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ABSTRACT

Context. The generation of the slow solar wind is still an open problem in heliophysics. One of the existing theories to
explain the injection of coronal plasma in the interplanetary medium is based on interchange reconnection: the exchange
of magnetic connectivity between closed and open fields allows the injection of coronal plasma in the interplanetary
medium along newly reconnected open field. However the exact mechanism 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 magnetohydrodynamics (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, a complex dynamics of the open-closed boundary of the pseudo-streamer
was generated. 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; more complex scenarios including coupling between pseudo-streamer and
helmet streamer; back-and-forth reconnections between open and closed connectivity domains. Finally, our analyze
revealed large-scale motions of newly-opened magnetic field high in the corona that can be explained by slipping
reconnection.

Conclusions. By introducing a new analyzing method of the magnetic connectivity evolution based on distinct closed-field
domains, this study provides an understanding of the precise dynamics of opening of closed field, enabling 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

Like many stars, the Sun generates a plasma flow, the solar
wind, constituting its heliosphere. It is generally acknowl-
edged 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 composition, a
higher heavy ion ionization states and higher first ioniza-
tion potential bias in elemental abundances, and a larger
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). 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). As-
suming that the heating rate depends on the local magni-
tude 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 expansion 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 highlighted that the expansion fac-
tor strongly depends on the topology of the magnetic field.
A major issue of the expansion factor model lies in its inca-
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pacity to explain the slow-wind composition and variability =~ Scott et al. (2021). A pseudo-streamer topology possess of
measured in the heliosphere. a central null point with a vertical fan, which is called the

In order to explain the slow solar wind variability, dy- separatrix curtain, and two spines that belong to the closed
namical models have been developed, e.g. the streamerseparatrix dome enclosing the parasitic polarity. The ver-
blob model and the interchange reconnection model. The tical fan is partially open. Its opened section delimits the
streamer blob model (see Sheeley et al. 1997; Higginson &two disconnected regions of open eld while two closed eld
Lynch 2018; Lynch 2020) relies on the creation of magnetic sections are located on each side of the open section and be-
ux ropes by magnetic reconnection at the apex of the hel- long to the closed eld of the helmet streamer. The vertical
met streamer and may account for the slow wind speed and fan intersects the two helmet streamer open-closed bound-
density variability (Viall & Vourlidas 2015). Flux rope can  aries located on each side of the pseudo-streamer. We nd
be formed by magnetic reconnection either between closed-open separators at those intersections. The closed separa-
closed eld that have been extended by the solar wind and trix dome of the pseudo-streamer is built by the two dome-
pinched at the top of the streamer (Higginson & Lynch shaped closed fans from two null points located on each side
2018; Réville et al. 2020, 2022) or between open-open eld of the central null. Two spines of those secondary null points
on each side of the heliospheric current sheet (HCS). In- belong to the vertical fan of the central null. Also, the two
dependently of the reconnection type, the plasma blobs are null points can be located at the solar surface and thus form
released in the HCS localized around the Sun's equator and bald patches Titov et al. (see 2011, for more details). The
cannot directly explain the presence of slow wind as much central null and the secondary nulls (or bald patches) are
as 60 in latitude away from the ecliptic plane. connected by separators formed at the intersection of the

The interchange reconnection model proposed by Fisk vertical fan and the closed-dome separatrix surfaces.
et al. (1998) aims at explaining the variability of the slow Magnetic reconnection happening at a separatrix sur-
wind by the release of hot plasma ows from closed-coronal face leads to a change of magnetic connectivity domain of

loops that reconnect with the nearby open eld (Del Zanna
et al. 2011). Diverse topologies of the magnetic eld are
favorable to the development of interchange reconnection.
Single 3D magnetic null point appears when a parasitic po-
larity is embedded in an opposite sign polarity which cre-
ates a (quasi-)circular polarity inversion line (PIL). When

the reconnecting eld. During interchange reconnection, the
closed eld switch from the close connectivity domain be-
low the closed separatrix surface toward the connectivity
domain of open eld. In the corona a second type of topo-
logical element exists, the quasi-separatrix layer or QSL. It
de nes a volume of strong gradient of magnetic connectiv-

magnetic eld surrounding the parasitic polarity is open, ity: a magnetic ux highly concentrated at one footpoint
the fan separatrix surface of the null point presents a dome strongly diverge and connect an extended and squashed
shape which encloses a domain of closed magnetic eld,area at its conjugate footpoint (Demoulin et al. 1996; Titov
topologically separated from the surrounding open eld. et al. 2002). QSLs are found in bipolar magnetic con gura-
Two singular eld lines originate from the null point on  tion (Demoulin et al. 1997; Mandrini et al. 1997) and embed
each side of the fan surface. One spine is anchored inside theirue separatrices (Masson et al. 2009; Pontin et al. 2016).
parasitic polarity and the other one is open in the corona. Magnetic reconnection occurs in QSLs and leads to a con-
Magnetic null point with open spine are well-known to be tinuous change of magnetic connectivity inside the QSLs
the playground of coronal jets injecting coronal plasma and (Aulanier et al. 2006). They are quanti ed by computing
energetic particles along the open eld newly reconnected the squashing-factorQ which measures gradient of connec-
through interchange reconnection (Pariat et al. 2009; Ros- tivity for each eld line with respect to its neighboring eld
dahl & Galsgaard 2010; Raoua et al. 2016; Pallister et al. lines (Titov et al. 2002; Pariat & Démoulin 2012).
2021). In order to have an open spine, the fan does not have  The separatrix-web model (S-Web) was proposed by
to be entirely surrounded by open eld, but the open eld Antiochos et al. (2011) and Linker et al. (2011) to ex-
region has to be continuous, i.e., the fan can be partially plain the slow wind's latitudinal extension away from the
inserted in the open eld region (Edmondson et al. 2010). HCS, its variability, and its composition (charge-state and
More recently, Titov et al. (2011) de ned a more com- elemental). This model relies on the large-scale magnetic
plex magnetic topology interfacing open and closed elds topology of the solar corona. By computing the squashing
in the corona: the pseudo-streamer (PS) topology. Pseudo- factor Q of the global coronal magnetic eld between the so-
streamers have been rst identi ed as large scale structures lar surface and10R , they showed that there is a connected
in EUV wavelengths (Wang et al. 2007; Seaton et al. 2013). network of high-Q arcs. This web extends up to 30 in lat-
The underlying magnetic structure of a pseudo-streamer itude south and north of the HCS (see Figure 7 Antiochos
consists of a closed eld embedded in uni-polar open eld, et al. 2011). Those highQ arcs show the open-closed sepa-
unlike a helmet streamer, which is embedded in bipolar ratrices and the associated QSLs (Scott et al. 2018). The S-
open eld (Riley & Luhmann 2012; Rachmeler et al. 2014). Web model proposes that interchange reconnection occurs
Pseudo-streamers are usually located at higher latitudes along this network of separatrices/quasi-separatrix layers
than active regions and associated with decaying active re- allowing the dynamical release of closed coronal plasma into
gions (Rachmeler et al. 2014; Seaton et al. 2013). By an- the heliosphere. It is worth mentioning that the S-web it-
alyzing the magnetic topology of the global coronal mag- self shows many high-Q arcs connected to the HCS, which
netic eld, Titov et al. (2012) showed that multiple pseudo- therefore highlights that pseudo-streamers and narrow cor-
streamers can be present concomitantly and that their ridor structures are ubiquitous in the corona (Scott et al.
topology altogether structures the large scale corona. Sim- 2018).
ilarly to null points with an open spine, pseudo-streamers In the corona, the arcs of highQ are of two types (see
are formed when a parasitic polarity is embedded in an op- Scott et al. 2018). They can be the heliospheric trace of a
posite sign polarity, creating a quasi-circular PIL. However, narrow corridor of open eld in the corona (Antiochos et al.
the open eld is distributed in two disconnected regions 2011) or the signature of a PS topology (Titov et al. 2011).
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Those two magnetic con guration are fundamentally di er-
ent. The open-closed separatrix surface for a narrow corri-

, & DeVore: Pseudo-streamer dynamics

Antiochos 2008) to solve the following ideal MHD equa-
tions in spherical coordinates:

dor corresponds to the surface delimiting the streamer and

the open eld and no true magnetic null point is present. @ +r (v) = 0 (1)
The Q arc consists solely of a quasi-separatrix layer, with- ® @t L
out an embedded separatrix inside. By forcing the open- \ _
closed boundary of such narrow corridor, Higginson et al. @t *ro(w) = - B) rP+g @
(2017a) showed that interchange reconnection occur and
exchange the open and closed connectivity of the eld at at r (v B) =0 (3)
the narrow corridor boundaries.

The second type of magnetic con guration creating where is the mass density,v the plasma velocity, the

high-Q arcs is the PS topology. Such magnetic topology magnetic permeability in vacuum, B the magnetic eld,
provides key elements to trigger interchange reconnections. P the pressure andg = GM r=r? the solar gravitational

In a series of studies, Aslanyan et al. (2021, 2022) have stud- acceleration. We assume a fully ionized hydrogen plasma so
ied the open-closed dynamics in a PS topology by forcing that P = 2( =m p )kg T with T the plasma temperature and
the system with super-granular photospheric ows applied mp the proton mass. Because our concern is not to simulate
at the open eld boundaries and along the closed separatrix the detailed thermodynamics of the heliospheric plasma but
surface. They showed that on a global scale magnetic re- the dynamics of the coronal magnetic eld, we do not solve
connection occurs and that eld rooted in the photospheric the energy equation and instead impose a constant, uniform
ows reconnects and opens into the heliosphere. temperature.

However, Pseudo-streamers have multiples topological ~ARMS uses the PARAMESH toolkit (MacNeice et al.
elements where interchange reconnection can happen, and2000) that provides parallel adaptive mesh re nement to
therefore, magnetic reconnection at null points are not the adapt the grid throughout the computation to the evolving
only way by which the eld can open. Masson et al. (2014) solution. Five levels of grid are allowed during this simula-
suggested that the eld can open through at least two types tion. Each grid block consists of8 8 8 grid points. Ini-
of scenario: a standard interchange reconnection at the null tially, the grid is equally spaced in and and stretched
point between the closed eld below the PS closed dome exponentially in radius (see Figure 1 right). In order to
and the open eld; a two-step reconnection combining a resolve the ows and the gradients resulting from the pho-
closed-closed reconnection between the closed eld belowtospheric forcing, we allow the grid to reach the maximum
the PS closed dome and the closed eld below the helmet level of re nement (ve level) in the region that encom-
streamer, followed by the opening of the eld through in- passes the studied magnetic structure. The maximum level
terchange reconnection at the open separator between theis also reached in the regions of high electric current in
helmet streamer closed eld and the open eld. However, the pseudo-streamer, around what we later call the closed-
those conclusion are only based on the topological analysisseparator (see 2.3 for a description of magnetic topology

and no dynamical study has been carried out. The detailed
dynamics of the eld opening is critical if one wants to
link the in-situ measurement with the remote observations
(Parenti et al. 2021) to understand the source of the slow
wind.

In this paper we present a numerical study tailored
to understand the dynamics of the pseudo-streamer. In

Sect. 2, we present our pseudo-streamer numerical model.

and Section 3.1 about the intense current-sheet regions in
the pseudo-streamer). Since we do not study the helio-
spheric current-sheet (HCS) that carries strong electric cur-
rent density and thus forcing the algorithm to increase the

re nement in these regions, we maintain a maximum level

of three in these regions. Finally, we impose a much lower
resolution to the regions located in 2 [90 ;270 ] where

no speci ¢ dynamics is expected.

In Sect. 3, we analyze the dynamics of the pseudo-streamer ~ ARMS uses a Flux-Corrected Transport algorithm (De-
and determine the reconnection episodes leading to the Vore 1991) that keeps the magnetic eld divergence-free
opening or the closing of the magnetic eld. Finally, in to machine accuracy. It also prevents non-physical results
Sect. 4, we conclude and discuss the heliospheric impact(such as negative mass densities) and minimizes numerical
of the open-closed connectivity exchange in a pseudo-oscillations related to strong gradients that develop at the

streamer.

2. Model description

In this Section, we rst present the MHD equations and
the numerical domain (Sect. 2.1). Then, we detail the initial
magnetic eld (Sect. 2.2) and the pseudo-streamer topology
at the initial time (Sect. 2.3). We also describe the atmo-
sphere initialization and the relaxation phase required to
reach a quasi-steady state (Sect. 2.4). Finally, we present
the photospheric ow that forces and disturbs the system
(Sect. 2.5).

2.1. MHD Equations and numerical domain

The simulations are performed using the Adaptively Re-
ned Magneto-hydrodynamics Solver (ARMS; DeVore &

grid scale.
The numerical domain covers the volume
[ 180;180] in longitude,

2
2 [ 844 ;844 ] in latitude
andR 2 [1;33]R ,whereR isthe Sun radius. The domain
is periodic in . Along  boundaries, the normal velocity
ow and normal magnetic eld are re ecting and the tan-
gential components obey to a zero-gradient conditions. At
the radial inner boundary, we impose the line-tying condi-
tion. At the radial outer boundary, the normal component
of the velocity obeys to zero-gradient condition while tan-
gential components are settled to be zero-valued outside.

2.2. Initial magnetic eld

The initial magnetic eld is analytically de ned and is po-
tential. We set a classical Sun-centered dipole withB,j =
10 G at the poles and at R = R . To build a pseudo-
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