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ABSTRACT

Context. The generation of the slow solar wind remains an open problem in heliophysics. One of the current theories among those
aimed at explaining the injection of coronal plasma in the interplanetary medium is based on interchange reconnection. It assumes
that the exchange of magnetic connectivity between closed and open fields allows the injection of coronal plasma in the interplan-
etary medium to travel along the newly reconnected open field. However, the exact mechanism underlying this effect is still poorly
understood.

Aims. Our objective is to study this scenario in a particular magnetic structure of the solar corona: a pseudo-streamer. This topological
structure lies at the interface between open and closed magnetic field and is thought to be involved in the generation of the slow solar
wind.

Methods. We performed innovative 3D magnetohydrodynamic (MHD) simulations of the solar corona with a pseudo-streamer, using
the Adaptively Refined MHD Solver (ARMS). By perturbing the quasi-steady ambient state with a simple photospheric, large-scale
velocity flow, we were able to generate a complex dynamics of the open-and-closed boundary of the pseudo-streamer. We studied the
evolution of the connectivity of numerous field lines to understand its precise dynamics.

Results. We witnessed different scenarios of opening of the magnetic field initially closed under the pseudo-streamer: one-step
interchange reconnection dynamics, along with more complex scenarios, including a coupling between pseudo-streamer and helmet
streamer, as well as back-and-forth reconnections between open and closed connectivity domains. Finally, our analysis revealed
large-scale motions of a newly opened magnetic field high in the corona that may be explained by slipping reconnection.
Conclusions. By introducing a new analysis method for the magnetic connectivity evolution based on distinct closed-field domains,
this study provides an understanding of the precise dynamics underway during the opening of a closed field, which enables the
injection of closed-field, coronal plasma in the interplanetary medium. Further studies shall provide synthetic observations for these

diverse outgoing flows, which could be measured by Parker Solar Probe and Solar Orbiter.
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1. Introduction

As is the case for many stars, the Sun generates a plasma
flow, known as the solar wind, that constitutes its heliosphere.
It is generally acknowledged that during solar minimum, the
solar wind has two regimes: a fast wind coming from the
pole and a slow wind originating from low latitude regions
(roughly 60° wide around the Sun’s equatorial plane; Wang
2000; McComas et al. 2008). In addition to its mean velocity, the
slow solar wind differs from the fast solar wind by its composi-
tion, a higher heavy-ion ionization state, and a higher first ioniza-
tion potential bias in elemental abundances, as well as a greater
temporal variability (see reviews by Schwenn 2006; Geiss et al.
1995; von Steiger et al. 2000; von Steiger & Zurbuchen 2011).
While coronal holes (CHs) are widely accepted as the source
region of the fast wind, the source of the slow wind is still
a matter of intense debate (see review by Abbo et al. 2016).

* Movies associated to Figs. 9-13 are available at https://
www.aanda.org

Several coronal models have been proposed to explain the slow
solar wind properties. The expansion factor model provides
an empirical relation between the speed of the wind and the
expansion factor of the open magnetic field in coronal holes
(Wang & Sheeley 1990). Assuming that the heating rate depends
on the local magnitude of the coronal hole magnetic field, when
the magnetic field diverges rapidly with height, most of the
energy is deposited in the low corona (Wang et al. 2009). There
is less energy available for the plasma flow on the edges of the
coronal holes where the field is diverging faster than in their
core. Thus, slow wind originates from the CH edge (large expan-
sion factor), while the fast wind comes from the CH core (small
expansion factor). Pinto et al. (2016) tested this model using
numerical magnetohydrodynamics (MHD) simulation and high-
lighted that the expansion factor strongly depends on the topol-
ogy of the magnetic field. A major issue related to the expansion
factor model lies in its inability to explain the slow-wind com-
position and variability measured in the heliosphere.

In order to explain the slow solar wind variability, dynam-
ical models have been developed, such as the streamer blob
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model and the interchange reconnection model. The streamer
blob model (see Sheeley et al. 1997; Higginson & Lynch 2018;
Lynch 2020) relies on the creation of magnetic flux ropes by
magnetic reconnection at the apex of the helmet streamer and
may account for the slow wind speed and density variability
(Viall & Vourlidas 2015). A flux rope can be formed by mag-
netic reconnection either between closed-closed field that have
been extended by the solar wind and pinched at the top of the
streamer (Higginson & Lynch 2018; Réville et al. 2020, 2022)
or between open-open field on each side of the heliospheric
current sheet (HCS). Independently of the reconnection type,
the plasma blobs are released in the HCS localized around
the Sun’s equator and cannot directly explain the presence of
slow wind as much as 60° in latitude away from the ecliptic
plane.

The interchange reconnection model proposed by Fisk et al.
(1998) is aimed at explaining the variability of the slow wind by
the release of hot plasma flows from closed-coronal loops that
reconnect with the nearby open field (Del Zanna et al. 2011).
Diverse topologies of the magnetic field are favorable to the
development of interchange reconnection. Single 3D magnetic
null point appears when a parasitic polarity is embedded in an
opposite sign polarity which creates a (quasi-)circular polarity
inversion line (PIL). When magnetic field surrounding the para-
sitic polarity is open, the fan separatrix surface of the null point
presents a dome shape, which encloses a domain of closed mag-
netic field that is topologically separated from the surrounding
open field. Two singular field lines originate from the null point
on each side of the fan surface. One spine is anchored inside
the parasitic polarity and the other one is open in the corona.
Magnetic null points with open spines are widely known to
serve as the playground for coronal jets injecting coronal plasma
and energetic particles along the open field that is newly recon-
nected through interchange reconnection (Pariatetal. 2009;
Rosdahl & Galsgaard 2010; Raouafi et al. 2016; Pallister et al.
2021). In order to have an open spine, the fan does not have to be
entirely surrounded by open field, but the open field region has
to be continuous; namely, the fan can be partially inserted into
the open field region (Edmondson et al. 2010).

More recently, Titov etal. (2011) defined a more com-
plex magnetic topology at the interface of open and closed
fields in the corona, namely: pseudo-streamer (PS) topol-
ogy. Pseudo-streamers were first identified as large-scale struc-
tures in EUV wavelengths (Wang & Sheeley 2007; Seaton et al.
2013). The underlying magnetic structure of a pseudo-streamer
consists of a closed field embedded in uni-polar open field
— unlike a helmet streamer, which is embedded in bipolar
open field (Riley & Luhmann 2012; Rachmeler et al. 2014).
Pseudo-streamers are usually located at higher latitudes than
active regions and associated with decaying active regions
(Rachmeler et al. 2014; Seaton et al. 2013). By analyzing the
magnetic topology of the global coronal magnetic field,
Titov et al. (2012) showed that multiple pseudo-streamers can be
present concomitantly and that their topology altogether struc-
tures the large-scale corona. Similarly to null points with an open
spine, pseudo-streamers are formed when a parasitic polarity is
embedded in an opposite sign polarity, creating a quasi-circular
PIL. However, the open field is distributed in two disconnected
regions Scott et al. (2021). A pseudo-streamer topology displays
a central null point with a vertical fan, which is called the sep-
aratrix curtain, and two spines that belong to the closed sepa-
ratrix dome enclosing the parasitic polarity. The vertical fan is
partially open. Its opened section delimits the two disconnected
regions of open field, while two closed field sections are located
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on each side of the open section and belong to the closed field
of the helmet streamer. The vertical fan intersects the two hel-
met streamer open-closed boundaries located on each side of the
pseudo-streamer. We find open separators at those intersections.
The closed separatrix dome of the pseudo-streamer is built by
the two dome-shaped closed fans from two null points located on
each side of the central null. Two spines of those secondary null
points belong to the vertical fan of the central null. Also, the two
null points can be located at the solar surface and thus form bald
patches. We refer to Titov et al. (2011) for more details. The cen-
tral null and the secondary nulls (or bald patches) are connected
by separators formed at the intersection of the vertical fan and
the closed-dome separatrix surfaces.

Magnetic reconnection happening at a separatrix surface
leads to a change of magnetic connectivity domain of the recon-
necting field. During the interchange reconnection, the closed
field switch from the close connectivity domain below the
closed separatrix surface toward the connectivity domain of
open field. In the corona, a second type of topological element
exists, namely, the quasi-separatrix layer or QSL. It defines a
volume of strong gradient of magnetic connectivity: a mag-
netic flux highly concentrated at one footpoint strongly diverge
and connect an extended and squashed area at its conjugate
footpoint (Demoulin et al. 1996; Titov et al. 2002). QSLs are
found in bipolar magnetic configuration (Demoulin et al. 1997;
Mandrini 1997) and embed true separatrices (Masson et al.
2009; Pontin et al. 2016). Magnetic reconnection occurs in QSLs
and leads to a continuous change of magnetic connectivity inside
the QSLs (Aulanier et al. 2006). They are quantified by comput-
ing the squashing-factor Q which measures gradient of connec-
tivity for each field line with respect to its neighboring field lines
(Titov et al. 2002; Pariat & Démoulin 2012).

The separatrix-web model (S-Web) was proposed by
Antiochos et al. (2011) and Linker et al. (2011) to explain the
slow wind’s latitudinal extension away from the HCS, its vari-
ability, and its composition (charge-state and elemental). This
model relies on the large-scale magnetic topology of the solar
corona. By computing the squashing factor Q of the global
coronal magnetic field between the solar surface and 10 R,
these authors showed that there is a connected network of
high-Q arcs. This web extends up to 30° in latitude south and
north of the HCS (see Fig. 7 Antiochos etal. 2011). Those
high-Q arcs show the open-closed separatrices and the associ-
ated QSLs (Scott et al. 2018). The S-Web model proposes that
interchange reconnection occurs along this network of sepa-
ratrices and quasi-separatrix layers, allowing for the dynami-
cal release of closed coronal plasma into the heliosphere. It is
worth mentioning that the S-web itself shows many high-Q arcs
connected to the HCS, thus highlighting the fact that pseudo-
streamers and narrow corridor structures are ubiquitous in the
corona (Scott et al. 2018).

In the corona, the arcs of high Q are of two types (see
Scott et al. 2018). They can be the heliospheric trace of a nar-
row corridor of open field in the corona (Antiochos et al. 2011)
or serve as a signature of a PS topology (Titov et al. 2011).
Those two magnetic configuration are fundamentally different.
The open-closed separatrix surface for a narrow corridor corre-
sponds to the surface delimiting the streamer and the open field
and no true magnetic null point is present. The Q arc consists
solely of a quasi-separatrix layer, without an embedded separa-
trix inside. By forcing the open-closed boundary of such nar-
row corridor, Higginson et al. (2017a) showed that interchange
reconnection occur and exchange the open and closed connec-
tivity of the field at the narrow corridor boundaries.
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The second type of magnetic configuration creating high-Q
arcs is the PS topology. Such a magnetic topology provides key
elements to trigger interchange reconnections. In a series of stud-
ies, Aslanyan et al. (2021, 2022) have studied the open-closed
dynamics in a PS topology by forcing the system with super-
granular photospheric flows applied at the open field boundaries
and along the closed separatrix surface. They showed that on a
global scale, magnetic reconnection occurs and that field rooted
in the photospheric flows is able to reconnect and open into the
heliosphere.

On the other hand, pseudo-streamers have multiples topo-
logical elements where interchange reconnection can happen.
Therefore, magnetic reconnection at null points are not the only
way by which the field can open. Masson et al. (2014) suggested
that the field can open via at least two different scenarios: (1)
a standard interchange reconnection at the null point between
the closed field below the PS closed dome and the open field or
(2) a two-step reconnection combining a closed-closed recon-
nection between the closed field below the PS closed dome and
the closed field below the helmet streamer, followed by the open-
ing of the field through interchange reconnection at the open
separator between the helmet streamer closed field and the open
field. However, those conclusion are only based on the topo-
logical analysis and no dynamical study has been carried out.
Knowledge of the detailed dynamics of the field opening is crit-
ical to linking the in situ measurement with the remote observa-
tions (Parenti et al. 2021) and thereby understanding the source
of the slow wind.

In this paper, we present a numerical study that is tailored to
achieve a better understanding of the dynamics of the pseudo-
streamer. In Sect. 2, we present our pseudo-streamer numerical
model. In Sect. 3, we analyze the dynamics of the pseudo-
streamer and determine the reconnection episodes leading to the
opening or the closing of the magnetic field. Finally, in Sect. 4,
we present our conclusions and discuss the heliospheric impact
of the open-closed connectivity exchange in a pseudo-streamer.

2. Model description

In this section, we first present the MHD equations and the
numerical domain (Sect. 2.1). Then, we detail the initial mag-
netic field (Sect. 2.2) and the pseudo-streamer topology at the
initial time (Sect. 2.3). We also describe the atmosphere initial-
ization and the relaxation phase required to reach a quasi-steady
state (Sect. 2.4). Finally, we present the photospheric flow that
forces and disturbs the system (Sect. 2.5).

2.1. MHD equations and the numerical domain

The simulations are performed using the Adaptively Refined
Magneto-hydrodynamics Solver (ARMS; DeVore & Antiochos
2008) to solve the following ideal MHD equations in spherical
coordinates:

dp
rLiyv. = 1
Pyl (pv) = 0, (D
WP LS (oow) = £ (Vx B) =~ VP + pg, )
ot u
%—f—Vx(va)zo, 3)

where p is the mass density, v the plasma velocity, u the mag-
netic permeability in vacuum, B the magnetic field, P the pres-
sure, and g = —GMyr/r® the solar gravitational acceleration.

We assume a fully ionized hydrogen plasma so that P =
2(p/mp)kgT with T the plasma temperature and mp as the pro-
ton mass. Because our concern is not to simulate the detailed
thermodynamics of the heliospheric plasma, but the dynamics of
the coronal magnetic field, we did not solve the energy equation
and, instead, we imposed a constant, uniform temperature.

The ARMS code uses the PARAMESH toolkit (MacNeice
et al. 2000) that provides parallel adaptive mesh refinement to
adapt the grid throughout the computation to the evolving solu-
tion. Five levels of grid are allowed during this simulation. Each
grid block consists of 8 x 8 x 8 grid points. Initially, the grid
is equally spaced in ® and @ and stretched exponentially in
radius (see Fig. 1 right). In order to resolve the flows and the
gradients resulting from the photospheric forcing, we allowed
the grid to reach the maximum level of refinement (level five)
in the region that encompasses the studied magnetic structure.
The maximum level is also reached in the regions of high elec-
tric current in the pseudo-streamer, around what we later call
the closed-separator (see Sect. 2.3 for a description of magnetic
topology and Sect. 3.1 about the intense current-sheet regions
in the pseudo-streamer). Since we are not studying the helio-
spheric current-sheet (HCS) here, which carries strong electric
current density and thus forces the algorithm to increase the
refinement in these regions, we maintain a maximum level of
three in these regions. Finally, we impose a much lower resolu-
tion to the regions located in @ € [90°,270°] where no specific
dynamics is expected.

The code also uses a flux-corrected transport algorithm
(DeVore 1991) that keeps the magnetic field divergence-free
with respect to the machine accuracy. It also avoids non-physical
results (such as negative mass densities) and minimizes numer-
ical oscillations related to strong gradients that develop at the
grid scale.

The numerical domain covers the volume ® € [-180°, 180°]
in longitude, ® € [-84.4°,84.4°] in latitude, and R € [1,33]R,,
where Ry, is the Sun’s radius. The domain is periodic in ®. Along
the ® boundaries, the normal velocity flow and normal magnetic
field are reflecting and the tangential components obey a zero-
gradient conditions. At the radial inner boundary, we imposed
a line-tying condition. At the radial outer boundary, the normal
component of the velocity obeys a zero-gradient condition, while
tangential components are settled as being zero-valued outside.

2.2. Initial magnetic field

The initial magnetic field is analytically defined, along with its
potential. We set a classical Sun-centered dipole with |B,| = 10 G
at the poles and at R = R. To build a pseudo-streamer topology,
we added two bipolar regions. First, a strong, equatorial dipole
deforms the equatorial polarity inversion line between the two
solar hemisphere. It stretches the northern coronal hole (region
of open magnetic field) to the equator. Second, an extended
bipolar region in the north hemisphere separate the equatorial
open magnetic field region in two. This extended bipolar region
is numerically generated by the combination of three dipoles,
whose intensities are given in Table 1. The insertion of a bipo-
lar region in the northern hemisphere generates an ellipsoidal
polarity inversion line in addition to the equatorial inversion line
and naturally generates a pseudo-streamer topology. In order to
reduce the computing time of the relaxation phase that opens
the large-scale solar magnetic field under the solar wind kinetic
pressure (described in Sect. 2.4), we imposed the magnetic field
to be purely radial beyond 2.5 Ry by using the potential field
source surface model (PFSS; Schatten et al. 1969).
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Fig. 1. Radial magnetic field distribution on the solar surface with a strong dipole at the equator and four weaker dipoles at higher latitudes in the
northern hemisphere (left). The two thick black lines represent the equatorial and parasitic dipole polarity inversion lines. Longitudinal 2D Sections
of the grid at ® = —175° and 5° after the relaxation (right). For more details, see Sect. 2.4. In both panels, the simulation grid is represented with

thin black lines.

Table 1. Positions and orientations of the magnetic dipoles as they are
used in the ARMS code.

By (G) RMm) OC) @C) Ogip Puip
250 525 0 -11.46 0 1

40 525 14.32 0 -0.5 05
40 525 1432 573 -05 05
40 525 1432 1146 -05 05

Notes. By (G) is the value of the magnetic field at the solar surface. O,
and @g;, give the orientation of the dipole. g, = 1 and @y, = 1 mean
that the dipole is oriented from the south toward the north.

2.3. Pseudo-streamer topology at initial time

The initial magnetic topology of the solar corona, before any
relaxation phase, is presented in Fig. 2. The top panel dis-
plays particular field lines that exhibit the magnetic topolog-
ical structures of the modeled corona. Our coronal magnetic
model is structured by two particular topological structures: the
helmet streamer (HS) and the pseudo-streamer (PS). The helmet
streamer is an equatorial structure formed by trans-equatorial
closed loops (red and yellow field lines) bordered by open field
(blue field lines). The pseudo-streamer topology studied in this
paper lies above (since it is generated by) the northern parasitic
polarity (Sect. 2.2). It consists of two sets of closed field (green
field lines) that form a dome, bordered by both open field (dark
blue field lines) and trans-equatorial closed field (yellow and red
lines). Using the tri-linear method of Haynes & Parnell (2007)
implemented in ARMS by Wyper et al. (2016), we find three
magnetic null points in this configuration, denoted as NP, NP»,
and NP3. Two closed separators connect the null points along the
apex of the PS closed dome. The two extreme null points (NP,
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and NP3) are negative null points and the central one (NP,) is a
positive null point. A negative null point is defined as a null point
for which the fan magnetic field points toward the null point,
and away from the null along the spines, and one eigenvalue is
positive while the other two are negatives (or have negative real
parts; Priest & Titov 1996; Parnell et al. 1996). Reciprocally, a
positive null point has its fan magnetic field pointing away from
the null and its spines pointing toward the null, with one nega-
tive eigenvalue and the two positives (or have positive real parts).
The spines associated to these three null points are represented
by violet lines in Fig. 2. In this paper, we use the nomenclature
“spines” and “fans,” as defined in Priest & Titov (1996). The fan
of a null point is the surface formed by the field lines having the
same field direction that originates at the null point, in the plane
of the eigenvectors of the matrix of the magnetic gradients at the
null point, and whose eigenvalues have the same sign. A spine
is the line that emanates from the null point along the remain-
ing third eigenvector. The fans of NP; and NP3 have dome-like
shapes and their spines are radially oriented at the null point. The
fan of NP, is vertical, with partly open field forming a separa-
trix curtain (Titov et al. 2011) that extends beyond in the helio-
sphere, and partly closed field belonging to the trans-equatorial
closed loops (including, e.g., red loops between NP; and NP,).
The spin of NP, belongs to the PS closed dome. Although, at this
stage, NP; is bordered by open magnetic field, its fan is not ver-
tical and part of this open field (part at the left of NP3 on Fig. 2
top) belongs to NP ’s fan.

This magnetic topology is identical to that of Aslanyan et al.
(2021, 2022), and Wyper et al. (2021): two lobes forming a
dome-like structure bordered by both open and trans-equatorial
closed field, with three null points and a vertical fan emanating
from the null point in the middle (NP;). The main difference
lies in the dipoles configuration. Their initial magnetic configu-
ration has two distinct bipolar parasitic regions in the northern
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hemisphere that generate a slightly longer and narrower pseudo-
streamer with a larger null point separation.

The bottom panel in Fig. 2 represents the distribution of the
squashing factor in logarithmic scale on the solar surface. The
squashing factor, Q, is defined in Titov et al. (2002). If we con-
sider two neighboring footpoints belonging to two different field
lines, the squashing-factor Q is proportional to how much these
field lines diverge from each other. It relates to the gradient of
magnetic connectivity. We used the tri-linear method developed
by Haynes & Parnell (2007) We computed the squashing fac-
tor Q using the method implemented by Wyper et al. (2021) in
ARMS. Red regions represent low Q while yellow regions high-
light high Q, (i.e, small and large region connectivity gradient
respectively; Titov et al. 2002; Titov 2007; Pariat & Démoulin
2012). By definition, QSLs are regions with a squashing factor
of O > 1, while surfaces with theoretically infinite-Q are called
separatrices and they divide distinct connectivity domains. The
fan surfaces are separatrices. In the bottom panel of Fig. 2, the
intersection of the separatrices with the solar surface are embed-
ded in high-Q regions, highlighted in yellow. The PS closed
dome photospheric trace forms an ellipsoidal shape and the foot-
points of the vertical fan are located along the intense yellow
line enclosed in the ellipsoidal structure. We identified distinct
connectivity domains. Two open magnetic field domains corre-
sponding to the north and south coronal holes, located north-
ward of the yellow line connecting [®, ®] =~ [70°,-90°] and
[®, @] ~ [30°,90°] and southward of the yellow line connecting
[0,d] ~ [-15°,-90°] and [®, D] ~ [-45°,90°]. A third open-
field region is located in the high-Q triangular shape centered
at [@, @] = [15°,—15°]. The open field connectivity domain are
shown by the blue field lines in Fig. 2 (top panel). A closed-
field region is confined below the PS separatrix dome (green
field lines), namely, their footpoints are anchored inside the
ellipsoidal high-Q shape between ® ~ +10° and ® =~ +60°.
Finally, trans-equatorial closed magnetic field connect the two
solar hemisphere between —60° and +70° (red and yellow field
lines).

Initially (¢ = 0), the northern and the equatorial coronal holes
are linked by a narrow corridor, on the western part of the PS
closed dome (positive longitudes), between the green and yellow
field lines.

2.4. Atmosphere and relaxation phase

We initialized the atmosphere using the 1D Parker solution
(Parker 1965) that describes an isothermal solar wind:

V2 V2 ré s
Sexp(l - 35) = = exp(d — 42), )
c3 g’ r

where v(r) is the radial velocity, cs = V2kgT /mp is the isother-
mal sound speed, and rs = GMgm,,/4kgT) is the radius of the
sonic point. We assumed a constant temperature Ty = 1 x 10° K
giving a sound speed cs = 129 km s~ and rs = 5.8 R,. The
inner-boundary mass density is a free-parameter that we set at
p(Ro) = 3.03 x 1072 kg m~>. This provides an isothermal atmo-
sphere stratified in density with a radial plasma flow.

Because of the wind flow, the system is initially out of a force
balance. The system needs to be relaxed to reach a quasi-steady
state in which the magnetic forces and the kinetic pressure of the
wind compensate for this insufficiency. As detailed in Sect. 2.2,
we used a PFSS model to open some of the magnetic field
initially. The position of the source surface implies an over-
estimation of the amount of open magnetic flux. We first ran
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Fig. 2. Magnetic configuration of the corona before relaxation. Top:
characteristic field lines that highlight the main magnetic topological
structures and connectivity domains of the corona (see Sect. 2.4). Blue
lines are open field lines, green lines are field lines closed under the
pseudo-streamer dome, and red and yellow lines are trans-equatorial
closed field lines. The purple lines show the spines from all three null
points, which are labeled NP. Bottom: initial distribution of Q, the
squashing factor, in logarithmic scale on the solar surface at initial time
(see Sect. 2.4).

the simulation without dynamically refining the grid and we let
the system relax until the magnetic and kinetic energy became
almost constant. The relaxation phase duration is 5457 = 5.45 x
10* s. We note that 7 = 100 s is the typical Alfvén time, cal-
culated with vy =~ 1500 km s~!, which is the typical Alfvén
velocity below the two pseudo-streamer lobes of closed field
and L ~ 150 Mm the length between the two footpoints of the
longest closed loop below the PS dome.

During this relaxation phase, part of the open field of the dis-
connected coronal hole closes down, connecting the two solar
hemispheres. Figure 3 presents the squashing-factor map in log-
arithmic scale at the solar surface after the relaxation. In the rest
of the paper, we define ¢ = 0, the initial time when the relaxation
phase ends. At the end of the relaxation, the size of the northern
polar coronal hole and the disconnected coronal hole (see insert
in Fig. 3) decreased significantly. Even though the size of the
disconnected open field region decreased, our magnetic configu-
ration keep its pseudo-streamer topology. It is worth mentioning
that the right part of the disconnected coronal hole is slightly
stretched to the west and forms a very narrow open-field cor-
ridor between both trans-equatorial and pseudo-streamer closed
fields.
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Fig. 3. Distribution of log Q after the relaxation. The yellow-colored
separatrices delineate the connectivity domains: trans-equatorial
streamer loops, pseudo-streamer loops (both closed field), and polar and
equatorial coronal holes (open field). The size of the equatorial coronal
hole (see inserted panel) is significantly reduced during the relaxation.

Fig. 4. Pseudo-streamer topology at the end of the relaxation phase. The
magnetic field at the solar surface is colored in gray scale. The white
lines draw the polarity inversion lines. The green loops materialize the
PS closed dome separatrix, the dark blue lines show the open section of
the vertical fan associated to NP,. The sections of the red and yellow
lines above the PS dome (green lines) show the closed section of the
vertical fan while the section of the red and yellow lines lying along the
green field lines show the closed fan associated with the secondary null
points (NP; and NP;).

The final pseudo-streamer topology after the relaxation is
shown in Fig. 4. While the topological skeleton remains the same,
we notice two specific changes in the magnetic configuration.
Since some of the initially open field ends up closing, NP3 is
no longer located in the open part of the vertical fan; instead,
it belongs now to the trans-equatorial closed field located in the
west. Therefore, the initially open spine of NP5 closes down dur-
ing the relaxation and the thin open corridor initially connect-
ing the northern polar CH and the open field south of the para-
sitic bipolar region disappears. The open field region south of the
PS dome is now disconnected from the north polar coronal hole.

On the squashing-factor map (Fig. 3), we identified four
specific points located at the intersection of three high-Q
segments. These four points: [@, D] = [12.4°,-9.0°], [®, D] =
[52.1°,18.5°]; [©,8] = [-4.0°,14.3°]; and [O,P] =
[49.1°,28.0°] are named the triple points. A triple point is the
photospheric trace of the joining of two quasi-separatrix lay-
ers. It separates three different connectivity domains: a first one
enclosed below the pseudo-streamer closed separatrix dome, a
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second one that is open in the disconnected open field region,
and a third closed below the helmet streamer (see Fig. 2). The
four triple points appeared with the closure of the open field
corridor.

2.5. Photospheric forcing

In order to energize the system, we applied a sub-Alfvénic
photospheric flow in the parasitic negative polarity. The photo-
spheric forcing is applied inside the ellipsoidal PIL and forces
the closed field confined below the PS dome. We chose to impose
a smooth and large-scale rotational photospheric flow to coher-
ently force the pseudo-streamer configuration and mimic the
slow shear of the polarity inversion line. The spatial profile of
the photospheric flow depends on the gradient of the radial mag-
netic field, B;, and is defined as:

(er X VtBr(ROa ®9 CD)) s
&)

Br R ’®’(D _Bmux
vs(Ro, O, D) = vy sin [ﬂ(%)

Bmax - Bmin

with vy as the maximum velocity, B; as the radial component of
the magnetic field, and By.x and By, respectively, as the mini-
mum and maximum values of B, that define the region where the
flow is applied. We chose a maximum velocity of 115 km s~!,
which corresponds to a velocity of 7.67% of the mean Alfvén
speed in the parasitic polarity. While it is faster than the observed
photospheric flows at the solar surface, it remains consistent with
sub-Alfvénic photospheric motions.

We chose Bax = —4 G and By, = —16 G so that the elliptic
profile is sufficiently thick to shear enough magnetic flux closed
below the PS dome and that the flow is close to the PIL but zero-
valued at the PIL itself (see Fig. 5). As described in Masson et al.
(2019), such a spatial profile does not modify the radial com-
ponent of the magnetic field. It only slightly perturbs the mag-
netic topology without making the pseudo-streamer structure
disappear.

The velocity flow is gradually applied by adding a temporal
ramp using the cosine function below:

at) = 0.5 [1 — cos (2nﬂ)]

Imax — fmin

(6)

with f,i, = 0 and 7, = 45, respectively, as the initial and final
time of application of the flow. The velocity profile reaches its
maximum value at = 22.5 7 = 2250 s.

3. Dynamics of the pseudo-streamer

In this section, we present the dynamics of the pseudo-streamer
magnetic field. We first show the formation and global evolu-
tion of the electric currents in the pseudo-streamer topology
(Sect. 3.1). We then highlight the impact of pseudo-streamer
reconnection away from the Sun (Sect. 3.2). Then, we define the
used method for the connectivity analysis (Sect. 3.3). Finally,
we describe the dynamics of the pseudo-streamer magnetic field
accordingly with respect to the associated topological elements
(Sects. 3.4-3.6).

3.1. Formation and evolution of current sheets

The photospheric forcing applied inside the parasitic polarity
(see Sect. 2.5) shears the magnetic flux closed below the sep-
aratrix dome. Figure 6 displays a 2D cut in the (r, ®) plane at
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Fig. 5. Photospheric boundary forcing motion with a circular velocity
flow. The white lines represent iso-contours of the radial magnetic field.
The thick white line is the polarity inversion line.

Fig. 6. Current density distribution on longitudinal Section, at times
t = 16.5 and ¢ = 29.57 for longitude ® = —5°. The white letter N and
the associated arrow indicate the north direction.

® = -5° of the electric current density that forms along the
sheared magnetic loops and corresponds to the most intense arc
lying just above the north section of the ellipsoidal polarity inver-
sion line (PIL) atr = 16.5tand r = 29.5 7.

As a consequence of the photospheric flow, the forced closed
loops inflate and push the overlying closed field toward the sep-
aratrix dome. This compression leads to the formation of elec-
tric current sheet along the separatrix surface (Galsgaard et al.
2000). In Fig. 6 (left panel), the 2D cut of the current density
highlights the 2D geometry of the separatrix dome, with the two
well defined lobes shown just as in a standard null-point topol-
ogy (Masson et al. 2012). Initially, the angle at the intersection
between the dome separatrix and the vertical fan is close to 90°,
forming a X-point type current structure localized at the closed
separator. As the system is forced, the growth of the sheared
closed-loops compresses the separatrices (dome and vertical fan)
leading to the shear of the separator current sheet as shown in
Fig. 6, right panel (Parnell & Haynes 2010; Pontin et al. 2013).
This deformation and the associated increase of electric cur-
rent density strongly suggest that magnetic reconnection can
develop between the magnetic flux below the northern lobe of
the pseudo-streamer and the magnetic field located southward of
the southern lobe.

3.2. Impact of pseudo-streamer reconnection at 5 R

The photospheric forcing of the pseudo-streamer and the
build-up of electric currents at the pseudo-streamer interface
(cf. previous section) lead to substantial amount of interchange
reconnection. In order to visualize the impact of such magnetic
reconnections in the inner-heliosphere, Fig. 7 presents the loca-
tion at 5 R, which have been magnetically connected to a recon-

10
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latitude (°)
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Fig. 7. Longitudinal-latitudinal connectivity map at 5 Ry displaying
locations impacted by reconnection at the pseudo-streamer. The mag-
netic field lines connected to the black point in the figures have experi-
enced at least one episode of magnetic reconnection during the course
of the simulation. The yellow line traces the path of the intersection with
the 5 Ry, sphere of the magnetic field line n°20, as it slip-reconnects (see
Sect. 3.7).

necting field line during the course of the simulation. At this
altitude, the magnetic field is open everywhere. The points dis-
played in this map can either be magnetically connected to the
polar coronal holes or the equatorial coronal hole. Figure 7 out-
lines the heliospheric S-web (Higginson et al. 2017a) associated
with the pseudo-streamer configuration. The black area delim-
its the connectivity region associated with the three different
coronal holes. In particular, the central domain corresponds to
the disconnected equatorial coronal hole. Such structure is clas-
sically observed in model of pseudo-streamers (Titov et al. 2011;
Scott et al. 2018; Aslanyan et al. 2022). Even though the equato-
rial coronal hole has a limited extend on the solar surface, on the
order of 2° in latitude and 4° in longitude at the beginning of the
relaxation (see Fig. 3), its imprint in the inner heliosphere is far
larger, spanning over a domain that extend over 15° in latitude
and 20° in longitude at 5 Ry. The connectivity domain of the dis-
connected equatorial coronal hole has a solid angle that is about
one order of magnitude larger at 5 R, than on the solar surface.

Black areas are locations where the passing magnetic field
lines have had at least one episode of interchange reconnection,
namely, they have, at one moment in time, reconnected with a
closed coronal loop; hence, their footpoint at the solar surface
has experienced a drastic change of position, going from one
coronal hole to another. To plot this map, we generated 22 400
magnetic field lines homogeneously distributed across the S-web
arcs region at R = 5 R and recorded their positions at the sur-
face for each time step. Over the computation time, if a shift
in the latitude of the photospheric footpoint is greater than 20°
between two consecutive output time steps (25 s), we associate
it with the interchange reconnection. The choice of 20° derives
from the latitudinal extend of the pseudo-streamer. In the case of
our pseudo-streamer, the equatorial coronal hole is separated by
a latitudinal angle of the order of 30° (see Fig. 4). Interchange
reconnection at the pseudo-streamer thus induces a change of at
least 30° in latitude of the photospheric footpoint. We checked
that changing the threshold angle in the interval [1°,25°] does
not qualitatively change the resulting connectivity map.

While studying the impact of interchange reconnection
at pseudo-streamer on the heliosphere, it is fundamental to
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Fig. 8. Cartoon of the connectivity map at r = 0 summarizing the con-
nectivity evolution of particular magnetic field lines during the forcing
stage. The colors of the map behind the points represent all three con-
nectivity domains at ¢ = 0: green for magnetic field closed below the PS
dome (P), blue for open field (O), and red for trans-equatorial closed
field (7). The size of the equatorial coronal hole is voluntary magnified,
for readability reasons. The fixed footpoints of the selected field lines
are represented by circles whose color are the same as used in Fig. 9 and
Figs. 10-12. The colors correspond to particular connectivity evolution
detailed in Sects. 3.4-3.6, depending on the connectivity states that a
given field line has among P, T, and O states. For example T — P
means the field line was a trans-equatorial loop before the reconnection
and a pseudo-streamer loop after the reconnection.

understand the generation of the slow solar wind (e.g.
Higginson et al. 2017b; Wyper et al. 2022), it is necessary to first
carefully explore the topological evolution in the presence of a
pseudo-streamer, which is the objective of this study.

3.3. Analysis method and global dynamics

In order to determine the dynamics of the magnetic field con-
nectivity, we selected specific field lines and plotted them from
fixed footpoints at the solar surface. Those field lines with fixed
footpoints have been selected outside of any photospheric flows
(Sect. 3.1). In addition, the line-tying condition at the inner
boundary ensures that following the evolution of the conjugate
footpoint for each selected field line allows us to determine the
connectivity dynamics of our pseudo-streamer topology.

The time between two simulation outputs is 25 s = 7/4
(see Sect. 2.5). We limit the analysis to the time interval
t € [0,29.25] 7. Indeed, after t+ = 29.25 7, the photospheric
flow starts to deform the inner part of the vertical fan. The
sheared closed field starts to be more twisted than sheared as
in Wyper et al. (2021), and the vertical fan photospheric trace,
anchored in the parasitic polarity, displays a Z-shape at its two
extremities located at [®,®] = [37.4°,-26.5°] and [®, D] =
[18.8°,25.2°]. The aim of this study is to accurately determine
the dynamics of the magnetic field during a gradual evolution
of a pseudo-streamer as observed in the corona (Masson et al.
2014). Thus, by limiting our analysis in time we avoid including
any specific dynamics due to an unrealistic forcing as it develops
with time in our simulation.

In order to identify all reconnection episodes developing
during the pseudo-streamer evolution, we selected 20 regions
distributed along the separatrix dome in the inner and outer con-
nectivity domains. All 20 regions are shown in Fig. 8. In each of
those 20 regions, we selected a point on the separatrix at the solar
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surface and we plotted a group of ten field lines from fixed foot-
points along a straight segment orthogonal to the photospheric
trace of the separatrix dome. The distance between two neigh-
boring footpoints is 0.001°, namely, 1.2 X 10~2 Mm, in latitude
or longitude, depending on the region. We defined a color code
for the selected field line to describe the connectivity evolution.
A color is associated with a specific connectivity evolution. The
color code is described in the Fig. 8 caption. In the following
sections, we selected particular field lines displaying a behavior
typical of each of the 20 regions. For each fixed footpoint, we
plot the magnetic field line and study its dynamics by following
the conjugate footpoint connectivity with time. Figure 9 displays
the global evolution of the magnetic field connectivity for each
selected field line. The color code for the field lines is the same
in Fig. 9 as it is in Figs. 8 and 10-12. For clarity, we also give
a number to each field line that we use together with the color
code.

From the global dynamics, we identified three types of
sequential episode of magnetic reconnection depending on the
location and the connectivity domain involved. For simplicity in
the notation, we associate a letter to each of the three connectiv-
ity domains. The closed connectivity domain below the PS dome
is denoted P for pseudo-streamer closed field, the connectivity
domain closed below the streamer but outside of the PS dome
is denoted T for trans-equatorial closed field, and O is for the
open field domain either in the polar coronal hole (CH) or in the
island of the open field at low latitude (see Fig. 8). In Fig. 9 and
the associated animation, we observe several episodes of connec-
tivity changes, highlighting that magnetic reconnection is occur-
ring. Thus, we identified a closed-closed reconnection episode
between the P and T closed field, and an interchange reconnec-
tion between either the P closed field or the T closed field and
the open field O. In the next three sections, we present in detail
those reconnection episodes.

3.4. Closed-closed reconnection

We first analyze the connectivity evolution of the initially
P closed loops and T closed loops far from the open field region,
that is, on the east and west sides of the pseudo-streamer topol-
ogy, corresponding to lines n° 1 to 11. Depending on the location
and the initial connectivity of the field lines, we identified differ-
ent types of magnetic reconnection episodes involving a closed
magnetic field.

Figure 10 shows the field lines that change their connectiv-
ity only through closed-closed magnetic reconnection. The two
magnetic fluxes that reconnect together and exchange their con-
nectivity correspond to the magnetic flux anchored on each side
of the elliposidal PIL (region colored in red on Fig. 8). For each
northern and southern flux, we have two connectivity domains:
the P closed loops enclosed below the PS closed dome separatrix
and the T closed loops with trans-equatorial connections. In the
following, we only use the connectivity types of P-type and
T-type closed loops. We do not distinguish the magnetic field
lines anchored south and north of the parasitic polarity.

Red field lines (see Fig. 10, field lines n° 3, 7, and 8) are ini-
tially trans-equatorial loops. They reconnect with the P closed
field only once in the simulation and thus exchange their
connectivity, namely, the reconnection episode is T — P con-
nectivity evolution. Blue field lines (n° 1,2 and 5) display the
opposite change of connectivity: P closed-loops reconnect with
T closed loops which corresponds to P — T dynamics (see
Fig. 8). Green and fuchsia field lines present two successive
reconnection episodes. Green field lines (n° 4,6,9 and 11) are
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Fig. 9. Global evolution of the field lines connectivity in a pseudo-streamer topology. The color code is the same as in Fig. 9: it associates a color
to a particular connectivity evolution. It is the same code as in Figs. 10-12. It is described in Sects. 3.4-3.6. The field lines presented here are
characteristic of the nearby regions. An animation of this figure is available online.
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Fig. 10. Connectivity evolution of pseudo-streamer field lines in the
closed-connectivity domain on the sides of the pseudo-streamer topol-
ogy. The dynamics is a pure closed-closed dynamics between trans-
equatorial loops and pseudo-streamer loops. An animation of this figure
is available online.

initially P closed loops. They first reconnect with the T closed
loops and then reconnect back with P closed loops. This succes-
sion of magnetic reconnection episodes correspond to the P — T
— P dynamics (see Fig. 8). The fuchsia field line n° 10 has the
opposite evolution, corresponding to T — P — T dynamics.
This closed-closed reconnection mainly occurs at the east
and west side of the pseudo-streamer topology, where only the
two closed type (P and T') of connectivity domain are in con-
tact along the PS separatrix dome. In each of those two specific
regions, a null point with a closed outer spine line is present,
with NP; and NP3 on the east and the west, respectively. More-
over, a closed separator connects those two null points and the
third one (NP;). Thus, the closed-closed reconnection can occur

either at NP;, NP3 (Galsgaard et al. 2000) or at specific loca-
tions along the closed separator where the parallel electric field
is strong enough (see Parnell & Haynes 2010).

3.5. Opening of the P closed field by a single episode of
interchange reconnection

A second type of connectivity evolution is the opening of ini-
tially closed field (Sect. 2.2) through interchange reconnection.
Such reconnection defines magnetic reconnection between an
open and a closed field. In a pseudo-streamer topology, the
closed field that reconnects with the open one can be initially
closed below the PS dome (P) or closed below the streamer (7).
The magnetic field involved should be near the section of the PS
separatrix dome interfacing the open field (O) and the pseudo-
streamer closed field (P). An interchange reconnection between
the T closed loops and the open field is expected to occur along
the open separator created by the intersection of the vertical fan
and the streamer open-closed separatrix surface on each side of
the pseudo-streamer.

For a given field line, the surrounding magnetic field in a
region within a radius of 0.02° = 0.5 Mm has the same connec-
tivity state and presents a similar connectivity evolution. This
region of identical connectivity evolution is large compared to
the distance between two adjacent plotted field line footpoints
that is 0.001° = 2.5 x 107> Mm and the highest grid resolution,
which is 107 ° resolution (25 m) in the parasitic region.

Figure 11 illustrates the four different connectivity evolu-
tion for each of the four different regions, characterized by four
field lines numbered from 12 to 16. The violet field line (n°13)
is initially open southward of the elliptic PIL and reconnects
once during the simulation, by closing directly under the pseudo-
streamer dome at t ~ 16.257 (O — P evolution). Bordering
the northern coronal hole, the cyan open field line n°16 has
two episodes of reconnection. It first closes under the PS dome
between t ~ 17 7 and 21 7 and then opens after r = 21.25 1.
It defines the O — P — O evolution (Fig. 8). The orange field
lines (n°12 and 15) present the opposite evolution of connectiv-
ity, P - O — P. They start as initially P closed loops, then they
open at early stage between ¢t ~ 2 7 and ¢t ~ 6 7, and they close
again later in the simulation between t ~ 12 T and t ~ 16.75 7.

The field lines n°12, 13, 15, and 16 do not transition through
a trans-equatorial loop before opening. We note that the olive
field line n°14 has a different dynamics that will be described
in the Sect. 3.6. Our results show that interchange reconnection
leads to the exchange of connectivity between open and closed
magnetic field at the coronal hole boundary and at the isolated
open field region disconnected from the CH by the parasitic
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t=12.00T t=16.751

t=20.50T t=21.75t

Fig. 11. Evolution of the field lines connectivity nearby the section of
the PS dome separatrix surface delimiting open and PS closed fields.
The north direction is indicated by the arrow and the letter N at the
bottom left of the first figure. An animation of this figure is available
online.

polarity. This interchange reconnection is localised along the
section of the PS dome separators connected to the central null
point (NP,).

3.6. Successive episodes of magnetic reconnection

3.6.1. Multi-reconnection episodes in the open field thin
corridor

While located inside the isolated open field region, the olive line
(n°14, see Fig. 8) does not simply close below the PS dome
through a single interchange reconnection episode but it closes
through two successive reconnection episodes. First, it becomes
a T closed loop at t = 5 7. There are two explanations: there
is either an interchange reconnection along the helmet streamer
open-closed separatrix surface or a closure with another open
field line at the apex of the helmet streamer as a consequence of
the wind (see Sect. 2.4). Second, it reconnects with a P closed
loop at ¢t = 17 7 and closes below the PS dome. It thus goes
through all three connectivity domains, successively.

As shown in the insert panel of Fig. 3 and schemati-
cally recalled in Fig. 8, the open magnetic domain south of
the PS dome is locally stretched forming a thin open-field
corridor elongated over few degrees of longitude. This thin open-
field corridor is located between the trans-equatorial (south) and
pseudo-streamer (north) closed field regions. The separatrix sur-
faces delimiting the P closed and open regions on one hand and

ASS, page 10 of 14

t=02757

t=05.50T

t=06.50T

t=12757

t=13.50T t=13757
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Fig. 12. Connectivity evolution of the four triple points, that are points
where the three connectivity domains are in contact. In particular, the
black and white field lines (n°18) are separated by 2.5 x 107> Mm and
highlight two particular dynamics. The north direction is indicated by
the arrow and the letter N at the center right of the first figure. An
animation of this figure is available online.

the T closed and open regions on the other hand, are very close
to each other. Thus, the proximity of these separatrix surfaces
favors magnetic reconnection at either separatrix surface for the
field anchored nearby.

3.6.2. Multi-reconnection episodes at the triple points

As described in Sect. 2.2, in our pseudo-streamer configura-
tion, there are four triple points (see Sect. 2.2 for their defi-
nition) localized at the intersection of the P closed field, the
T closed field and the open field from the isolated open field
region and the coronal hole. Thus, it is in theory possible to
have successive reconnection episodes combining closed-closed
reconnection and interchange reconnection for the magnetic flux
anchored in the vicinity of those four triple points.

In Fig. 12, we plotted field lines with fixed footpoints close
to the triple points to determine the dynamics of magnetic recon-
nection. The brown line n°17 and yellow line n°20 reconnect
several times and jump in the three connectivity domains inter-
secting at the triple point, successively. The brown field line n°17
hasa P - O — T — P evolution: initially closed under the
dome, it first opens by interchange reconnection at t = 13.50 7
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Fig. 13. Temporal evolution of the field lines n°16 (cyan) and 20 (yellow). An animation of this picture is available online showing such apparent

slipping motion for both lines.

then closes trans-equatorially at + = 13.75 7 and eventually
reconnect back into a pseudo-streamer loop below the dome by
a closed-closed reconnection at t = 14.00 7. The yellow line
n°20 is also initially closed below the PS dome. At ¢ = 12.75 7it
reconnects with the trans-equatorial field and becomes a T closed
loop and at + = 13.50 7 the field opens through interchange
reconnection. The khaki field linen°19hasaO - T — O — P
at early time: initially open, it first closes across the equator at
t =2.75 7, then opens at ¢ = 3 7, and eventually closes below the
PS dome att=6.517.

Field lines n°18 regroup four field lines under the same
number for readability but with different colors (yellow, black,
grey, and white). They are only separated by a distance of
25 x 1072 Mm. The yellow field line n°18 hasa P - T — O —
T — P evolution scenario: first, it undergoes a closed-closed
reconnection at the closed separator current sheet and becomes a
T closed loop at r = 2.25 7, then it opens by interchange recon-
nection at t = 5.50 7 and closes again below the helmet streamer
(HS) at + = 6.00 7. It finally reconnects one last time to close
down below the PS dome ¢ = 28.50 7. The black, white, and grey
field lines, undergo much more episodes of magnetic reconnec-
tion. An animation is available online, associated with Fig. 12.
The white and grey lines have several back and forth reconnec-
tions during the simulations between the two closed field con-
nectivity domains P and 7. This back and forth reconnection is
observed around five times for those two field lines (P — T
or T — P). This dynamics is also observed for the black line,
but to a much lesser extent. After the multiple closed-closed
reconnections, the black, grey, and white field lines both open
through interchange reconnection either from a T closed loop or
a P closed loop state. Some back and forth reconnections were
also noticed between the open and the closed connectivity states
(e.g., for the white line P - O - P - T — O — P).

Because of the proximity of all three connectivity domains
at the triple points, footpoints of two field lines separated by
a small distance may present significant dissimilar behaviors.
That is the case for the black, white, and grey field lines (lines
n°18). Even though they undergo multiple reconnection episodes
between all three connectivity domains, the sequence of recon-
nection episodes is not the same for each of the three field lines.
This dynamics create a more complex and exotic scenario based
on multiple episodes of reconnection that open the magnetic
field initially closed below the PS dome. Every field line (n°18
to 21) go through all three connectivity domains, which high-
light the coupling between pseudo-streamer and helmet streamer
through magnetic reconnection. The back-and-forth behavior of
field lines n°18 is clearly more important than the other field
lines anchored closed to the three other triple points. According
to the dynamics of the field line n°14 (see Sect. 3.6.1) located
in the thin corridor of open field associated with the triple point

close to the field lines n°18, we suggest that the multiple back-
and forth reconnection is a direct consequence of the combina-
tion of the thin elongated shape of the open field region and the
presence of a triple point.

3.7. Slipping reconnection

Finally, we explored the behavior of the newly opened magnetic
field. Figure 13 presents the field line evolution for two particu-
lar field lines studied in Sects. 3.5 and 3.6: n°16 (cyan) and n°20
(yellow). After opening, these field lines show an apparent slip-
ping motion, moving toward lower longitudes. During this pro-
cess, they remain open and do not undergo multiple interchange
or closed-closed reconnection, unlike the field lines close to the
triple point (see Sect. 3.6).

To quantify those field lines displacement and their associ-
ated velocity we extracted their positions at a radial distance of
R = 2 Ry. At each time step, we extract the (®, ®) position of
all the points along the considered field line obtained from our
tracing routine. In order to obtain the exact position of the line at
2 Ry, we perform a linear interpolation at 2 R, of the coordinate
position (®, @) of the field line. Figure 14 top panel displays
the time evolution of the longitude (®) and latitude (®) of the
intersection of the 2 Ry sphere and the field lines n°16 (cyan)
and n°20 (yellow). In both case, we observe a displacement of
AD ~ 2-3° in @ and A® ~ 1-2° in O, which corresponds to
a global displacement of 29.9 Mm for the cyan field line and
40.3 Mm for the yellow field line. Both field lines move toward
positive latitudes and negative longitudes. After r+ = 25 7 (the
black, dashed line in Fig. 14), the displacement of field line n°16
(cyan) becomes smaller and it displays some oscillation along ®.

Such apparent slipping motion of open field lines suggests
that slipping reconnection can be responsible for the dynam-
ics of those field lines. If slipping reconnection is involved, the
apparent velocity of the field lines should be higher than the
local plasma velocity (Masson et al. 2012; Janvier et al. 2013).
Thus, we computed the tangential velocity at 2 R of the yellow
and cyan field lines and compared it with the plasma tangential
velocity at the location of the field-line footpoints at the 2 R
sphere. Figure 14, bottom panel, shows the tangential velocity
for the selected field lines and the plasma. While the plasma
velocity (colored dashed lines in Fig. 14 bottom panel) ranges
from 0 to 20 km s~', the field line velocities (colored solid
lines in Fig. 14 bottom panel) ranges between 40 km s~! and
200 km s~!, which is much higher than the plasma speed. The
oscillations in the field line velocity show that the evolution is
impulsive, while the plasma velocity remains stable throughout
the simulation.

According to our velocity analysis, the apparent motion
of field lines results from slipping reconnection and not from
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Fig. 14. Evolution of the ® (latitude, solid line) and ® (longitude,
dashed line) components of the field lines n°16 (cyan) and 20 (yellow) at
2 R, (top). Tangential velocity of the field lines n°16 (cyan) and 20 (yel-
low) calculated at 2 R, between ¢t = 17.75 7 and ¢t = 29.25 7 (bottom).
The cyan and yellow dashed lines display the tangential plasma veloc-
ities at 2 R, at the location of the footpoints of the associated field
lines. The vertical dashed back line indicates the end of the large, rather
straight slipping motion for the cyan field line (n°16) and the beginning
of the oscillations.

the advection of the field by plasma motions. Slipping recon-
nection consists of exchanging the connectivity between two
neighboring field lines belonging to a quasi-separatrix layers
(Aulanier et al. 2006; Masson et al. 2012; Janvier et al. 2013).
In our simulation, the slipping open field lines belong to the
quasi-separatrix layer embedding the pseudo-streamer vertical
fan. Thus, in addition to the multiple reconnection episodes,
once the field lines open, they can keep reconnecting across the
QSL vertical fan in the open section of the vertical fan.

In order to have an insight into these slipping motions in the
heliosphere, the path of the apparent motion of field line n°20 at
R = 5 R, is traced in Fig. 7. The path of the motion of field line
n°16 is not represented since it is basically the same as the field
line n°20, for longitudes ® € [-5°,0°], but occurring at differ-
ent time steps. The magnetic field lines slip over several degrees
along the arc of open-closed connectivity changes described
in Sect. 3.2.

4. Conclusion and discussion

In this paper, we provide a self-consistent model of the pseudo-
streamer dynamics and study the connectivity evolution of a
pseudo-streamer magnetic field. We modeled the solar corona,
up to 30 Ry, in a quasi-steady state, having an equatorial coronal
hole disconnected from the polar coronal hole associated with a
pseudo-streamer topology (see Sects. 2.3 and 2.4). The pseudo-
streamer (PS) is associated with three null points, which is one of
the simplest topology for a pseudo-streamer (Titov et al. 2011;
Scott et al. 2019, 2021). Our magnetic configuration is con-
sistent with pseudo-streamer configuration reconstructed from
observed magnetograms (Masson et al. 2014; Titov et al. 2012).
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We forced the system by applying a large-scale slow photo-
spheric velocity flow below the PS dome, without forcing the
open-closed separatrix surfaces directly. We performed a fine
analysis of the magnetic field dynamics. To do so, we selected
field lines belonging to the pseudo-streamer configuration and
plotted from a fixed footpoints at the photosphere and analyzed
the connectivity of their conjugated footpoints. We identified
several connectivity histories depending on the location of the
magnetic field lines in the pseudo-streamer topology.

As described in Sect. 3.5, the pseudo-streamer field lines
in the closed-connectivity domain on the sides of the pseudo-
streamer topology change their connectivity only through
closed-closed magnetic reconnection. During their evolution
the field lines are closed either below the PS dome or in the
trans-equatorial (helmet-streamer) loops. The opening of the
pseudo-streamer field occurs by interchange reconnection in the
closed-separators current sheet between the field enclosed below
the PS dome and the open field from the coronal hole and the
isolated open field region. This confirms that magnetic field in a
pseudo-streamer can open following the standard one-step inter-
change reconnection (Aslanyan et al. 2021, 2022). However, we
also discovered that this one-step interchange reconnection is
not the only way to open or close the pseudo-streamer magnetic
field and we identified more complex scenarios where succes-
sive reconnection episodes occur. Our results highlight that the
pseudo-streamer closed field anchored in the vicinity of triple
points goes through at least two reconnection episodes. First, it
reconnects with the trans-equatorial closed loops and opens later
at the open separator associated with the open-closed streamer
separatrix surface (Sect. 3.6). This confirms the scenario pro-
posed by Masson et al. (2014). Those reconnection episodes
occur successively and several times producing a back-and-forth
dynamics of the field lines anchored in the vicinity of the triple
points. Moreover, the magnetic field initially open and anchored
in the thin corridor of open field also experiences several recon-
nection episodes. First, it closes down below the helmet streamer
(HS) by interchange reconnection at the open separator and
reconnects a second time to close down below the PS dome
(Sect. 3.6). Such dynamics indicate that the field can easily expe-
rienced several reconnection episodes when it is anchored in a
narrow corridor of open field. It is worth mentioning that the field
lines are going through more back-and-forth reconnection when
they are anchored close to the triple point and in the thin open
corridor. This suggest that the combination of the two may be a
factor that increases the variability of the opening and closing of
the field in a pseudo-streamer topology. Finally, the newly open
field lines have an apparent slipping motions. By comparing the
plasma velocities and the apparent velocity of those open field
lines at R = 2 R, we show that these apparent slipping motions
are the signature of slipping reconnection (Aulanier et al. 2006;
Masson et al. 2012; Janvier et al. 2013).

We performed a series of numerical studies to understand the
open-closed dynamics in pseudo-streamer topology. By applying
photospheric flows that emulate super-granular motion at the
open-closed boundaries in a similar magnetic configuration than
ours, Aslanyan et al. (2021) showed that open and closed field
exchange their connectivity by interchange reconnection. Their
analysis was designed to determine the connectivity state, open
or closed, of each photospheric point near the open-closed sepa-
ratrix surface. Therefore, they did not unambiguously conclude
on the intrinsic dynamics of reconnected field lines. In our study,
we applied our photospheric flow far from the separatrix sur-
face footpoints. It allowed us to obtain the generic dynamics
of the pseudo-streamer field without drastically modifying the
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open-closed boundaries. As suggested by Aslanyan et al. (2021),
we showed that 1) interchange reconnection occurs at the PS
closed separators current sheet and at the open-closed separatrix
of the streamer; and 2) the field goes through several episodes of
reconnection leading to a back-and forth evolution between the
three connectivity domains.

By extending their analysis, Aslanyan et al. (2022) showed
that interchange reconnection is more efficient at the PS dome
separatrix than at the helmet-streamer open-closed boundary. In
this paper, we improve on this result by highlighting that the
dynamics of the field is more complex than an open-closed tran-
sition. We provide the whole dynamics of the reconnected mag-
netic field complex evolution depending on the location of the
field with respect to the pseudo-streamer topological elements.
Moreover, our results also confirm the coupling between the
pseudo-streamer and the helmet-streamer closed field through
closed-closed reconnection as first suggested by Masson et al.
(2014). Such a coupling between pseudo-streamer and helmet-
streamer field has been also found in numerical studies of flux-
rope eruption (Wyper et al. 2021). This coupling is most likely to
also be present in Aslanyan et al. (2021, 2022), but those studies
considered only a single type of closed field and did not dis-
tinguish between the pseudo-streamer and the helmet-streamer
closed field.

Our study has several implications on the processes of injec-
tion of plasma into the interplanetary medium, namely, on the
generation of the slow wind. Our findings are as follows.

— While studying individual field lines to understand the details
of the pseudo-streamer dynamics, we also determined the
heliospheric distribution of the magnetic flux which opened
by one or more reconnection episodes (Sect. 3.6). The
newly open flux extends over the whole heliospheric arc
associated with the vertical fan and its surrounding QSL
(Sect. 3.7). By opening the magnetic field all over the
pseudo-streamer arc, our model strongly supports the S-web
model (Antiochos et al. 2011; Linker et al. 2011) as a major
contributor of the slow wind generation through interchange
reconnection in pseudo-streamer topology.

— Our model naturally leads to a diversity of plasma proper-
ties in the slow solar wind. The complex nature of the topol-
ogy of the pseudo-streamer leads to different scenarios of
opening of magnetic field lines (cf. Sects. 3.5 and 3.6). In
each scenario, the newly formed open field lines result from
reconnection between different connectivity domains with
different plasma composition. Thus, our model should not
generate an unique uniform plasma flow. However, it
may inject plasma coming from different coronal regions
with different compositions. It may thus explain some
of the observed variability of the slow solar wind
(von Steiger & Zurbuchen 2011; Burlaga & Lazarus 2000).

— The back-and-forth reconnections of field lines close to
the triple point or to the narrow corridor of open field
(Sect. 3.6.1) may provide an explanation for the variability
of the slow wind flows. Indeed, the back-and-forth recon-
nections identified in our model open and close the mag-
netic field and thus potentially release sequentially plasma
flows into the heliosphere. This back-and forth reconnec-
tion does not require a specific photospheric flow, but it is
derived from the intrinsic nature of the magnetic skeleton
of the pseudo-streamer topology. An alternative and/or com-
plementary mechanism that explains its variability, which
also relies on interchange reconnection in a pseudo-streamer
topology, is the formation of secondary flux ropes leading to
a bursty-type reconnection.

Both flux rope formation (Wyper et al. 2022) and bursty-
type reconnection (Savage etal. 2012) are strong candi-
dates for explaining some of the variability properties of
the slow wind. Another well-documented viable explana-
tion for the slow wind variability is the streamer blob
model (Higginson & Lynch 2018; Réville et al. 2020, 2022):
magnetic flux ropes are created at the apex of the helmet
streamer and released in the heliospheric current sheet.
However, streamer plasma blobs seem to be more adapted
to explain the periodic density structures identified by
Viall & Vourlidas (2015), which show a periodicity of 60
to 100 min.

— The apparent slipping motions of the newly opened field
lines, induced by slipping reconnection (cf. Sect. 3.7),
implies that the plasma in these reconnected field lines can be
injected over a wide volume of the QSL surrounding the ver-
tical fan and extending in the heliosphere (Sect. 3.2). Thus,
contrary to a standard interchange reconnection that only
can inject the plasma over a small solid angle correspond-
ing to the size of the newly reconnected flux tube, the slip-
ping reconnection allows for the injection of plasma over a
broad range of longitudes and latitudes in the heliosphere, as
first described in Masson et al. (2012, 2019) for the escape
of energetic particles. The apparent slipping motion of the
field lines leads to formation of an extended corridor at
high altitude in which slow solar wind plasma is injected.
Hence, even the scenarios involving a limited domain at
the solar surface (e.g. the triple point) can lead to the gen-
eration of a solar wind over a relatively extended volume.
We emphasize the importance of taking the slipping motion
in the corona into account for correctly tracking the route
of the plasma from injection to its propagation heliosphere
and coupling the corona and the heliosphere. Moreover, this
slipping reconnection process occurs along the high-Q arcs
forming the structure of the S-Web model (Antiochos et al.
2011). The injection of plasma over a broad area defined by
the QSL arcs provides an additional argument that supports
the S-Web model as the coronal source of the slow solar
wind.

Our study is in agreement with several observational studies
of the generation of the slow wind. First, it agrees with the
existing models of slow solar wind based on the opening
of magnetic field initially closed below the pseudo-streamer
dome: the one-step interchange reconnection was introduced by
Titov et al. (2011) and the two-step scenario by Masson et al.
(2014). Recently, Chitta et al. (2023) identified outflows in the
corona associated with the S-web coronal structures, bringing
the first clear evidence of plasma flow injections from pseudo-
streamer and streamer topologies. As with such models, the slow
wind is localized in the vicinity of the open vertical fan and
its surrounding QSL. Second, our model of slow wind genera-
tion by the different scenarios of connectivity change, based on
interchange reconnection, may not be in contradiction with the
expansion factor model (Wang & Sheeley 1990). As argued in
Crooker et al. (2012), the slow wind is generated at the bound-
ary between open and closed magnetic field. In these regions, the
divergence of the magnetic field is the most important: the open
magnetic field has the shape of the pseudo-streamer and hel-
met streamer structures (cf. Figs. 2 and 4). Finally, as explained
in the previous paragraph, this work proposes interesting clues
for explaining the variability of the slow wind. Further stud-
ies of the plasma dynamics and plasma flows injected in the
interplanetary medium based on our model may explain the in
situ measurements with Parker Solar Probe (Fox et al. 2016)
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and Solar Orbiter (Miiller et al. 2020). Our model suggests
that we expect a variety of plasma outflows depending on the
reconnection history of the opening field. Those plasma flows
may be observed and characterized using the SPICE instrument
(Spice & Anderson 2020) on board Solar Orbiter which can
provide composition diagnostics of the coronal plasma outflows.
Combined with data from the Solar Wind Analyzer (Owen et al.
2020), those outflows can be linked to the in situ compo-
sition measurement of the solar wind. Finally, the Extreme
Ultraviolet Imager (Rochus et al. 2020) and Metis coronograph
(Romoli et al. 2021) on board Solar Orbiter provide EUV images
of the low corona and white light images of the high corona,
respectively. With both instruments, the plasma outflows in the
corona can be identified, in a similar way as is presented in
Chitta et al. (2023).
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