology
and polishing certain parts of the article content to
enhance academic rigor and logical coherence. The
authors have meticulously verified the accuracy of the
texts generated or optimized by these two Al tools
through both manual review and cross-referencing with rele-
vant literature. It should be emphasized that the applica-
tion of the aforementioned Al tools did not involve the
core parts of the paper (including but not limited to
research hypotheses, experimental design, data analysis,
and conclusion derivation). The authors carefully
reviewed, edited, and revised the Al-generated/optimized
texts to their own preferences, assuming ultimate responsi-
bility for the content of the publication.

The project is open-sourced on GitHub (PyTransHe-
lio repository) with pip-installable releases. Runtime envi-
ronment requirements ensure version dependency trans-
parency. Detailed installation guides and user manuals are
included in the project documentation to guarantee repro-
ducibility.
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