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Abstract Three-dimensional (3D) magnetohydrodynamic simulations are carried out to ex-
plore magnetic reconnections in the presence of 3D magnetic nulls and quasi-separatrix lay-
ers (QSLs). The initial magnetic fields are created by superposing uniform vertical magnetic
fields of two different magnitudes on a linear force-free field. The interior of the numerical
box contains two 3D nulls with separatrix domes separated by a quasi-separator (or hyper-
bolic flux tube) with QSLs. In the first simulation, the uniform vertical field is so large that
the nulls are located at low heights and the domes are separate. Initially unbalanced Lorentz
forces drive rotational flows that form strong electric currents and strong torsional fan re-
connection at the 3D nulls and weak QSL reconnection at the hyperbolic flux tube. Flipping
or slipping of field lines is observed in both cases. In the second simulation, with a weaker
vertical field and larger domes, the separatrix surfaces meet at the central quasi-separator
and their rotation drives stronger QSL reconnection than before.

Keywords Magnetic reconnection - Magnetohydrodynamics - Magnetic fields - Corona

1. Introduction

The Sun exhibits transient release of energy through a myriad of phenomena such as flares,
coronal mass ejections (CMEs), coronal jets, etc. The magnitudes of the energy release
for solar flares and coronal jets vary widely, with the jets being roughly 10° times less
energetic than typical large solar flares, which are known to release energy around 103233

B S. Kumar
sainisanjay35 @gmail.com

Department of Physics, Patna University, Patna 800005, India

Physical Research Laboratory, Udaipur Solar Observatory, Dewali, Bari Road, Udaipur 313001,
India

Department of Physics, Indian Institute of Technology, Palaj, Gandhinagar 382355, India

Center for Space Plasma and Aeronomic Research, The University of Alabama in Huntsville,
Huntsville, AL 35899, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11207-021-01768-7&domain=pdf
http://orcid.org/0000-0003-4578-6572
http://orcid.org/0000-0002-4241-627X
http://orcid.org/0000-0003-0819-464X
http://orcid.org/0000-0003-4522-5070
mailto:sainisanjay35@gmail.com

26 Page 2 of 23 S. Kumar et al.

ergs (Aschwanden, 2004; Priest, 2014). The onset of these transients is attributed to the
release of magnetic energy stored in the coronal magnetic field (Shibata and Magara, 2011;
Priest, 2014). However, the cause of such a catastrophic release of the magnetic energy is
still not fully understood. In this direction, the widely accepted physical process is magnetic
reconnection (MR) — a diffusive process in which magnetic energy stored in the plasma is
converted into kinetic energy, heat, and fast particle energy accompanied by a change in
magnetic topology (Shibata and Magara, 2011; Priest, 2014; Kumar, Bhattacharyya, and
Smolarkiewicz, 2014).

Toward identifying the favorable sites for reconnection, the three-dimensional (3D) mag-
netic nulls (Pontin et al., 2005; Al-Hachami and Pontin, 2010; Kumar, Bhattacharyya, and
Smolarkiewicz, 2014; Kumar and Bhattacharyya, 2016), which are the locations where the
magnetic field B = 0, are important. Coronal magnetic field inferred by extrapolating pho-
tospheric magnetic field using various models shows the existence of 3D nulls in abundance
in the corona (Longcope and Parnell, 2009; Pontin, Galsgaard, and Démoulin, 2016; Prasad
et al., 2018; Nayak et al., 2019). The characteristics of a coronal 3D null are its spine and
dome-shaped fan structures, which owe their origin to the avoidance of the B = 0 location
by the magnetic-field lines (MFLs). Because of the fan—spine structure, MRs naturally com-
mence at the 3D nulls and, they are commonly known as the null-point magnetic reconnec-
tions (Pontin, Priest, and Galsgaard, 2013; Pontin, Galsgaard, and Démoulin, 2016; Prasad
etal., 2018; Nayak et al., 2020; Prasad et al., 2020). Recent data-constrained magnetohydro-
dynamic (MHD) simulations attribute the generation of circular flare ribbons and blowout
coronal jets (Masson et al., 2009; Wang and Liu, 2012; Nayak et al., 2019; Liu et al., 2020;
Prasad et al., 2020) along with confined flares to the null-point MRs (Ugarte-Utrra, Warren,
and Winebarger, 2007; Prasad et al., 2018). Null-point reconnection can occur in three ways
at a separatrix dome, namely, spine—fan reconnection when the null collapses to form a cur-
rent layer, and torsional spine or fan reconnection with rotational motions (Priest and Pontin,
2009; Prasad et al., 2018; Nayak et al., 2019).

Schindler, Hesse, and Birn (1988) suggested that the magnetic nulls are not the only lo-
cations in the solar corona where magnetic reconnection can take place, by documenting the
flaring events having similar characteristics in the presence and the absence of the magnetic
nulls. Two other coronal locations have been proposed for reconnection, namely, separa-
tors and quasi-separators (or hyperbolic flux tubes: Titov, Hornig, and Démoulin (2002)).
Separators (Lau and Finn, 1990; Priest and Titov, 1996; Longcope and Cowley, 1996; Par-
nell, Haynes, and Galsgaard, 2010) represent the intersection of two separatrix surfaces at
which the field-line mapping is singular, and they have been shown to be present in some
flares (Longcope et al., 2007; Titov et al., 2012). Quasi-separators represent the intersection
of two quasi-separatrix layers (QSLs). They were first proposed by Priest and Démoulin
(1995) and studied further by Demoulin et al. (1996), Démoulin (2006), Janvier, Aulanier,
and Démoulin (2015), Pontin, Galsgaard, and Démoulin (2016), and Liu et al. (2016). QSLs
are mathematically defined by calculating the field-line mapping of the magnetic field sug-
gested by Priest and Démoulin (1995) and with an improved measure (the Q-factor) dis-
covered by Titov, Hornig, and Démoulin (2002). Using data-based MHD simulations, the
correspondence between flare ribbons and QSL locations is identified, which shows that
the QSLs are also preferential sites for MRs (Demoulin et al., 1997; Masson et al., 2009;
Janvier, Aulanier, and Démoulin, 2015; Janvier, 2017; Prasad et al., 2018). 3D MHD simu-
lations having separators or QSLs confirm that MFLs near them can slip through the plasma
and undergo repetitive MRs by exchanging their connectivity with neighboring field lines
(Pontin et al., 2005; Aulanier et al., 2006, 2007; De Moortel and Galsgaard, 2006a,b; Prasad
etal., 2018).
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In addition to the pre-existing preferential locations such as nulls, separators, and QSLs,
MHD simulations with the idealized scenario of infinite electrical conductivity show that the
potential sites for reconnection can naturally be generated because of the inherent dynam-
ics (Kumar, Bhattacharyya, and Smolarkiewicz, 2014, 2015b). The magneto-fluid evolution
being congruent with Parker’s magnetostatic theorem (Parker, 1972, 1994, 2012) attributes
the generation of such sites to a development of favorable magnetic stresses, which natu-
rally bring non-parallel magnetic-field lines in close proximity. As a result, layers of intense
volume current density [J] form — known in the literature as current sheets (CSs). In the pres-
ence of slight but non-zero magnetic diffusivity, which is the case for the coronal plasma,
the CSs are dissipated by magnetic reconnections.

Against the above background, the current article presents MHD simulations aiming to
numerically explore magnetic reconnections, initiated by the presence of 3D nulls and QSLs,
and to examine the role of such MRs in shaping-up the dynamics. To have a better control
over the initial magnetic topology, we utilize analytically constructed initial magnetic fields
that have 3D magnetic nulls — morphologically similar to the ones observed in the solar
corona — and QSLs. Additionally, the magnetic fields are envisaged to support the Lorentz
force to naturally initiate dynamics without any prescribed boundary flow. The simulated
MHD evolutions document the MRs at the 3D nulls and QSLs. An important finding of the
simulations is in the realization that just the existence of a null, separator, or QSL does not
guarantee the onset of energetically efficient reconnections, but the nature of the flows in the
neighborhood of such geometric structures is equally important — as previously theorized by
Priest and Forbes (1989). Further, the simulations identify the autonomous development of
current sheets and consequent MRs.

The article is organized as follows: The initial magnetic field is described in Section 2.
The governing MHD equations and numerical model are discussed in Section 3. Results of
the simulation are presented in Section 4. Section 5 summarizes these results and discusses
the key findings.

2. Initial Magnetic Field

To achieve a complex magnetic topology with 3D nulls and QSLs, the initial magnetic field
is constructed by modifying the field by Kumar and Bhattacharyya (2017) for its simple
construction based on the superposition of a constant vertical field over a linear force-free
field (LFFF), defined in a Cartesian domain. Particularly, to make MFLs more relevant to the
solar corona, we consider the magnetic field to exponentially decay along the z-direction in
the positive half-space [I"] defined by (z > 0), instead of the periodic magnetic field assumed
in the original configuration. Consequently, the z = 0 plane is treated as the photosphere.
Moreover, the constant vertical magnetic field with straight MFLs is not likely to alter the
geometry of the LFFF appreciably and, hence, the superposed field [B] is expected to be
geometrically similar to the unperturbed LFFF. Relevantly, the solar corona is thought to be
in the state of force-free equilibrium under the approximation of a thermodynamic pressure
that is negligibly small compared to the magnetic pressure (Priest, 2014).

As proposed, the initial magnetic field is derived by superposing a 3D LFFF [B,] and a
uniform vertical field [B;], where the components of B, are

By =sin(x — y)exp(—z), (D
Biy=—sin(x + y)exp(—z), 2)
By, =2sin(x)sin(y)exp (—z). 3)
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The magnetic circulation per unit flux of B; has a value of unity and measures the twist of
the corresponding MFLs (Parker, 1994; Kumar, Bhattacharyya, and Smolarkiewicz, 2014).
The superposed field B is

B =B, + B>, 4

where the superposition coefficient ¢, relates the amplitudes of the two superposing fields
and determines the deviation of B from the force-free equilibrium (Kumar and Bhat-
tacharyya, 2017). Explicitly,

B, =sin(x — y)exp(—z), ©)
By, = —sin(x + y)exp(—z), (6)
B, = 2sin (x) sin (y) exp (—z) + co, @)

in the domain I", which physically extends from O to 2w while having periodic and open
boundaries in the lateral (x and y) and the vertical directions, respectively. As the LFFF B,
is exponentially decaying along z, all of the three components of B are also exponentially
decaying functions along the vertical.

The Lorentz force is

JxB=cy(B, xB>), ®)

which is non-zero for ¢y # 0 and has the functional form

(J x B), = —cpsin(x + y)exp(—z), )]
(J X B)y = —cosin (x — y)exp (—2), (10)
(J x B), =0. (11)

Clearly, the initial Lorentz force acts laterally. For the simulations, we select ¢o = 0.1 and
co = 0.5 to obtain two sets of initial magnetic fields with different magnitudes of the Lorentz
force — allowing us to assess the role of different dynamical evolution of the MFLs on the
MRs.

To explore the geometrical similarity of the initial MFLs with the coronal MFLs, in
Figure 1 we depict the MFLs of B for the cases ¢y = 0.1 (panels a and b) and ¢y = 0.5
(panels c and d). The figure shows a physical resemblance of the MFLs to the open and the
closed coronal loops.

To carefully examine the magnetic topology of the initial field B, first we plot neu-
tral points in its transverse field (obtained by setting B, = 0 in B). Notably, in all rel-
evant illustrations, the neutral point is depicted by using the numerical technique doc-
umented by Nayak et al. (2020). Succinctly, the technique utilizes a Gaussian function
Y = exp [— Zi:x,y,z(Bi — Bo)z/dz], where By and d, are constants defining a particular
isovalue of B; and the width of the Gaussian, respectively. By choosing By ~ 0 and a small
dy, the function v takes significant values only if B; ~ 0 for each i. A 3D null is then
the point where the three isosurfaces having isovalues B; = By intersect. Figure 2a shows
the neutral points in the transverse field overlaid with corresponding field lines at z =0
plane. Notably, the field-line geometry near these neutral points suggests that there are four
spiral-type nulls (Lau and Finn, 1990) at (x, y) = (7/2,7/2), (x/2,37/2), 37/2,7/2),
(3m/2,3m/2), and one X-type null (Kumar, Bhattacharyya, and Smolarkiewicz, 2015b) at
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Figure 1 Side (panel a) and top (panel b) views of MFLs of the B for cj = 0.1. Panels ¢ and d illustrate side
and top views of the MFLs for ¢y = 0.5. The MFLs are in the form of twisted closed (marked by navy blue)
as well as open magnetic loops (shown in gray). All the panels are overplotted with B; values on the z =0
plane. Yellow line represents the contour corresponding to B, =0.

(x,y) = (, w) inside the computational box. To further verify, we have checked that the
eigenvalues for the X-type null are real (+/2, —+/2) and, for the spiral nulls are complex
numbers (for example the eigenvalues of a spiral null at (7/2,7/2) are (1 +i,1 —i)). In
addition to these five nulls, there are eight X-type nulls at the boundaries of the domain.
Relevantly, MRs can occur on separators with spiral-type as well as X-type neutral points
in the perpendicular plane (Parnell et al., 2011). Next we note that the superposition of B,
(Equation 3) on the transverse field generates B,. In Figure 2b, we illustrate the magnetic
nulls in B, overplotted with its MFLs. Nine X-type neutral lines are evident in B, which
are co-located with the X-type nulls of the transverse field at z = 0 plane. However, the
four spiral nulls are destroyed in B;. To relate the location of the spiral nulls to the possible
QSLs, we also plot the Q-map at the bottom boundary in Figure 2b by using the code of Liu
et al. (2016) available at staff.ustc.edu.cn/~rliu/qfactor.html. The same code is used to plot
Q-maps throughout the article. Notably, the regions with large Q-values include both sepa-
ratrices and QSLs (Titov, Hornig, and Démoulin, 2002). Important are the large Q-values at
the locations of the spiral nulls (marked by black arrows in Figure 2b), suggesting that some
of the spiral nulls (of the transverse field) convert into the QSLs for B;.

To describe the topological structure of B, in Figure 3 we examine its magnetic skeleton
by plotting magnetic nulls, separatrix surfaces, and spines (Parnell and Galsgaard, 2004;
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Figure 2 Panel a shows the neutral points and the field lines of the transverse field overlaid with the function
¥ at z = 0 plane. Large values of v represent the locations of neutral points. Notable is the existence of the
nine X-type (one inside the domain and eight at the boundaries) and four spiral-type neutral points. Panel b
depicts the magnetic nulls (in pink) and MFLs of By overlaid with the corresponding Q-map at z = 0. The
nine X-type neutral points of the transverse field also retain in B . Notice the larger values of Q near the sites
of the spiral neutral points (marked by black arrows) — suggesting that the spiral neutral points correspond to
QSLs in Bj. Black lines denote the boundaries of the domain. The domain size is marked as 1 instead of 27
in all the directions.

Haynes et al., 2007). The skeleton of B is shown for the chosen ¢y = 0.1 (panels a and b) and
co = 0.5 (panels c and d). For ¢y = 0.1, the panels a and b of the figure confirm the presence
of two 3D nulls located at the height z ~ 0.9557 over the sites of the two spiral nulls (i.e.
at (w/2,37/2) and (3w /2, /2)) of the transverse field. The 3D nulls have well-defined
spine axes and dome-shaped separatrix or fan surfaces whose feet coincide with many of
the regions of strong Q in Figure 4. Similarly, for ¢y = 0.5, panels ¢ and d of Figure 3
show the existence of a pair of 3D nulls over the two spiral nulls of the transverse field.
The coordinates of the nulls are (x,y,z) ~ (w/2,37/2,0.447) and (37 /2,7/2,0.447).
We have also analytically verified the locations of the nulls in B, which are (x,y,z) =
(/2,37 /2,1n(2/¢p)) and 3w /2, 7/2,1In(2/cy)) for ¢ = 0.1 and 0.5 — matching well with
the locations obtained from the used numerical technique. Importantly, for both cases, the
overall morphology of the nulls is similar to the 3D nulls obtained with the extrapolated
coronal fields (Longcope and Parnell, 2009; Platten et al., 2014; Prasad et al., 2018; Nayak
etal., 2019; Prasad et al., 2020). The MFLs constituting the dome-shaped separatrix surfaces
predominately intersect the bottom boundary and the intersection points, or the footpoints,
trace nearly closed circular curves — further advocating the similarity.

Additionally, as shown in Figure 3, the 3D nulls are located at greater heights and, there-
fore, their separatrix domes are larger for ¢y = 0.1 than 0.5. Figure 3b demonstrates that,
when viewed from the top, the separatrix surfaces of the 3D nulls for ¢y = 0.1 seem to touch
in the vicinity of the points (x, y) = (;r, 7) along z and, as a result, the geometry of the
MFLs in the vicinity is what is expected for a quasi-separator (or hyperbolic flux tube). The
neutral X-line (77, 7, ) of B; (see Figure 2b) turns into the quasi-separator when the vertical
field B, is added. To further confirm, we expand the components of B in a Taylor series in
the immediate vicinity of x =, y =, z =0 to get

B.=x—y, (12)
By = —(x +y)+27, (13)
B, = ¢y, (14)
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Figure 3 Magnetic (topological) skeleton of the initial field B in terms of 3D nulls, separatrix surfaces, and
spines for cg = 0.1 (side view in panel a and top view in panel b) and ¢y = 0.5 (side view in panel ¢ and top
view in panel d). Notable are straight spine axes and the dome-shaped separatrix or fan surfaces (intersecting
bottom boundary) of the nulls. For ¢y = 0.1, the separatrix domes touch at the base of the quasi-separator at
(mr, 7w, 0) (panel b). For ¢ = 0.5, the separatrix domes are separate (panel d).

which attest the absence of the X-type null at (x,y,z) = (7, 7, 0). However, for both
co = 0.5 and 0.1 the nearby geometry is that of a hyperbolic flux tube. Interesting is the
orientation of the MFLs of the hyperbolic flux tube for ¢y = 0.1, which is expected to be
favorable for initiating MRs. In comparison to the ¢y = 0.1 case, the magnitude of B, is
larger for ¢y = 0.5 case and, consequently, the corresponding separatrix dome surfaces are
separate — leading to the elimination of the favorable orientation in this case (see Figure 3d).

For further investigation, in Figure 4 we illustrate the topological skeleton (3D nulls,
corresponding separatrix surfaces and spines) of B overlaid with the Q-map at the bottom
boundary for both ¢y = 0.1 (panels a and b) and ¢y = 0.5 (panels ¢ and d). Note that, for
both the cases, large Q exists at the central region near the point (7, 7, 0). The presence
of the large Q suggests that a X-line (i.e. a line of X-points in z-constant planes) located
along (r, , z) (see Figure 2) converts into a quasi-separator (or hyperbolic flux tube) by the
addition of the constant vertical field coB, to B;. Noticeably, because of a smaller ¢, the
Q-values in the central region are higher for ¢y = 0.1 in comparison to ¢y = 0.5 — indicating
a more favorable location for reconnection provided the flows are appropriate. Moreover,
the large Q-values near the boundaries for B (Figure 4) are almost co-spatial with the rest of
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(b)

Figure 4 The structural skeleton (i.e. the separatrix skeleton plus the QSL quasi-skeleton) of B with the bot-
tom boundary being superimposed with In Q for cg = 0.1 (side and top views in panels a and b) and ¢y = 0.5
(side and top views in panels ¢ and d). The existence of large Q (such that In Q € {2, 8}) represents the loca-
tion of separatrices or QSLs. For both cg-values, notable is the presence of both the separatrices of the coronal
nulls and the QSLs associated with the central quasi-separator at (i, 77, z) and the extra quasi-separators on
the boundary. Also interesting are the larger Q-values for ¢ = 0.1 than for 0.5 at the central quasi-separator
at (w, 7, 7).

the X-type neutral lines of B; (and the X-type neutral points of the transverse field) located
at boundaries (Figure 2) — pointing toward the transformation of all the neutral lines into
QSLs. In addition, in the initial field B, unlike B;, QSLs seem to be absent over the two
spiral nulls of the transverse field located at (7 /2, 7/2, z) and (37 /2,37 /2, 7). The absence
can be attributed to the addition of the constant field B, to B;. From Figures 4a and 4b, we
also note the existence of large Q-values near the footpoints of the MFLs of the separatrix
dome surfaces for ¢p = 0.1. Similarly, Figures 4c and d show the presence of the contours
of large Q approximately co-located with inner and outer vicinity of the foot-points of the
dome separatrices for the case ¢y = 0.5. Relevantly, Titov (2007) suggested that the QSLs
determine the quasi-skeleton of a magnetic field and one can define the structural skeleton
which is the sum of the topological skeleton and the quasi-skeleton. Hence, Figure 4 plots
the structural skeleton of the initial field B.

Based on the above analysis, overall the selected initial magnetic fields can be divided
into two broad categories: The first one (belonging to ¢y = 0.5) supports a relatively simpler
topology with a pair of coronal 3D nulls located at low heights and a central quasi-separator.
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The corresponding separatrix surfaces do not touch each other and, hence, they are inde-
pendent. The second one (corresponding to ¢y = 0.1) also contains a pair of 3D nulls and
a central quasi-separator. However, for this case, the coronal nulls are situated at greater
heights and the separatrix surfaces appear to interact with the larger Q-values in the central
region of the computational domain — making the case more suitable for QSL reconnec-
tion in addition to the null-point reconnection at the coronal nulls. This further justifies the
selection of the two particular cy-values.

3. Governing MHD Equations and Numerical Model
The presented simulations are carried out by numerically solving the incompressible

Navier—Stokes MHD equations under the assumption of thermal homogeneity and perfect
electrical conductivity (Kumar et al., 2016). The MHD equations in dimensionless form are

av Tap
E+(v~V)v:—Vp+(V><B)xB+T—UVv, (15)
V.v=0, (16)
%:VX(VXB), (17
at
V-B=0, (18)

written in usual notations. The various variables in the MHD equations are normalized as
follows:

L t
, L—>L—, t— —, p—>

19
BO Va 0 Ta Pla

5
The constants By and L, are generally arbitrary, but they can be fixed using the average
magnetic-field strength and size of the system. Here, v, = Bo/+/47pg is the Alfvén speed
and py is the constant mass density. The constants 7, and t, represent the Alfvénic tran-
sit time [t, = Lo/v,] and viscous dissipation time scale [t, = L(Z) /v], respectively, with v
being the kinematic viscosity. Notably, the choice of incompressibility (Equation 16) leads
to volume-preserving flow — an assumption routinely used in other work (Dahlburg, Antio-
chos, and Zang, 1991; Aulanier, Pariat, and Démoulin, 2005). While compressibility plays
an important role in the thermodynamics of coronal loops (Ruderman and Roberts, 2002),
in this work our focus is on the changes in magnetic topology idealized with a thermally
homogeneous magnetofluid. Utilizing the discretized incompressibility constraint, the pres-
sure perturbation, denoted by p, satisfies an elliptic boundary-value problem on the discrete
integral form of the momentum equation (Equation 15); cf. Bhattacharyya, Low, and Smo-
larkiewicz (2010) and the references therein.

To numerically solve the MHD (Equations 15— 18), we note that a MHD-based numer-
ical model aiming to simulate the solar corona must accurately preserve the flux-freezing
by minimizing numerical dissipation and dispersion errors away from the reconnection re-
gions characterized by steep gradients of the magnetic field (Bhattacharyya, Low, and Smo-
larkiewicz, 2010). Such minimization is a signature of a class of inherently nonlinear high-
resolution transport methods that preserve field extrema along flow trajectories, while ensur-
ing higher-order accuracy away from steep gradients in advected fields. Consequently, we

@ Springer



26 Page 10 of 23 S. Kumar et al.

utilize the well established magnetohydrodynamic numerical model EULAG-MHD (Smo-
larkiewicz and Charbonneau, 2013). The model is an extension of the hydrodynamic model
EULAG predominantly used in atmospheric and climate research (Prusa, Smolarkiewicz,
and Wyszogrodzki, 2008). Here we discuss only essential features of EULAG-MHD and
refer the reader to Smolarkiewicz and Charbonneau (2013) and the references therein for
detailed discussions. The model is based on the spatio-temporally second-order accurate
non-oscillatory forward-in-time multidimensional positive definite advection-transport al-
gorithm MPDATA (Smolarkiewicz, 2006). Importantly, MPDATA has the proven dissipative
property that intermittently and adaptively, regularizes the under-resolved scales by simu-
lating magnetic reconnections and mimicking the action of explicit subgrid-scale turbulence
models (Margolin, Rider, and Grinstein, 2006) in the spirit of Implicit Large Eddy Sim-
ulations (ILES) (Grinstein, Margolin, and Rider, 2007). Arguably, the residual numerical
dissipation is then negligible everywhere but at the sites of MRs. Moreover, this dissipation
being intermittent in time and space, a quantification of it is meaningful only in the spectral
space where, analogous to the eddy viscosity of explicit subgrid-scale models for turbulent
flows, it only acts on the shortest modes admissible on the grid; in particular, in the vicinity
of steep gradients in simulated fields. Such ILESs conducted with the model have already
been successfully utilized to simulate reconnections to understand their role in the coro-
nal dynamics (Prasad, Bhattacharyya, and Kumar, 2017; Prasad et al., 2018; Nayak et al.,
2019). In this work, the presented computations continue to rely on the effectiveness of ILES
in regularizing the under-resolved scales by commencement of magnetic reconnections.

4. Simulation Results

The simulations are carried out on a grid of uniform resolution 128 x 128 x 128, resolving
the domain I'. The initial states are characterized by the magnetic field B given by Equations
5-7 and the velocity field v = 0. Simulations are performed with ¢y = 0.1 and 0.5. The
lateral boundaries (x and y) are chosen to be periodic, while magnetic fluxes at the vertical
boundaries are kept fixed to zero (Kumar, Bhattacharyya, and Smolarkiewicz, 2015a). At
the bottom boundary, the z-components of B and v are kept fixed to their initial values
(line-tied boundary condition). In the conducted simulations, the dimensionless coefficient
7,/T, &~ 10~*, which is roughly one order of magnitude larger than its coronal value (Prasad
et al., 2018). The larger t,/7,, however, is expected to only speed up the evolution without
an effect on the corresponding change in the topology of MFLs. The initial Lorentz force
pushes the plasma from the initial static state and imparts dynamics. To examine the onset of
MRs, in the following we analyze the evolution of the two cases ¢y = 0.1 and 0.5 separately.
For ¢y = 0.5, the 3D nulls are located at lower heights and the corresponding separatrix
domes are fairly independent (see Figure 3). Therefore, we first consider this case.

4.1. Casel ¢y =0.5

This case belongs to the initial magnetic field that includes a pair of 3D nulls and a central
quasi-separator. For a careful inspection of the simulated dynamics, in Figure 5, we first
present the evolution of the transverse field overlaid with the plasma flow (projected at the
z =0 plane) and the Lorentz force at the bottom boundary. Notable are the reversal of the
direction of the initial Lorentz force (marked by red color) and the generation of rotational
flow (in green) around the spiral nulls in the early phase of evolution.
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t=6.4s

=3

=9.6s

Figure 5 Evolution of field lines of the transverse field (in cyan) at the z = 0 plane (appeared as squares) for
cg = 0.5. Black lines show the boundaries of the domain. The figure is further overplotted with the streamlines
of flow (in green), Lorentz force (red arrows), and the neutral points (in pink).

Figure 6 shows the temporal sequences of the magnetic skeleton of the initial field B
(Figure 3). For plotting the evolution of the MFLs, in this and the subsequent figures, we
utilize the “field line advection” technique built into in the VAPOR visualization package
(Clyne and Rast, 2005) in which one representative point for a selected MFL is advected by
the velocity field and then the advected point is used as a seed to plot the MFL at a later
time (Mininni et al., 2008). For a detailed description of the technique and its successful
illustration in ideal as well as non-ideal magnetofluids, the reader is referred to Clyne et al.
(2007) and Mininni et al. (2008). Noticeably, under ideal conditions, the technique is similar
to other methods of tracking of MFLs in which one follows the motion of individual plasma
elements and traces the changes in the MFLs that are attached to those plasma elements
(Linton and Priest, 2003). From Figure 6, notable is the rotation of the separatrix domes
of the 3D nulls. In the figure, black arrows and motion of the blue MFLs clearly mark
the direction of the rotation. The rotation appears to be initiated by the Lorentz force after
t = 3.2 seconds (see Figures 5 and 6a). Initially, the rotation is in the clockwise direction
(Figure 6b). This increases the twist and hence the tension in the MFLs of the separatrix
domes (Figure 6¢). Eventually, the magnetic tension changes the direction of rotation and
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(a)

t=3.2s t=12.8s ) \

t=32s b t=70.4s

Figure 6 Evolution of the topological skeleton of B for ¢y = 0.5 (Figures 2c and 2d). Panel a is overlaid
with Lorentz force (red arrows) at the bottom boundary. The rotation of the separatrix surfaces is evident from
the movement of the blue MFLs (further marked by black arrows).

the MFLs rotate in the counter-clockwise direction (Figure 6d). The twist of the MFLs then
decreases with time. Such twisting and untwisting rotational motion of the MFLs is expected
to repeat in time and, ultimately, become damped by the viscous drag force.

To investigate the MRs at the 3D nulls, the temporal evolution of the spine and the sep-
aratrix fan surface of a 3D null located at (37 /2, 7/2,0.447) is shown in Figure 7. In the
figure, we also plot two sets of MFLs (in yellow) that are situated under the dome-shaped fan
surface at t = 0 seconds. Moreover, to demonstrate the current-sheet formation, we overlay
the figure with isosurfaces of current density | J | having an isovalue that is 70% of the max-
imal value of | J |. The selection of the isovalue is based on an optimization of constructing
a smooth and identifiable isosurface with a large isovalue. We call these isosurfaces J—70
and identify them as the CSs because they are 2D manifolds and not the boundaries of 3D
volumes. Notably, the yellow MFLs do not appear to co-rotate with the MFLs of the fan
surface (as evident from the motion of the blue MFL). This seems to generate favorable
contortions in the MFLs — making the yellow MFLs and the MFLs of the fan non-parallel.
Consequently, the CSs develop in the vicinity of the fan surface (Figure 7b). In addition, the
yellow MFLs rise toward the 3D null and eventually come out of the dome. This is a clear
indication of the change in connectivities of the yellow MFLs, suggesting the occurrence

@ Springer



Reconnections at Nulls and QSLs Page 13 of 23 26

s
i
1
1]
1t
i

w"
|
,’n‘\‘ Y‘}I

(c) t=23.04s

I

Figure 7 Evolution of a 3D null along with the fan surface (represented by cyan MFLs) for ¢ = 0.5. The
figure is further overplotted with two sets of MFLs (in yellow) situated below the dome and the J—70 surfaces
(in pink). The movement of MFLs of the dome is marked by a blue MFL. Important are the appearances of
the J-70 surfaces at the fan surface and change in the connectivities of the yellow MFLs.

of torsional fan reconnections at the 3D null (Priest and Pontin, 2009; Pontin, Priest, and
Galsgaard, 2013). With reconnections, the CSs dissipate and the contortion in the MFLs
decrease with time (Figure 7d). Similar evolution is found for the other 3D null (not shown).

Figure 8 depicts the temporal profile of the Q-map at the bottom boundary overlaid with
the 3D nulls. To locate the QSLs, we plot the skeleton of the separatrix surfaces, and then
the extra features in the Q-map (marked by QL in Figure 8a) are identified as the QSLs
(also shown in Figure 4). Relevantly, as mentioned in Section 2, these QSLs correspond to
the X-type nulls of the transverse field (see Figures 2 and 5). To explore the possibility of
reconnections near the QSLs, Figure 8 is overlaid with plasma flow (green arrows) near the
regions of three QSLs marked by rectangular boxes in Figure 8a, as representative cases.
Additionally, the current density | J | having values around 35% of its maximal value are
plotted on a z-constant plane (in pink) situated near the bottom boundary. Notably, the di-
rection of plasma flow (green arrows) is visibly different from the direction of the motion of
MFLs (showcased by the blue MFLs) in the vicinity of the separatrices — a telltale sign of
the flipping or slipping of field lines (Priest and Forbes, 1992; Aulanier et al., 2006; Janvier,
2017). Moreover, with time, currents start to appear near the fan separatrix regions (although
they remain negligible at (7, 7, 0)) — further supporting the CS development and the onset of
the reconnections in the vicinity of the separatrices. Under the simulated viscous relaxation,
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Figure 8 Evolution of 3D nulls with bottom boundary being overplotted with In Q (cg = 0.5). The regions
of strong Q in the initial field are marked by QL in panel a. We also plot the streamlines of plasma flow
(green arrows) near the three QSLs marked by rectangular boxes in panel a, some of which are separatrices.
Currents having sufficiently high values are shown at a z-constant plane (in pink). The motion of the dome
MFLs is depicted from the blue MFLs. The direction of the MFLs movement is largely different from the
flow direction — manifesting the flipping MFLs in the separatrices and QSLs.

such appearances of the CSs can be attributed to the autonomous development of the fa-
vorable forcing (Kumar, Bhattacharyya, and Smolarkiewicz, 2015b). However, the strength
of the currents near QSLs is almost half of the strength at the fan surfaces of the 3D nulls
(Figure 7) — indicating the reconnections near QSLs to be less energetically efficient than
the 3D nulls. This supports the proposal of Priest and Forbes (1989, 1992) that the more
efficient reconnections require the favorable geometry of MLFs (such as separatrix, QSL,
null, or separator) as well as the favorable flows. It appears that both are present at the 3D
nulls, while the favorable flow is missing in the case of the QSL around the point (7, 7, 0).

4.2. CaselIl ¢y =0.1

As found in the initial field, the 3D nulls for this case are located at greater heights in
comparison to ¢o = 0.5, and the separatrix surfaces touch in the central region that is located
around the line (77, 7, z) — leading to an MFL geometry favorable to MRs. Figure 9 depicts
the temporal sequences of the field lines of the transverse field during their evolution. The
figure also shows plasma flow (denoted by green arrows) projected on the lower boundary
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Figure 9 Temporal sequence of the transverse field (in cyan) at the bottom boundary for ¢y = 0.1. Black
lines mark the boundaries of the computational domain. The flow (green arrows), the Lorentz force (red
arrows), and the neutral points (in pink) are also overplottede.

and the Lorentz force (marked by red arrows). Noticeably, in response to the initial Lorentz
force, a rotational flow is produced near the spiral nulls of the transverse field.

To have an overall understanding of the dynamics, in Figure 10 we show the temporal
sequences of the topological skeleton in the form of the 3D nulls and the corresponding
spines and separatrix surfaces. The initial Lorentz force (marked by red arrows in panel a)
appears to push the footpoints of the separatrix domes and initiate the rotational motion
of the domes (also evident from Figure 9). When viewed from the top, the rotation is in
a counter-clockwise direction — illustrated by the blue MFLs and black arrows. Similar to
the case of ¢y = 0.5, it enhances the twist and, consequently, magnetic tension in the MFLs
(see Figure 10c), which, finally, reverses the direction of rotation in clockwise direction (cf.
Figure 10d). The rotational motion is found to oscillate in time and eventually decays by the
viscosity.

To explore the initiation of MRs at the 3D nulls, in Figure 11, we display the evolution
of a 3D null situated at (37/2, w/2,0.9557) along with the corresponding separatrix sur-
face. The figure is further overlaid with the J—70 surfaces and two sets of magnetic loops of
different heights, initially located under the separatrix dome. Importantly, in this case, the
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Figure 10 Temporal sequence of the magnetic skeleton (3D nulls, separatrix dome surfaces, and spines) of
B for cg = 0.1 (see Figures 2a and 2b). Red arrows in panel a show the direction of Lorentz force at the lower
boundary. Evident is rotational motion of the separatrix domes, as illustrated by the blue MFLs and black
arrows.

CSs appear to form below the dome surface and, then extend toward the dome (marked by
black arrows in Figure 11c). The figure indicates that the initially parallel yellow and green
loops become increasingly non-parallel and lead to the CS formation. To confirm this, in
Figure 12, we analyze the evolution of MFLs in the vicinity of a J—70 surface. At r =0
seconds, the MFLs are in the form of two different loop systems situated at two different
heights (Figure 12a). The corresponding MFLs at lower and higher heights are marked by
green and yellow colors, respectively. The arrowheads represent the directions of the MFLs.
These initially parallel MFLs start to become non-parallel from ¢ &~ 10 seconds onward, ul-
timately leading to the appearance of the J—70 surface and its subsequent spatial extension.
Such spontaneous development of CSs is in accordance with Parker’s magnetostatic theo-
rem. Furthermore, from Figure 11, as the CSs approach the separatrix surface, the yellow
MFLs move toward the 3D null and change their connectivities from the inner to the outer
connectivity domain. This reveals the onset of the MRs at the 3D null. Identical dynamics is
realized for the other 3D null also (not shown).

Furthermore, to explore the possibility of the reconnections at the QSLs, we show the
temporal evolution of the topological skeleton superimposed with the Q-map at the bottom
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Figure 11 Temporal evolution of a 3D null with the fan surface and spine (denoted by cyan MFLs) for
co = 0.1. The figure is further overlaid with two set of magnetic loops located at different heights (in colors
green and yellow) under the fan surface at + = 0 seconds and, the J—70 surfaces (in pink). The motion of
dome MFLs can be tracked by a blue MFL. Notable are the appearances of the J—70 surfaces inside the fan
surface, which later extend toward the fan (marked by black arrows in panel c¢). With time, the yellow MFLs
change their connectivities.

boundary in Figure 13. To keep the presentation tidy, we focus only on the QSL located
around the line (7, w,z) as a representative case. For this case, the domes almost touch
each other and result in a favorable MFL geometry around the line (Figure 3). To clearly
illustrate this, in Figure 13 we further plot two sets of MFLs (in purple and green) near
the line (7, 7, z). Moreover, the plasma flow (white arrows), tangential to the z = 0 plane,
is depicted in the vicinity of the QSL location. Notably, at = 0 seconds the geometry of
the purple and green MFLs is what is expected for a quasi-separator or hyperbolic flux
tube. Under the favorable initial Lorentz force (marked by red arrows in Figure 13a), the
oppositely directed purple and green MFLs are pushed toward each other. With time, the
MFLs appear to change their connectivities, as evident from Figure 13b—d. This is a marker
of reconnections, which repeat in time, near the QSL. The post-reconnection MFLs move
away from central region around the line (77, 77, z) because of the plasma flow (Figure 13d).
Here also, like ¢y = 0.5, the CSs develop near the QSL location (not shown). For ¢y = 0.1,
the rotating separatrix domes, being in close proximity, interact rather strongly about the
(r, m, z) line and cause the reconnections at the QSL that are more prominent in comparison
to the case ¢y = 0.5. Identical dynamical evolution is observed near the other QSLs located
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Figure 12 Temporal evolution of MFLs in the vicinity of a J—70 surface for cg = 0.1. Initially, the MFLs
are in the form of closed parallel loops situated at two different heights (panel a). As time progresses, the
loops become increasingly non-parallel, resulting in the formation of a CS.

above the X-type nulls of the transverse field (Figure 2a) for ¢y = 0.1, which is not presented
here.

To have an overall comparison of the dynamics for ¢p = 0.5 and ¢y = 0.1, in Figure 14,
the histories of kinetic and magnetic energies (normalized to the corresponding initial total
energies) are plotted for ¢p = 0.1 and 0.5. For both cases, the plasma flow is generated via
the corresponding initial Lorentz force and the MRs. Subsequently, the flow is arrested by
the viscous drag, leading to the formation of peaks in kinetic-energy plots. From Equation 8,
evident is the larger magnitude of the Lorentz force for ¢ = 0.5 than ¢y = 0.1. However, the
height of the kinetic-energy peaks for ¢y = 0.1 is greater in comparison to ¢y = 0.5 (top panel
of Figure 14). In addition, the depletion of the magnetic energy is larger for ¢y = 0.1 (around
24% from its initial value) than ¢y = 0.5 (approximately 10% from the corresponding initial
value), as shown in the bottom panel of Figure 14. The higher peak of the kinetic energy and
larger decay of the magnetic energy for the ¢y = 0.1 case (along with a lower magnitude of
the initial Lorentz force) indicate that the MRs for the ¢y = 0.1 case are more energetically
efficient and generate stronger flow than the ¢y = 0.5 case. We note that, with an identical
MFL geometry in the vicinity of the 3D nulls, reconnections at the 3D nulls are expected to
be similar for both the cases. Then the reconnections at the QSLs for ¢y = 0.1 are expected
to be more energetically efficient than the ones for ¢p = 0.5. This can be attributed to the
existence of the more favorable MFL geometry and flow near the QSLs (as illustrated near
the central region around (7, 7, z)) for ¢y = 0.1 than ¢y = 0.5 (Kumar, Bhattacharyya, and
Smolarkiewicz, 2015b).
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Figure 13 Temporal evolution of 3D nulls with In Q being superimposed at the lower boundary for ¢y = 0.1.
Two set of MFLs (in purple and green) are plotted near the QSL located in the central region around (7, 7, 2).
Also shown are the streamlines of plasma flow (gray arrows) and initial Lorentz force (red arrows) near the
QSL. Notable is the change in the topology of the purple and green MFLs.

5. Summary and Discussion

Magnetohydrodynamic simulations are presented to explore the dynamics of MFLs in the
presence of 3D nulls and quasi-separatrix layers. The suitable initial magnetic fields B are
constructed by superposing an exponentially decaying LFFF and a constant vertical field,
with ¢y being the relative amplitude of the superposing fields. Notably, ¢y determines the
initial Lorentz force and, hence, governs the deviation of the initial states from the force-
free equilibrium. For the simulations, we select ¢y = 0.1 and 0.5. The corresponding MFLs
resemble coronal loops. The magnetic skeleton of the initial field is constructed in the form
of a pair of 3D nulls with separatrix domes and a quasi-separator between them. In addition,
for ¢g = 0.5, the 3D nulls are located at lower heights in comparison to ¢y = 0.1 and the
separatrix surfaces are fairly independent. While, for the ¢y = 0.1 case, the separatrix domes
appear to meet in the central region of the computational domain — generating a MFL ge-
ometry of a hyperbolic flux tube with larger Q-values (than ¢y = 0.5) in the region. The
simulated evolution is initiated by the corresponding Lorentz force.

For ¢y = 0.5, under favorable forcing, the evolution of the magnetic skeleton exhibits
a rotational motion of the MFLs constituting the separatrix domes. Importantly, the MFLs
located in the inner vicinity of the domes do not appear to co-move with the MFLs of
the domes — causing the development of CSs at the domes. In addition, the MFLs inside

@ Springer



26 Page 20 of 23 S. Kumar et al.

Figure 14 Variation of kinetic 0.05
(top panel) and magnetic (bottom
panel) energies for cg = 0.1 and
co = 0.5. The solid line is for
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the domes show rising motion toward the 3D nulls and exhibit a change in their magnetic
connectivities. The development of CSs and the connectivity change of the MFLs point
toward the onset of the torsional fan reconnections. Notably, for this case, the direction of
MFL movement is found to be visibly different from the direction of plasma flow, indicating
the flipping or slipping of magnetic-field lines. The weaker CSs near the QSLs than the 3D
nulls show much weaker reconnection there.

In response to the initial Lorentz force, the apparent rotational motion of the MFLs cor-
responding to the dome-shaped separatrix surfaces is also discerned for ¢y = 0.1. In this
case, the CSs are found to develop under the separatrix domes. The CSs originate as the ini-
tially parallel loops of different heights situated under the domes become non-parallel. With
time, the CSs seem to extend toward the domes. Moreover, the loops appear to approach the
3D nulls and eventually alter their topology — a clear indication of MRs at the 3D nulls. In
addition, reconnection occurs at the central quasi-separator.

Further, the energy curves show the generation of stronger flow along with larger dissipa-
tion of magnetic energy for ¢ = 0.1 case (having a lower magnitude of initial Lorentz force)
in comparison to the ¢y = 0.5 case. This reveals that the MRs for ¢y = 0.1 are energetically
more efficient and leading to a stronger outflow in comparison to ¢y = 0.5. This can be as-
cribed to a more favorable field-line geometry and flow for ¢y = 0.1 than ¢y = 0.5, resulted
from the interaction of the larger separatrix domes in the central region for co = 0.1. The
MRs at the favorable MFL geometry are expected to be more energetically efficient and,
hence, generate large flows.
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Overall, the computations document the MRs at the 3D nulls as well as at the central
QSLs. Importantly, the results indicate that the mere presence of QSLs in the initial field is
not sufficient to initiate energetically efficient reconnections. The nature and magnitude of
the flow are equally crucial in commencing such reconnections. Noticeably, the simulations
identify the rotation of the MFLs associated with the dome-shaped fan surfaces of the 3D
nulls — also observed in the solar corona. Interestingly, under similar magnetic configura-
tions as used in the simulations, a physical scenario can be envisioned in which the charged
particles accelerated through MRs at 3D nulls located in the corona can move along the
MFLs of dome-shaped fan surfaces and potentially cause the observed circular brightening
in the denser lower solar atmosphere during solar flares. In addition, the spontaneous de-
velopment of the CSs can be crucial to the coronal heating. On the flip side, the presented
simulations can be extended with an appropriate physical magnetic diffusivity to estimate
the reconnection rate — based on the MFL-aligned electric field — at the 3D nulls and the
QSLs, which is kept as a future work.
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