A&A, 706, Al (2026)
https://doi.org/10.1051/0004-6361/202557158
© The Authors 2026

tronomy
Astrophysics

Resolving interchange reconnection dynamics in a fan-spine-like

topology observed by Solar Orbiter

Yadan Duan!?3*®, Xiaoli Yan!?, Junchao Hong] , Hechao Chen*2®, Yuhang Gao> 0, Zheng Sun3-0,
Zhenyong Hou®, and Jincheng Wang!*

Yunnan Observatories, Chinese Academy of Sciences, Kunming 650216, China

Yunnan Key Laboratory of Solar Physics and Space Science, Kunming 650216, PR China

School of Earth and Space Sciences, Peking University, Beijing 100871, PR China

School of Physics and Astronomy, Yunnan University, Kunming 650500, China

Centre for Mathematical Plasma Astrophysics, Department of Mathematics, KU Leuven, Celestijnenlaan 200B bus 2400, B-3001
Leuven, Belgium

Leibniz Institute for Astrophysics Potsdam, An der Sternwarte 16, Potsdam 14482, Germany

wohA W o =

6

Received 9 September 2025 / Accepted 30 November 2025

ABSTRACT

Interchange reconnection is thought to play a significant role in the production of solar jets and the solar wind. The dynamics of
interchange reconnection in the low corona might be more complex than recognized before in higher temporal and spatial resolutions,
however. Using unprecedentedly high-resolution observations from the Extreme Ultraviolet Imager (EUI) on board the Solar Orbiter,
we analyzed the dynamics of interchange reconnection in a small-scale fan-spine-like topology. The interchange reconnection that
continuously occurs around the multinull points of the fan-spine-like system exhibits a quasi-periodicity of ~200 s that nearly covers
the entire evolution of this system. Continuous evolution and a reversal of multiple current sheets are observed over time near the null
point. These results reveal that the dynamics of interchange reconnection is likely modulated by emerging magnetic structures, such as
mini-filaments and emerging arcades. Moreover, a curtain-like feature with a width of 1.7 Mm is also observed near the interchange
reconnection region and persistently generates outflows. This is similar to the separatrix curtain reported in the pseudostreamer
structure. This study not only demonstrates the complex and variable reconnection dynamics of interchange reconnection within a
small-scale fan-spine topology, but also provides insights into the self-similarity of magnetic field configurations across multiple

temporal and spatial scales.
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1. Introduction

Interchange reconnection represents a fundamental physical
process in the solar atmosphere. It is characterized by the
reconnection between closed magnetic field lines and adja-
cent open magnetic fields of opposite polarity (Fisk et al. 1998;
Crooker et al. 2002). It can lead to a rapid conversion of mag-
netic energy that enables the transfer of mass and energy along
magnetic field lines. Meanwhile, interchange reconnection can
cause plasma heating and particle acceleration, which allows
the escape of energetic electrons into interplanetary space along
open magnetic field lines. Additionally, interchange reconnec-
tion is also an effective way to release the magnetic twist from
closed magnetic fields into interplanetary space (e.g., Bale et al.
2019; Sterling & Moore 2020; Sterling et al. 2020). In the solar
corona, diverse magnetic field configurations are conducive to
the occurrence of interchange reconnection. It is therefore cru-
cial to characterize the interchange reconnection dynamics in
different magnetic field configurations for understanding the
triggering mechanisms for solar jets (e.g., Shibata et al. 1992;
Krucker et al. 2011) and the origin and properties of the solar
wind (e.g., Masson et al. 2014; Pellegrin-Frachon et al. 2023).
Pseudostreamers are large-scale coronal structures and pro-
vide a favorable environment for the occurrence of inter-
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change reconnection. Pseudostreamers separate open field lines
of the same polarity and contain two closed magnetic fluxes
below their cusp (Wangetal. 2007) with a M-type struc-
ture. The pseudostreamers are usually located more than 1.5
solar radii above the solar surface and are formed by mul-
tiple null points linked by separators (e.g., Titov et al. 2011,
2012; Seaton et al. 2013; Masson et al. 2014). In this config-
uration, the gradient of magnetic connectivity among open
and closed magnetic fields is strong (e.g., Masson et al. 2014;
Scott et al. 2021; Pellegrin-Frachon et al. 2023). This is known
as a separatrix-web (S-Web) and is predicted to favor the
occurrence of interchange reconnection. The S-Web model was
proposed by Antiochos et al. (2011), Titov etal. (2011), and
Linker et al. (2011), who showed a network of separatrix sur-
faces and quasi-separatrix layers (QSLs). Simulation studies
demonstrated that a vertical fan surface emanates from the null
points. This is referred to as a separatrix curtain because it has
a curtain-like shape (e.g., Masson et al. 2014; Scott et al. 2021;
Pontin & Priest 2022). The separatrix curtain is surrounded by
QSLs, which results from the rapid divergence of the field lines
in the vicinity of the null points associated with the separa-
trix surfaces (Titov et al. 2011). The interchange reconnection
that occurs in pseudostreamers is a gradual physical process
(Masson et al. 2014) that can last for several hours without any
drastic changes (e.g., Seaton et al. 2013). The pseudostreamer

Al, page 1 of 11

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202557158
https://www.aanda.org
http://orcid.org/0000-0001-9491-699X
http://orcid.org/0000-0002-3804-7395
http://orcid.org/0000-0001-7866-4358
http://orcid.org/0000-0002-6641-8034
http://orcid.org/0000-0003-4804-5673
http://orcid.org/0000-0003-4393-9731
mailto: duanyadan@ynao.ac.cn
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Duan, Y, et al.: A&A, 706, A1 (2026)

topology, which probably more accurately reflects the actual
magnetic structure of the system, is thought to play a significant
role in the generation of the slow solar wind. It is therefore cru-
cial to understand the dynamics of this system for the analysis
of the mass and energy release of the slow solar wind. Recently,
Chitta et al. (2023) used middle coronal observations to investi-
gate the dynamics of pseudostreamer systems, providing obser-
vational evidence that the reconnection dynamics along the S-
Web are responsible for the release of slow solar wind plasma.
However, it remains challenging to observe this dynamic process
of the pseudostreamer system in the high corona.

The fan-spine structure is defined by a dome-shaped fan sep-
aratrix surface, a magnetic null point positioned at its apex,
and the inner and outer spines that pass through the null
point (e.g., Priest & Forbes 2002; Li et al. 2021; Pontin & Priest
2022). Similar to the large-scale pseudostreamers, a smaller-
scale fan-spine structure is also a favorable place for the occur-
rence of interchange reconnection. Recent observations revealed
that the magnetic null-point position of fan-spine configura-
tions is approximately 1-6 Mm above the solar surface (e.g.,
Cheng et al. 2023; Duan et al. 2024a). The fan-spine topology is
thus associated with various small-scale solar phenomena, such
as solar jets (e.g., Liu et al. 2011; Wang & Liu 2012; Hong et al.
2017; Shenetal. 2019; Duan et al. 2022), solar flares (e.g.,
Sun et al. 2013; Li et al. 2018; Song & Tian 2018; Zhong et al.
2019; Yang et al. 2020a), ultraviolet bursts (e.g., Chitta et al.
2017; Chenetal. 2019a; Bhatnagar et al. 2025a), Ellerman
bombs (e.g., Bhatnagar etal. 2025b), macrospicules (e.g.,
Duan et al. 2023), small-scale spiral jets (e.g., Cheng et al. 2023;
Lietal. 2025a), jetlets (e.g., Kumaretal. 2022; Yang et al.
2025), and coronal bright points (e.g., Zhangetal. 2012;
Nobrega-Siverio & Moreno-Insertis 2022; Ferder et al. 2024).
An increasing number of observations and simulations currently
support that jets and flares can result from magnetic reconnec-
tion between the magnetic flux rope (or filament) that is ini-
tially confined below the fan and the magnetic field of the outer
fan (e.g., Jiang et al. 2013; Song et al. 2018; Wyper et al. 2017,
2018; Yang et al. 2020b; Zhou et al. 2021; Duan et al. 2024a;
Yang et al. 2024a). After the eruption, the remains of an inner
bright patch encircled by a circular flare ribbon are observed
on the solar surface (e.g., Masson et al. 2009; Liu et al. 2015;
Hou et al. 2019; Ning et al. 2022; Zhang 2024), and these fea-
tures indicate the footpoint positions of the inner spine and the
dome-like fan separatrix surface. The lifetime of circular rib-
bon flares ranges from 4 to 205 minutes, with a mean value of
approximately 50 minutes (Zhang et al. 2022). The speeds and
ejection heights of solar jets can reach several hundred kilome-
ters per second and several hundred megameters, respectively.

Interchange reconnection around the null point in the fan-
spine system is also an active field of theoretical and numer-
ical research. It helps us to understand the transfer of mag-
netic flux across different topological regions (e.g., Pariat et al.
2009; Masson et al. 2012; Fuentes-Fernandez & Parnell 2013;
Pontin et al. 2013; Pontin & Priest 2022). Traditional studies
have generally considered that fan-spine structures contain a sin-
gle null point (e.g., Pariat et al. 2009; Wyper et al. 2017), which
differs from pseudostreamer structures, which are formed by
several null points linked by separators (e.g., Titov et al. 2012).
However, Duan et al. (2024a) recently reported that the fan-spine
topology probably contains more than one null point (potentially
multiple null points, QSLs, or separators). Duan et al. (2024a)
reported that the position of a current sheet is along the QSL
that connects two null points. Moreover, small-scale evolving
jets also exhibit various dynamic processes at their base, such as
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multiple small-scale eruptions, plasma flows, and moving blobs
(e.g., Mandal et al. 2022; Long et al. 2023). Thus, the dynamic
of interchange reconnection within small-scale fan-spine struc-
tures is probably more complex and requires further investiga-
tions with higher resolution.

We used data with a high temporal and spatial resolution
acquired by the Extreme Ultraviolet Imager (EUI; Rochus et al.
2020) on board Solar Orbiter (Miiller et al. 2020) to investi-
gate the dynamics of interchange reconnection that continuously
occurs around the null point of a fan-spine-like structure. More-
over, we also identify a curtain-like feature similar to the large-
scale pseudostreamer within a small-scale fan-spine-like struc-
ture.

2. Observations

On 2024 April 5, Solar Orbiter was positioned approximately
0.29 AU from the Sun at an angle of 83° between Solar Orbiter
and Earth relative to the Sun (e.g., Tan et al. 2025). The event
of interest occurred at the western limb of the Sun as observed
by Solar Orbiter, rendering it completely invisible from Earth.
Consequently, all data we used were obtained from Solar
Orbiter. The EUI on board Solar Orbiter consists of three tele-
scopes: the Full Sun Imager (FSI), and two High-Resolution
Imagers (HRIgyv and HRIpy,). HRIgyy 174 A images pro-
vide the dynamic evolution of the fan-spine-like structure and
the complex interchange reconnection process around the null
point within the fan-spine-like system. The time cadence of
HRIgyy 174 A observations is 16, and the pixel scale is 0749,
with an effective exposure time of 2s. A pixel corresponds to
0.108 x 0.108 Mm? on the Sun. The imaging observations in two
channels (FSI 174 A and FSI1304 A) from the FSI also enable us
to study the plasma motions from a larger field of view. The tem-
poral cadence and spatial pixel scale of FSI data are 10 minutes
and 4.44”. We used a cross-correlation for the data alignment
and jitter elimination.

3. Results

Figures la and 1b present an overview of a fan-spine-like struc-
ture observed at the solar limb from the perspective of Solar
Orbiter. A closer view of this structure, indicated by the cyan
box in Fig. 1b, is shown in Fig. 1c after a 115° counterclockwise
rotation to achieve an upright orientation. Figure 1c reveals that
the scale of the fan dome is approximately 15 Mm at the solar
limb. At this time, the morphology of the plasma outflows along
the outer spine of the fan-spine system is that of an anemone
solar jet, characterized by an inverted-Y shape comprising a
bright, straight jet spire and a jet base. This inverted-Y feature
is thought to be the consequence of reconnection between small-
scale magnetic arcades and the unipolar background fields (e.g.,
Tian et al. 2014a, 2018). Given the location of this structure at
the solar limb and the associated projection effects, we did not
use PHI (Solanki et al. 2020) to extrapolate the magnetic field
(e.g., Petrova et al. 2024) and obtain the fan-spine feature. In the
context of magnetic reconnection in three-dimensional geome-
tries, the simplest anticipated outcome of flux emergence into a
locally unipolar region is the formation of a fan-spine magnetic
field configuration (e.g., Torok et al. 2009). Thus, the fan-spine
topology represents the 3D magnetic structure of the straight
anemone jet (e.g., Shen 2021).

Figure 2 shows the evolution of the fan-spine-like topol-
ogy as observed in HRIgyy 174 A images. At approximately
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Fig. 1. a: Positions of Solar Orbiter and Earth at 22:20 UT on 2024 April 5. The HRIgyy inverted grayscale is overlaid on the FSI;74 image. It
shows the location of a fan-spine-like structure at this time. The field of view in panel b corresponds to the red box indicated in panel a, showing
the HRI overlaid on the FSI image at 22:20 UT. c: Zoom-in of HRIgyy 174 A (cyan box in b) showing the structure at the solar limb at a scale of

about 15 Mm.

22:00:44 UT, a small dark closed-loop system emerges to the
right of the coronal plume region. This dark loop might repre-
sent an arch filament system carrying cool material (e.g., Bruzek
1967; Chenetal. 2018; Suetal. 2018). By 22:09:48 UT, the
emerged loop gradually expanded toward the background coro-
nal loop region. The speed at which the magnetic loop carrying
cold material approached the background field is approximately
2kms~!, as shown in Fig. 2f. At 22:13:48 UT, an X-point, the
signal of interaction reconnection between two systems at the
reconnection site, is marked by the yellow arrows. This interac-
tion results in the formation of a new closed loop (denoted by
the white arrow), as shown in Fig. 2d. Afterward, a weak sheet-
like feature developed near the X-point and connected the new
loop and the open field, as denoted by the cyan arrow in Fig. 2d.
This sheet-like structure delineates the current sheet associated
with the reconnection configuration, as suggested by previous
observational studies (e.g., Tian et al. 2014b; Xue et al. 2016;
Shen et al. 2017; Chen et al. 2019b; Hou et al. 2021; Lu et al.

2022; Ding & Zhang 2024; Duan et al. 2024a). Moreover, bright
plasma blobs are also observed within the current sheet, as indi-
cated by the pink arrows in Fig. 2d and reported by previous
studies (e.g., Lietal. 2016; Yan et al. 2022; Hou et al. 2024;
Nobrega-Siverio et al. 2025; Tang et al. 2025). The plasma blobs
might be generated during the interchange reconnection as a
result of a tearing instability, as indicated by the simulation stud-
ies conducted by Bhattacharjee et al. (2009). As the interaction
becomes more dynamic, a common footpoint region shared by
the emerged loop and the newly formed loops is observed that
collectively displays a fan-spine-like morphology, as outlined
by the dashed lines in Fig. 2e. The interaction between this
newly emerging magnetic flux and the adjacent background field
evolves into a fan-spine morphology, consistent with Torok et al.
(2009) and Duan et al. (2024a). Because of the position of the
event at the solar western limb, which lacks magnetic field data,
we cannot extrapolate the magnetic field for this event. Thus, we
refer to this event as the fan-spine-like structure.
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Fig. 2. (a)—(e): HRIgyy 174 A sequence images depicting the evolution process of the fan-spine-like topology. In panel b, the emerged and ambient
open field are outlined by dashed green and white lines, respectively. The yellow arrows point to the X point of reconnection between the emerging
field and the surrounding open magnetic field in panel c. The pink arrows denote the plasma blobs in current sheet 1 (d). Panel (e): Fan surface and
spine of the fan-spine-like structure are outlined by dashed red lines, and the dashed green and white lines outline the closed magnetic flux under
the fan dome and the open flux above the fan dome, respectively. Panel (f): Time-distance diagram along the direction of the white line in panel c.
An animation of the whole evolution process of the fan-spine system is available from 22:00 UT to 22:58 UT. The duration of the animation is 9.

Figure 3 presents the observational dynamic features associ-
ated with the transition from current sheet 2 (CS2) to current
sheet 3 (CS3). At about 22:17:16, a bright emission appears
beneath filament 1, located at the side of the fan-spine-like struc-
ture, and the CS2 feature appears within the fan-spine-like struc-
ture. Although the EUI image only provides the projected trajec-
tory of filament 1 and CS2, they clearly moved upward together
(see the animation). The upward movement of the CS2 might
be a reflection of larger-scale magnetic field relaxation in this
region. Ultimately, filament 1 erupted, as evidenced by its struc-
tural changes from a closed magnetic flux system to an open
field, shown in Fig. 3c. Another filament (filament 2) is observed
at 22:21:32 UT. About two minutes later, filament 2 was acti-
vated and erupted in the direction of CS2. This may be trig-
gered by CS2 and effectively eliminates the restraining magnetic
arcade overlaying the underlying filament 2. At 22:24:12 UT, a
bright linear feature, indicated by the white arrow, connected the
base of the jet spire and the top of the post-flare arcade. This fea-
ture is similar to the flare current sheet that formed in the wake of
the filament eruption (Antiochos et al. 1999; Wyper et al. 2017)
and is referred to as CS3. Figures 3d1-3f1 show the schematic
diagrams corresponding to panels d—f and the possible connec-
tivity of filament 2.

In the time-distance diagram along the arrow S3 (see
Fig. 3f), plasma outflows occur continuously and a significant jet
erupts (~22:23 UT), as displayed in Fig. 3i13. We also employed
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the wavelet and Fourier analysis method (Torrence & Compo
1998; Auchere et al. 2016) to obtain the periods of the contin-
uous plasma outflows. We extracted a light curve from S3 (the
location is marked by the dashed red line in Fig. 3i3). The result
is illustrated in Figs. 7al—7a3. The speeds of these plasma out-
flows are presented in the time-distance diagram along the ejec-
tion to the highest position, as shown in Figs. 6a and 6d.
Figures 3il and 3i2 show the time—distance diagrams along
the cyan arrows S1 and S2 in panel f. At around 22:23 UT,
CS2 clearly transformed into a two-loop system moving in dif-
ferent directions (see the animation), while CS3 appeared. At
this moment, filament 2 erupted toward CS2, as indicated by
the red arrow in Fig. 3il. CS2 was observed from approxi-
mately 22:17UT to 22:23 UT, during which its width ranged
from 0.6 to 0.8 Mm, which is consistent with prior statistical
analyses (Ding & Zhang 2024; Ding et al. 2024). The length of
CS2 appeared to grow over time from an initial 3Mm to a
final 5 Mm before it disappeared. According to the Sweet-Parker
mechanism (Priest & Forbes 2000), the reconnection rate (the
inflow Alfvén Mach number (M,)) is theoretically proportional
to the ratio of the current sheet thickness (d) to its length (L; e.g.,
Xue et al. 2016; Chen et al. 2019b; Yang et al. 2024b). Based on
these measurements, the reconnection rate of the CS2 was esti-
mated to be in the range of 0.12 to 0.2. During the period from
22:23 to 22:40 UT, the width of CS3 was approximately 0.4 Mm
to 0.6 Mm, and its length varied from 2.7 Mm to 7.4 Mm. Unlike
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Fig. 3. (a)—(f): HRIgyy 174 A sequence images showing the production of two current sheets. (d1)—(f1): Schematic diagrams of the evolutionary
sequence of filament 2, corresponding to the respective time instances shown in panels d—f. (i1)—(i3): Time-distance diagrams along the direction
of the cyan arrows in panel f. The dashed black line outlines the post-flare loop after the eruption of filament 2 in panel f. The dashed red line in
panel i3 represents the position from which the light curve was extracted for wavelet analysis, with the results presented in Figs. 7al—7a3.

CS2, CS3 contracted for a time following its initial elongation.
The estimated reconnection rate of CS3 ranged from 0.12 to
0.17. Both current sheets showed an upward movement trend,
and CS2 and CS3 moved at speeds of 5.5km/s and 1.5 km/s,
respectively.

Figure 4 illustrates the dynamic evolution of the interchange
reconnection in the outflow region of CS3. A set of magnetic
loops is clearly visible to the left of the jet spire, as shown
in Fig. 4a. These loops are reconnected loops that formed in
the outflow region of CS2. At 22:25:16 UT, this set of mag-
netic loops clearly showed three distinct groups of field lines
(indicated by the yellow arrows). Between 22:24:28 UT and
22:25:32 UT, these loops moved toward the jet spire in a slipping
motion. They reconnected with the surrounding open field lines
at CS3 (the reconnection point is indicated by the purple arrow in
panel d). At 22:26:36, the newly formed loops after interchange
reconnection are shown by the cyan arrow. The closed field lines
on the left of the jet spire eventually changed into open field lines
through the dynamic evolution of interchange reconnection in a
curtain-like feature (see panels f—i). The width of this curtain-
like feature is approximately 1.7 Mm. The time-distance dia-
gram along the curtain-like structure from arrows S4—S6 shows
the continuous plasma outflows along the curtain feature. The
average velocity of these plasma outflows is ~80kms™!. We
extracted the light curves from S4, S5, and S6 at the location

marked by the dashed red lines in Figs. 4i1—-4i3. The results of
the wavelet and Fourier analysis are shown in Figs. 7b—7d.

Figure 5 shows the ultimate breakdown process of this fan-
spine-like system. CS3 gradually approached the post-flare loop,
as shown in Figs. 5a—5c. This might be caused by the migration
of the null point in the fan-spine system as a result of changes in
the gas pressure and magnetic pressure. Subsequently, another
filament, referred to as filament 3, appeared below the post-flare
loop, as displayed in Fig. 5d. Together, they showed dynamic
evolutionary characteristics of uplift and interacted with each
other (see Fig. 5e). The post-flare loop and filament 3 eventu-
ally transitioned from a closed magnetic flux to an open flux at
22:47:40 UT.

Figure 6 illustrates the spatial relation between the fan-spine-
like structure and the surrounding magnetic field. For clarity,
we superposed HRIgyy 174 A images on a sequence of FSI
174 A images (see Figs. 6b1—6b3). Additionally, the running-
difference images from the FSI 304 A sequence, shown at 10-
minute intervals, show the process of plasma outflow. To quan-
tify the plasma motion, two cuts were placed, as shown in
Fig. 6a. Slice 1 was positioned along the path where the plasma
ejection reached its maximum height within the fan-spine-like
structure, and slice 2 was established in the direction of the erup-
tion of filament 1 along the side of this structure. By calculating
the light curve within the dashed yellow box in Fig. 6a, we found
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Fig. 4. (a)—(f): Sequence of HRIgyy 174 A images illustrating the continuous interchange reconnection process. (b) Three groups of loops (yellow

arrows). (c): The dashed black arrow shows the slipping motion of thes

e three loops. (d): Reconnection site between these three loops and the

ambient open fields (pink arrows). Open magnetic field lines of the three loops after the reconnection in panel f (dashed yellow lines). Panels
(g)—() show a curtain-like feature. (i1)—(i3): Time-distance diagrams along the direction of the dashed white lines in panel i. The dotted blue
lines in panels (i1)—(i3) trace the inclined ridges that correspond to the plasma outflows along the curtain feature. The speeds were calculated by
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performing a linear fit on the height-time measurements. The “as
mark the locations from which the light curves were extracted for wavele

that the peak of this intensity curve corresponds to the eruption
of filament 1. Based on the time-distance diagram of Fig. 6Ge,
we determined that the time and speed of the erupted filament
1 are about 22:18 UT and 186kms~!. The average speed of the
recurring plasma ejections is 64 kms~!. The highest plasma ejec-
tion occurred around 22:23 UT (see Fig. 6d), corresponding to
the eruption of filament 2 in Figs. 3d—3f and i3. The FSI 304 A
running-difference images show that the plasma material flows
along the closed field lines and finally impacts the solar surface,
as denoted by white arrows in Figs. 6¢2 and 6¢3. No distur-
bance signals were observed in the HRIgyy 174 A orFSI 174 A
images, indicating that the temperature of the material flows was
not high relative to the coronal loop. The low temporal resolu-
tion of the FSI prevents us from distinguishing which filament
eruption the material that propagated along the closed magnetic
field lines in Figs. 6¢2 and 6¢3 originated. These results indi-
cate, however, that the reconnection in the low corona can supply
material and energy to the high corona. Additionally, the ejected
plasma flows subsequently fall down, which might correspond
to coronal rain within the coronal loops. The ongoing coronal
rain indicates the spatial distribution of the coronal-loop heating
(Antolin et al. 2010; Antolin & Froment 2022).

To investigate the periodic oscillation of plasma outflows
along the jet spire and the curtain feature, we applied a wavelet
and Fourier analysis in Fig. 7 to four light curves, follow-
ing the method introduced by Torrence & Compo (1998) and
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is an abbreviation for “average speed”. The dashed red lines in panels (i1)—(3)

t analysis, with the results presented in Figs. 7b—7d.

Auchere et al. (2016). The positions from which the light curves
were extracted are marked by the dashed red lines in Figs. 3i3
and 4i1-4i3. We chose to fit the fast Fourier transform (FFT) of
each light curve using the following power-law equation:
o(v) = Av' + BK,(v) + C, €))
where v is the Fourier frequency, A, B, and C are constants, the
second term accounts for the possible presence of pulses in the
time series, and K,(v) is the Kappa function,

2\ %
1+%) , )

K,() = ( -
where p is the width of the power spectral distribution (PSD),
and « defines the extent of its high-frequency wing.

Figs. 7a3—7d3 show that the global 99% Fourier confidence
level is higher than the local and global 99% wavelet confidence
levels. The global 99% wavelet confidence levels are higher than
the local 99% wavelet confidence level. This result is consistent
with findings reported in previous studies (e.g., Auchere et al.
2016; Kayshap et al. 2020; Li 2022; Mandal et al. 2022). In
Figs. 7a3, 7¢3, and 7d3, a slope variation in the Fourier spec-
trum forms a peak around 5x 10° uHz, corresponding to a period
of 200s. This indicates that periodic interchange reconnection
occurred in the curtain structure (Figs. 7b3, 7¢3, and 7d3), which
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Fig. 5. Panels (a)—(f): Final evolution process of the fan-spine-like system. The black arrows denote another filament (filament 3) in panels (d)—(e).

is comparable to the periodicity of the interchange reconnec-
tion at the jet spire (Fig. 7a3), with both being approximately
200 s. During the eruption, the upward movement of cold plasma
obscures the hot plasma outflows. This might explain the lack of
a distinct periodicity in Fig. 7b3. In this scenario, the periodicity
of the interchange reconnection is maybe also underestimated.

4. Conclusion and discussion

Using high spatial resolution observations from the Extreme
Ultraviolet Imager (EUI) on board the Solar Orbiter, we reported
the direct imaging of three current sheets (CSs) associated with
recurrent interchange reconnection near the null point within a
fan-spine-like system. The three current sheets occurring near
the null point were modulated by emerged small magnetic struc-
tures. CS1 was generated by the interaction between emerging
magnetic loops and the ambient magnetic field. An X point at the
reconnection site and plasma blobs within CS1 were observed.
CS2 appeared to be affected by the eruption of filament 1 on the
side of the fan-spine-like topology, lasting about 6 minutes with
a maximum length of 5Mm and a width of 0.8 Mm. The for-
mation mechanism of CS3 is similar to the flare current sheet
in the breakout jet model. CS3 lasted 17 minutes, with a maxi-
mum length of 7.4 Mm and a width of 0.6 Mm. The estimated
reconnection rates are approximately 0.12 to 0.2 for the CS2 and
0.12 to 0.17 for the CS3. A curtain-like feature with a width
of 1.7 Mm arose during the dynamic evolution of the fan-spine
system. Periodic interchange reconnection occurred in the cur-
tain, with a periodicity comparable to that of interchange recon-
nection at the jet spire, both being about 200s. Additionally,
the plasma outflows from periodic reconnections, regardless of
where they occurred, nearly encompassed the evolution of the

fan-spine system and showed a gradual physical process simi-
lar to that of interchange reconnection in a pseudostreamer. We
suggest that the dynamics of recurrent magnetic reconnection in
such a small fan-spine system might be more complex than we
realized before. Our results revealed a self-similarity between
small-scale fan-spine structures and large-scale pseudostreamer
structures.

We found that during the dynamic evolution of the fan-
spine system, complex magnetic field interchange reconnection
occurred near the null point. Specifically, the appearance of CS1
resulted from the interchange reconnection between the newly
emerging magnetic flux and background fields (Fig. 2); the tran-
sition from CS2 to CS3 was accompanied by exchanges in recon-
nection outflows and inflows (Fig. 3); interchange reconnection
occurred between the closed magnetic loop under the fan dome
and the surrounding open field, forming a curtain-like struc-
ture in the reconnection outflow region of CS3 (Fig. 4); and
periodic reconnection occurred near the null point, including
on the jet spire and the curtain feature. These results suggest
that the magnetic reconnection in a fan-spine topology seems to
be more complex than single null-point reconnection, possibly
involving QSL reconnection or separators (i.e., a series of nulls).
Duan et al. (2024a) reported that two null points can be con-
nected by an elongated sheetlike quasi-separatrix layer (QSL)
through the magnetic null-point-tracing method and the calcula-
tion of the 3D squashing factor Q. This result indicates the pos-
sible existence of multiple magnetic null points in the fan-spine
system.

High-resolution EUI174 A images revealed that persis-
tent plasma outflows occur near the magnetic null point.
The velocity of these plasma outflows (~64-90kms™)
is somewhat lower than that of the filament 1 eruption
(i.e., 186kms™"), indicating that gentle reconnection occurs
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Fig. 6. Panel (a): Direction in which plasma outflow is ejected to its highest position (white arrow, slice 1). Slice 2 is along the direction of the
eruption of filament 1 at the side of the fan-spine structure. Panels (b)—(c): HRIgyy images overlaid on the FSI;;4 images and FSI;y, running-
difference images, showing the location of the fan-spine-like structure. The white arrows illustrate the plasma ejection material propagating along
the closed magnetic field lines in panels (c2)—(c3). Panels (d)—(e): Time—distance intensity diagrams of HRIgyy 174 A plotted along slices 1 and
2 in panel a. The yellow curve represents the EUI 174 A light curve, which is calculated within the dashed yellow box in panel a from 22:00 UT to

22:57UT.

persistently near the magnetic null point. Recurrent recon-
nection that persistently occurs near the magnetic null point
in the fan-spine configuration, resulting in plasma outflows,
was also reported in previous studies (Chengetal. 2023;
Duan et al. 2024a; Kumar et al. 2024). This process resembles
the simulations by Nébrega-Siverio & Moreno-Insertis (2022),
Nobrega-Siverio et al. (2023), where stochastic granular motions
were sufficient to stress the small-scale fan-spine structure, trig-
gering sustained reconnection at the coronal null point, which
naturally resulted in persistent jetting activity in the form of
recurrent gentle plasma outflows. Gentle reconnection or gentle
plasma outflows most likely result from the interchange recon-
nection between magnetic flux under the fan dome and the ambi-
ent open magnetic field lines. These gradual physical processes
are similar to the interchange reconnection that occurs in the
pseudostreamer structure (e.g., Masson et al. 2014) and proba-
bly plays a critical role in the continuous energy and material
injection into the high corona.

The observation that sparked our interest in this event was
the identification of two distinct current sheets (CS2 and CS3) at
disparate locations. It is pertinent to note that changes in mag-
netic pressure or gas pressure can lead to reconnection rever-
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sals (Murray et al. 2009), resulting in the formation of oscilla-
tory current sheets around the null point, as demonstrated by
Hong et al. (2019). Their study focused on oscillatory magnetic
reconnection preceding a jet within the breakout current sheet.
Here, the appearance of CS2 and CS3 in sequence also indi-
cates the reconnection reversal. This should be attributed to the
dynamics described by the breakout jet model, however, which is
different from the oscillatory reconnection. In simulations con-
ducted by Wyper et al. (2017), shear facilitated the accumulation
of free energy within the filament channels along the polarity
inversion line of the fan-spine magnetic configuration. As the
shear progressed, the overlying magnetic field expanded upward
and formed a breakout current sheet (BCS) at the null point. In
this event, the appearance of CS2 was affected by the eruption of
filament 1 on the side of the fan-spine-like structure. Reconnec-
tion at the CS2 then eliminated the restraining fields, resulting in
eruptions of another filament (filament 2; e.g., Wyper et al. 2017,
2018; Kumar et al. 2018; Sun et al. 2023; Duan et al. 2024a,b;
Yang et al. 2024b). Filament 2 then rapidly reconnected with
the external open field, inducing explosive interchange recon-
nection within the CS3 left in its wake, thereby producing the
post-flare loops. The transition from CS2 to CS3 in this event
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Fig. 7. Wavelet and Fourier analysis of the temporal evolution for plasma outflows (Fig. 3i3) and curtain feature (Figs. 4i1-4i3). The variance-
normalized light curve is displayed in the upper left corner of each panel. Panels (a2), (b2), (c2), and (d2) illustrate the whitened Morlet wavelet
spectrum, which was normalized according to the background power model. The Fourier power spectra (black histogram), time-averaged wavelet
spectrum (thick line), and fitted noise model (red line), along with its components (dashed red line), are shown in panels (a3), (b3), (c3), and (d3).
The 99% local and global confidence levels with fitted noise are shown as dark and light orange curves, respectively. The gray line indicates the
99% global confidence level for the Fourier spectrum. The peak of the Fourier power is labeled with pink arrows.

is similar to the breakout jet model (Wyper et al. 2017). In the
simulation studies (e.g., Scott et al. 2021), the reversal or transi-
tion of these current sheets was apparently not considered. Our
observations also indicate that the dynamics of large-scale pseu-
dostreamer structures might undergo similar complex processes,
which might be a possible reason for the appearance of complex
structures in the solar wind.

Our calculations of the width of the current sheet might over-
estimate the actual width because the features we observed were
essentially plasma sheets embedded within the current sheet
(e.g., Lin et al. 2015). When we consider that the thermal halo
effect has very little impact, the lengths of the current sheets are
generally comparable to the lengths of the plasma sheets. The
calculated reconnection rate is therefore likely overestimated
and only represents an upper limit of the true reconnection rate.
The overall trend reflects the evolutionary characteristics of the
reconnection rate, however.

In large-scale pseudostreamer structures, the separatrix cur-
tain formed by the separatrix fan surface from the central
null is orthogonal to the other two surfaces and is bounded
by their respective spine field lines (Titov et al. 2011). Com-
pared to the fan-spine topology (often described as a separa-
trix dome with a single null point), separatrix curtains involve
multiple null points that are connected by separators. When
we consider the three-dimensional invariance of the fan-spine
structure in a two-dimensional geometry, the three-dimensional

null point is replaced with a separator, and the spine line is
replaced with a spine surface. Within the three-dimensional
magnetic reconnection framework, reconnection is not confined
to null points, but occurs throughout a finite diffusion region
(Pontin & Priest 2022). In this scenario, the fan-spine structure
resembles a scaled-down version of the pseudostreamer struc-
ture (e.g., Lynch & Edmondson 2013; Wyper et al. 2024). In
the small-scale fan-spine topology, multiple nulls and connect-
ing separators allow a more frequent and complex interchange
reconnection between open and closed magnetic fluxes, similar
to the pseudostreamer simulated by Scott et al. (2021). Consis-
tent with our previous findings (Duan et al. 2024a), our current
observations revealed the occurrence of a complex and frequent
interchange reconnection in the coronal jets between open and
closed magnetic fluxes, likely mediated by multiple null points.
Concurrently, the coronal jet expelled plasma with a curtain-like
jet spire and a complex current sheet evolution. These results
provide evidence that this coronal jet occurred in a small-scale
separatrix curtain, resembling a scaled-down version of the pseu-
dostreamer structure. Similarly, Mandal et al. (2022) recently
reported analogous phenomena, including a curtain-like jet spire
and numerous complex morphological changes, in a highly
dynamic small-scale event observed by EUI in a polar coro-
nal hole. Moreover, Li et al. (2025b) also reconstructed a sep-
aratrix curtain-like magnetic topology in small-scale recurrent
jets. These high-resolution EUI imaging observations jointly
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reinforce the view of the across-scale self-similarity of magnetic
separatrix curtains and their associated interchange reconnec-
tion processes from the large-scale pseudostreamers down to tiny
coronal jets.

Data availability

Movie associated with Fig. 2 is available at https://
www.aanda.org
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