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Magnetic nulls, defined as locations where the magnetic field magnitude be-
comes zero, are theoretically well defined however practically difficult to lo-
cate, validate, and interpret. To address these challenges, this paper introduces
a novel, modular, and fully reproducible automated framework for magnetic
null detection, classification, and visualization based on multi-spacecraft ob-
servations. The proposed framework consists of two open-source modules: an
automated data ingestion and null detection module, and a topological classi-
fication and three-dimensional visualization module. Magnetic nulls are de-
tected by combining eigenvalue analysis of the magnetic field gradient tensor
with tetrahedron-based geometric validation, enabling both numerical stability
assessment and physical consistency checks. Meanwhile, detected nulls are clas-
sified into radial (Type A, B) and spiral (Type As, Bs) topologies, and their lo-
cal magnetic structures are visualized through reconstructed three-dimensional
magnetic field lines. The main contribution of this work is the tight integra-
tion of detection, numerical validation, classification, and visualization within a
single end-to-end pipeline, ensuring consistency between computational output
and physical interpretation. The framework is validated using four previously
reported electron diffusion region (EDR) events and one storm-time substorm
event. The detected null times closely agree with the reported EDR intervals,
with several events showing sub-second differences. Among all detected can-
didates, three nulls satisfy strict numerical validity criteria, including a Type A
null, a Type As null, and a Type Bs null.

This is an open access article under the CC BY-SA license.

©Nole

Corresponding Author:
Sri Ekawati

Department of Computer Science, Graduate School of Science and Technology, University of Tsukuba
1-1-1 Tennodai, Tsukuba, Ibaraki 305-8573, Japan
Email: sri.ekawati @cavelab.cs.tsukuba.ac.jp

1. INTRODUCTION

One of the important problems in space plasma physics is how the solar wind interacts with the earth’s
magnetosphere [1]], as illustrated in Figure 1. This interaction occurs at the magnetopause [2], [3], which is a
complex boundary as a transition region between the solar wind and the earth’s magnetosphere. The magne-
topause is the boundary region where the solar wind, a continuous stream of charged particles from the Sun,
interacts directly with the Earth’s intrinsic magnetic field [4]-[6]. At the magnetopause, changes in the solar
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wind pressure and interplanetary magnetic field orientation frequently trigger reconnection events, enabling
solar wind plasma and energy to enter the magnetosphere [[1], [6]], [7]. These processes are closely linked to
magnetospheric dynamics, including the onset of storms and substorms, which ultimately affect space weather
near Earth. Magnetic reconnection is thought to originate and persist within a confined, electron-scale region
called the electron diffusion region (EDR) [2], [3], [8l], [9] where electrons become demagnetized [7]], [10]
uncoupled from the magnetic field [4]-[6]]. In astrophysical plasma, such as the solar corona [11]], coronal mass
ejections [12], solar flare [[13], stellar flares [14]], and solar-terrestrial plasma, especially in magnetospheric sub-
storms [[15], [L6], magnetic reconnection is a crucial process. Distinctive topological features naturally arise in
magnetic reconnection regions, where the magnetic field strength vanishes [17]], [18]] the local magnetic topol-
ogy becomes highly structured [19] commonly referred to as magnetic nulls [20]-[22]. As integral elements
of reconnection geometry, magnetic null plays an important role in energy conversion and particle acceleration
facilitating the breaking and rejoining of magnetic field lines into a new configuration [23], [24].
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Figure 1. Illustration of the solar wind interaction with the Earth’s magnetosphere, showing magnetic
reconnection regions [4]], [6] at the dayside magnetopause and nightside magnetotail

Magnetic nulls are theoretically well-defined, however, they remain practically challenging to locate,
validate, and interpret within three-dimensional space plasma environments due to sensitivity to spacecraft ge-
ometry, numerical instability, and magnetic field fluctuations. Furthermore, magnetic nulls and the magnetic
field topology surrounding the null also need visualization, as effective visualization plays a crucial role in in-
terpreting complex, multidimensional scientific data [25]], particularly in space plasma physics where magnetic
topologies must be represented in three dimensions [[26]. Accordingly, this study aims to develop an automated
and reusable framework for magnetic null detection and visualization. Therefore, the main contributions of this

framework are summarized as follows:
— An adaptive barycentric-based magnetic null detection algorithm that restricts localization to the nearest null

within the multi-spacecraft tetrahedron,compared with existing approaches [, [[L7], [27]], [28], avoiding
distant or extrapolated null candidates, improving geometric reliability and reducing false positives.

— A fully automated framework that eliminates manual parameter tuning required in previous studies [3].

— Physical validation criteria, including magnetic field reversal and explicit numerical criteria to ensure phys-
ically consistent solutions, were not implemented in previous studies [3].

— Three-dimensional visualization of the local magnetic topology applied to five events (the previous study
[3]] included only one event and no visualization).

2. PROPOSED COMPUTATIONAL FRAMEWORK

In this study, we introduce an adaptive null-detection method that automatically adjusts search pa-
rameters and incorporates magnetic field reversal validation and explicit numerical criteria, which have not
been addressed in previous studies [3], enabling reuse across different events or datasets. In addition, three-
dimensional visualization is integrated, and the overall workflow is shown in Figure 2. The framework is
organized into two modular MATLAB components:
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1 Null detection module [29]], which performs temporal synchronization of the four-spacecraft data, ingests
magnetic field and position measurements, detects magnetic null locations and times using barycentric
interpolation with adaptive thresholds, validates field reversal, and stores the detected candidates.

2 Null classification and visualization module [30], which computes the magnetic gradient tensor VB, clas-
sifies null topology via eigenvalue analysis, applies numerical validation criteria, and generates three-
dimensional visualizations of the local magnetic structure around each null.
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Figure 2. Flowchart of the proposed computational framework for automatic magnetic null detection,
classification, and visualization

3. METHOD
3.1. Multi-spacecraft data

The framework leverages observations from NASA’s magnetospheric multiscale (MMS) mission satel-
lite, launched on March 12, 2015, which consists of four identically instrumented spacecraft flying in a tetra-
hedral formation. This configuration enables simultaneous measurements at four distinct spatial locations,
providing the minimum requirements for reconstructing three-dimensional magnetic field gradients and ac-
curately determining the position and topology of magnetic nulls. The MMS data provide publicly available
high-resolution plasma and magnetic field measurements through the science data center (SDC) at https:
//lasp.colorado.edu/mms/sdc/public/. The MMS data are originally distributed in CDF format,
however, the datasets used in this study were preprocessed and converted into MATLAB-ready ASCII files
for efficient analysis. All processed datasets corresponding to the screened events are openly available on
Zenodo [31]].

This study analyzes five events: four previously reported EDR events (E1-E4)—E1 (2015-09-19
07:43:30 UTC) [2l, [30, [9], E2 (2015-10-16 13:07:02 UTC) [2], [9], E3 (2015-10-22 06:05:22 UTC) [2],
[9, and E4 (2017-08-10 12:18:33 UTC) [32]], and one geomagnetic storm/substorm event (S1, 2017-05-28)
[33]. In total, a substantially larger collection of MMS intervals was processed and screened using the pro-
posed automated pipeline; however, only these five events [29] were detected.

3.2. Null detection

Before detecting magnetic null points, the converted ASCII files underwent additional preprocessing
to ensure consistency across the four spacecraft. Temporal synchronization was applied to guarantee that all
MMS data streams were aligned within a tolerance of ¢ = 0.001 s, while timestamps were further adjusted to
the UTC reference using cross-correlation with e = 0.01 s tolerance, and any non-overlapping intervals were
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discarded. A custom MATLAB routine was developed to check synchronization, in which the detection time
was considered valid only if all four spacecraft matched within 1 ms, with MMS|1 serving as the reference
clock. Data cleaning was also performed by removing invalid measurements, such that the cleaned dataset was
formally defined as Dejean = {B;, ;| B; # NaN, r; # NaN}, ensuring that only valid magnetic field vectors
B; and spacecraft positions r; were retained for subsequent null detection analysis.

The automatic detection of magnetic null points was carried out using an adaptive threshold expansion
method. The search was initialized with parameters a = 0, b = 1, and step size = 0.01, and the boundaries
were progressively expanded up to max_expand = 7, which allowed the algorithm to search beyond the initial
MMS tetrahedron. At each iteration, the magnetic field vectors B; and spacecraft positions r; were extracted
from the four MMS spacecraft. These relative magnetic field vectors were then employed to construct the
matrix A, which serves as the basis for estimating the null point location through a system of linear equations.
The null is obtained by solving A[s, t,u]l = —Bj, where A = [B; — By, B3 — By, By — B;]7, using the
approach previously reported in [3]]. By solving this system for the coefficients (s, ¢, u), the fourth barycentric
coefficient is obtained as d = 1 — s — ¢ — u. When the conditions s,¢,u € [a,b] and s +t + u < b are
satisfied, the null position ry,; can be determined as a weighted combination of the four spacecraft positions.
Once a candidate null was found within the specified tolerance, its position and properties were recorded for
further analysis.

After a candidate null point is detected, it undergoes a series of checks to confirm its physical and
geometric plausibility. The magnetic field magnitudes ||B;|| are evaluated for each MMS spacecraft and
the signs of the B,, B,, and B, components are examined across all four spacecraft, as a valid null gen-
erally coincides with a reversal of the magnetic field in at least one component, indicating a true change in
field direction. To assess the spatial configuration, the inter-satellite distances d;; = ||r; — r;|| and the dis-
tances from the null to each spacecraft dpymms = ||r; — roun|| are calculated, and the centroid of the tetra-
hedron is computed as reengoid = %(rl + ry + r3 + ry) to ensure that the null lies reasonably within the
observation volume.

3.3. Null classification

The detected candidate null is classified from the eigenvalues of the magnetic gradient tensor VB [[1]],
(301, [L70, [L190, [24]], [34]], enabling identification of radial or spiral three-dimensional topologies, as summarized
in Table 1. At the detected candidate null, the local magnetic field is linearly approximated as B(r) ~ VB(r —
ro), where the magnetic gradient tensor VB € R3*3 is obtained by solving a full 9 x 9 multi-point linear system
constructed from the four MMS spacecraft measurements. The eigenvalues \; = eig(VB) are then computed
to characterize the local topology. Physical consistency is enforced using the divergence-free constraint n =
tr(VB) = A1 + A2 + A3 = 0 together with the normalized metric p, = |n|/(| 1] + [A2| + |A3]), and only
solutions satisfying |n| < e; and p, < ey are retained. The null type is subsequently determined from the
eigenvalue signs: two negative and one positive eigenvalue indicate type A, two positive and one negative
indicate type B, while the presence of a complex conjugate pair corresponds to spiral types (As/Bs).

Table 1. Classification of magnetic nulls based on eigenvalues of VB [[18]], [34]

A1 A2 A3 Null type  Dimension/Structure  Labelling
0 +A —A X 2-D X
0 +i —iX 0 2D O
“A1 =X +(A1 + A2) A 3-D (radial) A
+A1 + A2 —(A1 4+ A2) B 3-D (radial) \%
A=A i =3 —idg As 3-D (spiral) A
M A4 A =i Bs 3-D (spiral) v

3.4. Null visualization

The visualization of the magnetic topology is achieved through a 3D streamline plot generated around
the null point. To characterize the local magnetic field structure, a first-order linear approximation is employed.
Given the small spatial scales under consideration, the field is modeled as Boge1(r) = VB - (r — rpy), where
VB is the gradient tensor derived from the four MMS measurements and r denotes the position vector relative
to the null. This reconstructed field is then evaluated on a regular 3D grid centered at ry;, and the field lines are
numerically integrated to produce the streamlines. In MATLAB, the streamlines are rendered together with the
MMS tetrahedron and color-coded according to the null type, providing an intuitive representation of the local
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3D magnetic structure. A regular 3D grid of seed points is constructed, typically forming a cube of side length
L centered at ry,y;, where L is proportional to the average inter-satellite distance of the MMS tetrahedron. The
model field Byoge1(r) is computed at each grid point, and field lines are integrated numerically using standard
streamline integration. In MATLAB, the visualization is performed by constructing a regular 3D grid centered
at the null point, computing the local magnetic field at each grid point as Bjoesg = VB « (r — ryu), coloring
the field lines according to the null type, and overlaying the MMS tetrahedron to provide spatial context.
Streamlines are integrated numerically to represent the local magnetic topology offering an intuitive depiction
of the 3D field structure near each null. This visualization provides an intuitive representation of magnetic field
lines near each null, facilitating the interpretation of local 3D magnetic structures.

4. RESULTS

The detection framework identified magnetic nulls in all five analyzed events. The computational
characteristics for each event are summarized in Table 2] The number of iterations required for convergence
varies across events. Event E1 (2015-09-19) converged after a single iteration using the initial search parameters
(a,b) = (0.00,1.00). Event E2 (2015-10-16) and Event E3 (2015-10-22) required 71 and 150 iterations,
respectively. Event E4 (2017-08-10) required 594 iterations. The special case S1 (2017-05-28) converged
after 15 iterations with 365 synchronized time steps. The differences between the detected null times and the
reported EDR intervals are less than one second for Events E1, E2, and E4, while Event E3 shows an offset of
approximately six seconds. The detected null times for all events are listed in Table[2]

Table 2. Computational performance and null detection time compared with reported EDR intervals

Event Date Tteration Final (a,b) Time steps ~ Null time (UTC)  EDR time (UTC) Reference
El 2015-09-19 1 (0.00, 1.00) 1999 07:43:30.840 07:43:30 [21, [0l
E2 2015-10-16 71 (-0.70, 1.70) 4741 13:07:02.490 13:07:02 [21, 19l
E3 2015-10-22 150 (-1.49, 2.49) 374 06:05:16.779 06:05:22 [21, 19l
E4 2017-08-10 594 (-5.93,6.93) 1112 12:18:33.423 12:18:32 [132]

S1 2017-05-28 15 (-0.15, 1.15) 365 05:21:25.583 - Not reported

The geometric characteristics of the detected nulls are summarized in Table[3] The MMS separation
represents the characteristic size of the spacecraft tetrahedron, while the null-centroid distance and the nor-
malized ratio (d/R) describe the relative position of the null with respect to the formation. Event E1 exhibits
barycentric coordinates within the range 0 < s,¢,u < 1, indicating that the null lies inside the tetrahedron.
In contrast, E2 shows one negative parameter and a ratio close to unity, placing the null near the boundary.
Events E3 and E4 show larger normalized distances and ratios exceeding one, indicating locations farther from
the tetrahedron. The special case S1 yields a relatively small ratio (= 0.37) with one negative parameter,
corresponding to a near-boundary position.

Table 3. Geometric parameters and relative position of detected nulls with respect to the MMS tetrahedron

Event Date Parameter MMS separation ~ Null-Centroid  Ratio  Location
s t U (km) (km) (d/R)
El 2015-09-19  0.051  0.625 0.306 71.662 28.892 0.40 Inside
E2 2015-10-16  1.448  0.253  -0.699 13.784 16.122 1.17 Near
E3 2015-10-22  1.096  1.041 0.345 16.967 29.262 1.72 Far
E4 2017-08-10  3.810 -5.921 1.305 20.548 73.221 3.56 Far
S1 2017-05-28  0.151 0313 -0.144 59.228 22.142 0.37 Near

Table |4 summarizes the average magnetic field magnitude and the reversal check across the three
components for each event. Event E1 (2015-09-19) shows a relatively strong mean field of 25.249 nT with
reversals detected in all three components. Event E2 (2015-10-16) exhibits a weaker mean field of 5.502 nT;
no reversal is observed in B, while B, and B, display sign changes. Event E3 (2015-10-22) presents a
stronger mean field of 22.246 nT with no reversal in any component. Event E4 (2017-08-10) is characterized
by a weak mean field of 3.497 nT with a single reversal observed in By, while B, and B, remain monotonic.
Finally, the special case S1 (2017-05-28) shows the lowest mean field of 0.859 nT with reversals present in all
three components.
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Table 4. Magnetic field statistics and reversal checks for each event

Event Date Mean | B| (nT) B, Reversal B, Reversal B, Reversal
El 2015-09-19 25.249 Detected ([-1 1 -1 1]) Detected ([-1 -1 -1 1]) Detected ([-1 -1 -1 1])
E2 2015-10-16 5.502 No reversal ([-1-1-1-1])  Detected ([1-1-1-1]) Detected ([1 -1 -1 -1])
E3 2015-10-22 22.246 No reversal ([1 1 1 1]) No reversal ([1 11 1]) No reversal ([1 11 1])
E4 2017-08-10 3.497 Noreversal ([1 11 1]) Detected ([-1 11 1]) No reversal ([-1 -1 -1-1])
S1 2017-05-28 0.859 Detected ([-1 -1 1 -1]) Detected ([-1 -1 1 1]) Detected ([1 -1 -1-1])

Table 5] summarizes the classification outcomes of the detected nulls for the five analyzed events (E1-
E4 and S1). Three events (E1, E2, and S1) satisfy the validation criteria and are classified as valid nulls, while
the remaining two events (E3 and E4) exceed the prescribed thresholds and are therefore classified as invalid.
Among the validated cases, both radial and spiral topologies are observed, indicating variability in the local
magnetic field structure across events.

Table 5. Eigenvalues of VB at detected nulls, validated via the n = A\; + A2 + A3 and P, = 1/ max(|A;]).
Nulls are considered valid if || < 0.1 and | P,| < 0.3, and classified according to Table 1

Event Date A1 A2 A3 n P, Validity — Type
El 2015-09-19 0.5444 -0.3736 -0.2040 -0.0338  -0.0621 Valid A
E2 2015-10-16  -0.0415+0.4185i  -0.0415-0.4185i 0.1782 0.0952  0.2265 Valid As
E3 2015-12-05 -0.4953 0.1092 0.1906 -0.1956  -0.3948  Invalid -
E4 2017-08-10 -0.0253 0.0246 0.0135 0.0128  0.5049  Invalid -

S1 2017-05-28  -0.0173+0.0000i  0.0066+0.0124i  0.0066-0.0124i  -0.0041  -0.2381 Valid Bs

Figure [3] presents three-dimensional reconstructions of the magnetic field topology surrounding the
detected nulls for representative events. Figure [3(a) shows Event E1 (2015-09-19), a Type A null, featuring
a clear radial configuration with field lines diverging along one principal direction and converging along the
others. Figure [3[b) illustrates Event E2 (2015-10-16), a Type As null, where the field exhibits a distinct spi-
ral pattern indicative of rotational topology. Figure [3[c) depicts Event S1 (2017-05-28), a Type Bs null, also
displaying a spiral structure consistent with its eigenvalue-based classification. These three-dimensional vi-
sualizations faithfully reproduce the geometrical differences between radial and spiral nulls, providing direct,
visual confirmation of the classifications reported in Tables 3-5. The reconstructed field lines, computed from
the locally linearized magnetic field, convincingly highlight the topological signatures unique to each null type.

Null 20150919 : Type A (3D Radial) Null 20151016 : Type As (3D Spiral) Null 20170528 : Type Bs (3D Spiral)
T TN iy

. .

b7 | @

Z (km]

Figure 3. Three-dimensional reconstructions of magnetic field topology around detected nulls: (a) Type A
(radial, E1), (b) Type As (spiral, E2), and (c) Type Bs (spiral, S1). Field lines are computed from the locally
linearized magnetic field and illustrate the distinct topological structures associated with each null type
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5. DISCUSSION

The detected null times closely match the reported EDR intervals, often within sub-second differences
(Events El and E2 shown in Tables [2), demonstrating temporal accuracy and confirming that the identified
nulls represent physically meaningful reconnection structures rather than numerical artifacts. Differences in
iteration counts primarily reflect the relative position of the null with respect to the spacecraft tetrahedron
rather than numerical instability: interior nulls converge rapidly (Event E1), whereas more distant nulls require
substantially more iterations (Event E4), indicating a computationally more demanding search. Nulls located
inside or near the tetrahedron are generally better constrained by the four-point measurements and therefore
more robustly defined (e.g., E1, E2 and S1 shown in Tables [3]), whereas distant nulls (e.g., E3 and E4 shown in
Tables [3)) are more sensitive to interpolation errors and gradient uncertainties.

Magnetic field reversals provide an important physical validation of the detected nulls. Events with
reversals in all or at least two components (E1, E2, and S1 in Table E]) are consistent with true null structures,
whereas partial or absent reversals (E3—E4) indicate weaker or less reliable candidates. Importantly, the pres-
ence of magnetic field reversals across multiple components provides a more reliable physical signature of a
true null than the absolute field magnitude.

The Eigenvalue analysis of the gradient tensor VB further elucidates the local magnetic topology.
Radial and spiral configurations observed in Events E1, E2, and S1 agree with theoretical expectations for
three-dimensional nulls associated with reconnection. In contrast, invalid classifications in Events E3 and E4
likely arise from asymmetric gradients or increased uncertainty when the null is located far from the spacecraft,
highlighting a practical limitation of linear interpolation methods, namely that the accuracy of VB decreases
with extrapolation distance. Combining geometric constraints with eigenvalue validation is therefore essential
to minimize false positives.

These geometric indicators, together with magnetic field reversal and eigenvalue analyses, provide
comprehensive validation of each detection. Figure [3| further confirms the results through three-dimensional
topology reconstructions, where Event E1 shows a radial Type A null, while Events E2 and S1 exhibit spiral
Type As/Bs structures. The reconstructed field lines, obtained from the locally linearized magnetic field, clearly
differentiate radial and spiral topologies and visually confirm the classifications reported in Tables[3H5} Overall,
the agreement between geometric, physical, eigenvalue, and visual analyses, together with the clear separation
between radial and spiral patterns, visually supports the classifications and reinforces the robustness of the
proposed framework.

6. CONCLUSION

Combining adaptive numerical search, geometric validation, and physical topology analysis provides
a reliable, computationally efficient strategy for automatic magnetic null detection in multi-spacecraft observa-
tions. The framework consistently distinguishes well-constrained nulls from distant or ambiguous candidates,
robustly characterizes local topology, and offers practical utility for reconnection studies. Across all investi-
gated events, the framework consistently detected candidate nulls with timings closely aligned with reported
reconnection and EDR intervals, demonstrating both numerical robustness and physical consistency. Geometric
and topological validations further distinguished well-constrained nulls located inside or near the MMS tetrahe-
dron from marginal candidates at larger distances, while eigenvalue analysis enabled systematic classification
into radial and spiral types. These results show that the proposed approach provides not only accurate local-
ization but also meaningful physical interpretation of the three-dimensional magnetic topology. In summary,
the framework offers an efficient and scalable tool for automated magnetic null detection in multi-spacecraft
observations.

Future work will focus on integrating direct ingestion of MMS CDF files into the MATLAB pipeline,
applying the framework to additional datasets, implementing Earth Mover’s Distance (EMD)-based methods,
and extending the framework toward multi-null detection using higher-order polynomial interpolation.
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