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ABSTRACT

Context. The majority of studies on stressed 3D magnetic null pointsider magnetic reconnection driven by an external pertur
bation, but the formation of a genuine current sheet equilih remains poorly understood. This problem has been deresil more
extensively in two-dimensions, but lacks a generalizaiibo 3D fields.

Aims. 3D magnetic nulls are more complex than 2D nulls and the fiaidtake a greater range of magnetic geometries local to the
null. Here, we focus on one type and consider the dynamicadrasistive relaxation of 3D spiral nulls with initial sgiraligned
current. We aim to provide a valid magnetohydrostatic éopiim, and describe the electric current accumulationgiious cases,
involving a finite plasma pressure.

Methods. A full MHD code is used, with the resistivity set to zero sottheconnection is not allowed, to run a series of experiments
in which a perturbed spiral 3D null point is allowed to relawards an equilibrium, via real, viscous damping forcesargfes to the
initial plasma pressure and other magnetic parametersnagstigated systematically.

Results. For the axi-symmetric case, the evolution of the field andplasma is such that it concentrates the current densityan tw
cone-shaped regions along the spine, thus concentratngist of the magnetic field around the spine, leaving a tadiafiguration

in the fan plane. The plasma pressure redistributes in doderaintain the current density accumulations. Howevaes, fibound that
changes in the initial plasma pressure do not modify the fitak significantly. In the cases where the initial magrfigid is not
axi-symmetric, a infinite-time singularity of current perglicular to the fan is found at the location of the null.

Key words. Magnetohydrodynamics (MHD) — Sun: corona — Sun: magnefioltmy — Magnetic reconnection

1. Introduction In three dimensions, the processes of current accumulation
and reconnection in three dimensions are significantfiedi
Three-dimensional magnetic null points have been studieddnt to, and much more complex than, those in two-dimensions
detail within the last decade in the main context of thregt X-type null points (e.d. Hesse & Schindler 1988; Priestlet
dimensional magnetic reconnection. Their importance in £2003). In general, in three-dimensions, currents can aataten
lar and magnetospheric environments have been observatiand magnetic reconnection can occur either at nulls or in the
ally identified by many authors, for example, in solar flaresbsence of them. Away from magnetic null points, magnetic re
(Eletcher et all 2001; Masson et al._2009), in solar active reonnection may take place infiérent structures, such as separa-
gions (Ugarte-Urra et al. 2007) or at the Earth’s magndtotabrs (Longcope & Cowley 1996; Longcdpe 2001; Haynes ket al.
(Xiao et al.| 2006). However, a complete understanding of t2®07; Parnell et al. 2008, 2010a,b) and quasi-separatyix la
formation of current layers in three-dimensional magnetit  ers [(Priest & Démoullnl_1995; Demoulin et al. 1996, 1997;
points, through a physical dynamical relaxation, is stillie [Aulanier et al. 2006/ Restante ei al. 2009; Wilmot-Smithlt a
achieved, either mathematically or phenomenologically. 2009). On the other hand, locally at null points in three di-

In two dimensions, current sheet formation and current a@ensions, magnetic reconnection can _occur in_several dif-
cumulations have been widely studied around X-points both derent regimes.(Pontin et'al. 2004, 2005; Masson et al. |2009;
alytically (e.g/ Dungéey 1953; Green 1965; Somov & SerV@LtS;AI-HaChaml & Pontin 2010; Pontin etal. 2011; Priest & Pontin
1976; [Vekstein & Priest 1993; Craig 1994; Bungey & Priet009; Masson et &l. 2012).

1995) and numerically, including theffects of plasma pres-

sure (e.g.| Rastatter etal. 1994; Craig & Litvinenko 2005, The nature of the reconnection that can take place around
Pontin & Craig | 2005, Fuentes-Fernandez etal. 2011). Foragpree-dimensional null depends directly on the flows aed th
more comprehensive review of current sheet formation in WMgyndary disturbances (Rickard & Titov 1996; Priest & Ponti
dimensions see (Priest & Forhes 2000) and (Biskamp|2000). 2009). One particular example of these reconnection regjime

All these studies assume the magnetic field is line -tiedeat tfan-spine reconnectigmvhere a shearing of the spine or the fan,
boundaries. This assumption imposes the constraintsitieagye drives the collapse of the null point. That is, the resultiogentz
and flux cannot leave or enter the system, and is reasonabke sforces act in the same direction as the initial disturbaties in-
throughout the solar corona, most of the magnetic field laves creasing it and resulting in a folding of the spine and fareals
anchored in the photosphere. Furthermore, line-tyingngiaith  each other. The resulting reconnection takes place in teityi
ideal relaxation ensures that helicity must be conservemhglu of the null, and implies that magnetic flux is transferrecbasr
the relaxation/ (Mffatt|1985) and mass is conserved within fluxhe diferent topological regions of the system (see Pontinlet al.
tubes. 2005; Pontin & Galsgaard 2007; Pontin et al. 2007b,a).
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Another example of 3D null reconnection, and the one refium is reached. We evaluate théeets of the plasma pressure in
evant for this paper, itrsional reconnectionwhere the flows the evolution, as both the initial disturbance and the bemigd
are such that the spine and fan plane remain perpendiculaptasma pressure are changed systematically. This workds-a ¢
each other, and the field lines are twisted around the spinetimuation of the work carried out in_Fuentes-Fernandez.et a
the same direction above and below the famgjonal spine re- (2010,/2011), on non-resistive MHD relaxation of magnetic
connectiol or in opposite directions above and below the fafields embedded in non-zero beta plasmas, using viscoussforc
(torsional fan reconnectignThe resulting reconnection of fieldto drive the relaxation, and allowing heat to be transfetodtie
lines takes place about the spine or the fan, respectivaiis-c plasma via the physical viscous heating term. Departuces fr
ing a slippage of the magnetic field through the plasma inaxial symmetries are studied, obtaining current accunmiabf
direction opposite to that of the twist, dissipating thereat a different nature, such as the formation of an infinite time singu-
density. These regimes do not involve flow across the spinelarity in some cases (which does not exist in the axi-symimetr
the fan, and hence, the global topology of the field remaicsase).
unchanged (see Bulanov etlal. 2002; Pontin et al. 2004, 2007a The paper is structured as follows. In Sec. 2, we present the
Wyper & Jain 2010; Pontin et al. 2011). equations that define the initial three-dimensional coméitian

In most cases that focus specifically on the field about tled in Sec[13 we present details of the numerical experiments
null, they also assume that the initial field is symmetricwgthibe In Sec[# we present the results for 3D axi-symmetric nults wi
axis of the spine. However, such an assumption does not négtlal spine-aligned current, and, in SEt. 5 we presentékalts
to be madel (Parnell etial. 1996). Al-Hachami & Pantin (201@pr non-symmetric nulls, and evaluate the formation of aeuwir
and| Pontin et al! (2011) relax this assumption showing thet tsingularity at the location of the null. Finally, we concaudith
degree of asymmetry changes the rate of reconnection, lbut a@general overview of the problem in SEL. 6.
its nature.

Parnell et al.[(1997) proved that the magnetic field locally
about a non-potential 3D null point, i.e. the linear field aba 2. Magnetic field configurations
non-potential null, produces a Lorentz force that canndidde
anced by a plasma pressure force. So there are no static e
librium models of linear non-potential or force-free nullsis
means that in 3D, the relaxation towards an equilibrium me:rg
netic field very close to a magnetic null point has the sa
choices that a 2D linear null has, i.e., i) to evolve towards
potential null or ii) to develop a current singularity (cent
accumulation) at the null._Klapper (1997) proves analjfca .
that in 2D, in the absence of plasma, the collapse of an X-ty
null results in the current building up at the null forming a
infinite-time singularity. Numerical experiments of nutllapse
in non-zero beta plasmas show that an infinite-time singular
is still found {Craig & Litvinenko 2005; Pontin & Creig 2005;WhereM is a matrix with elementdd,j = 9B;/dx;, andr is

Fuentes-Fernandez etlal. 2011). Iy T
In general terms, most of the studies mentioned already cct)he position vectorx,y, 2) ., which is likely to be small for gen-

sider magnetic reconnection at an initially potential 30l nuer;lal nulls where linearity may be weak. For linear nulls the ¢

; . ;. _rent density is constant, and it can be divided into two compo
driven by some external force. Reconnection, howeverkésyli nents, parallel and perpendicular to the spine line. In tréi@
to occur at the location where current has accumulated.ror |

stance, in the case of spontaneous reconnection initigteai-b Ular cases studied in this paper, the only non-zero comparien
croinstabilities, it can occur in an equilibrium currenindiy
structure. The aim of this paper is to investigate the naificer-
rent accumulations at a 3D magnetic null, after a torsidyjad-
disturbance. The current structures will be formed via theal
magnetohydrodynamic (MHD) evolution of the field and the
plasma. The nature of non-force-free equilibrium founea#
non-resistive MHD evolution of a stressed 3D null point, #mel
effects of the plasma pressure in the formation of current &ayer
to our knowledge, have not been widely studied. Pontin & €rai
(2005%) analysed the collapse of 3D nulls after a shearipg-ty
perturbation (fan-spine collapse). In particular, theydgtd the
formation of a current singularity at the location of thelnnla
non-force-free equilibrium, in an equivalent manner totilie-
dimensional singularities studied by Craig & Litvinenk@®(%).
However, the formation of a static non-force-free equilibr
after a torsional-type disturbance has not yet been stutived
carry out such a study here. spine

Here, we consider the ideal evolution of a spiral null (non-. ] o )
potential) with an initial homogeneous current densityafiar Fig. 1. General topological structure of a 3D null point, including
to the spine line, which may be thought of as the result oftge spine line (thick) and fan plane (dashed). Field line}ton
torsional-spine disturbance. In particular, we are irserein the  €ither side of the fan plane run along the spine towards thle nu
current accumulations that arise when a non-force-frediequ and then spread out just above or below the fan plane.

ﬁn{e basic structure of a three-dimensional null point igsil
ated in Fig[dL. The topological structure involves thengdine
nd the fan plane. In a positive 3D null (such as the one in the
ure), the field lines approach the null parallel to the spand
rgcede parallel to the fan plane. A negative null would shusv t
opposite behaviour.
Following the description given in_Parnell et al. (1996) for
ear 3D nulls, the magnetic fiel@, close to a null point may
e expressed as

B=M-r, (1)
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the initial current density will be the one parallel to théngp so The (normalised) equations governing our ideal MHD dy-
that namical processes are
.1 . ap
= — O’ 0, . 2 _ V . V) = 0 s 4
j #( jsp) @ VeV (4)
ov
Where, we have chosen a coordinate system in which the sping- + p(v-V)v = -Vp+(VxB)xB+F,, (5)
lies along thez-axis (Parnell et al. 1996). In this case, the matrix P
M can be reduced to 6_? +v-Vp = —ypV-v+H,, (6)
0Bx 0Bx 0By
x oy oz 1 —3is 0 @—VX(VXB) 7
_| # 8 B 2P = ’
. ‘96—; . 0 0 —(b+1) whereF, andH, are the terms for the viscous force and viscous

heating. The internal energy, is given by the ideal gas law,

where 0< b < oo, in order to ensure that the spine of the null i = pe(y — 1), withy = 5/3.
along thez-axis, and that the null is positive. Finally, the time-scale in our experiments may be defined as

For such non-potential nulls, the associated Lorentz fortiee fast mode crossing timg, i.e. the time for a fast magne-
has naz-component and simply acts in planes parallel to the faasonic wave to travel from the null to one of the boundariess (
plane of the null. Furthermorgx B = 0onx =y = 0, hence, in instance in the-direction), which is calculated as
our final non-force-free equilibrium, there will be no fluatrs- yo1
ferred across the fan, and this will remain perpendiculaheo ; _ f_ dy @)
spine, but the geometry of the field lines and the distrilbbutbd y=0 Ce(y)’
current density and plasma will change.

wherece(y) = | /vi + cZ is the local fast magnetosonic speed.
3. Numerical scheme

For the numerical experiments studied in this paper, we haieAXi-Symmetric nulls
used Lare3D, a staggered Lagrangian-remap code, whicb-is S€1_ |nijtial state
ond order accurate in space and time, with user controlled vi
cosity, that solves the full MHD equations, with the resisyi We first look at the relaxation of initial configurations of gaa
set to zero (see Arber etlal. 2001). The staggered grid istosedr€etic null points with constant current density everywtierine
build conservation laws and maintai¥is B = 0 to machine pre- direction parallel to the spine, of the form (@ jsp), and we as-
cision, by using the Evans and Hawley’s constrained tratispgume axial symmetry in the initial field by makitg= 1 in Eq.
method for the magnetic fluk (Evans & Hawley 1988). The nu3). The magnetic field is then given by
merical domain is a 3D box with a uniform grid of 51@oints. - -
Magnetic field lines are line-tied at the boundaries and gB,, B,, B,) = (x — ﬂ’y ﬂ’x+y -22). 9)
X s Dz, b} b}
components of the velocity are set to zero on the boundaries. 27 2
The other quantities have their derivatives perpendidolaach The fan is perpendicular to the spine and lies inzke0 plane.
of the boundaries set to zero. Hence, the quantities thatoare e have run various experiments wittférent initial pressure.
served over the whole domain are total energy and total masgyure2 shows the magnetic configuration of the initialestédr
Since the field is frozen to the plasma (there is nidudion to jsp = 1 andpo = 1. The magnetic field lines show a homoge-
within numerical limits), the mass in a single flux tube (@@ neous twist about the spine, and the field lines lying in tme fa
a field line) must be conserved. define a logarithmic spiral. The only initially non-zero derin
The numerical code uses the normalised MHD equationie fan plane is the magnetic tension force, which duringehe
where the normalised magnetic field, density and lengths,  laxation, will act to straighten the magnetic field linesisTorce
. is such that, in principle, the system can evolve towardserso
x=LX, y=Ly, B=BB, p=pnp, tial configuration (a radial null) if energy and helicity icaved
imply that the normalising constants for pressure, inteema to leave the system.
ergy, current density and plasma velocity are,
4.2. Final equilibrium state
BA
Ph=—, &= ,
H HPn

B2 . .
—, jn= Bn and v, = Bn We concentrate on the case shown in Elg. 2, whichjhgs: 1

uL HpPn andpg = 1. The final state is achieved after more than 300 fast
magnetosonic crossing times. The magnetic field configurati
at the end of the simulation is shown in Fig. 3. Owing to the
line-tied boundaries, and the restriction of an ideal etioty the
Meld cannot dissipate the original twist. Instead, thexafimn

The subscripts indicate the normalising constants, and lize
guantities are the dimensionless variables used in the dde
expression for the plasma beta can be obtained from thisaler

Ization as appears to concentrate it onto the portions of field linesaha
2p about the spine, above and below the null.
B= B2 As can be seen in Figl 3b, the field lines expand radially from

the null and then bend slightly as they reach the boundaitegso
In this paper, we will work with the normalised quantitiesit b domain. This bending is a consequence of the fact that the mag
thehatis removed from the equations for simplicity. netic field lines are line-tied in a way that is not axi-symritet
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Fig. 2. Magnetic configuration for the initial non-equilibrium stavith homogeneous spine-aligned current, for the cadebmit 1,

jsp = landpo = 1, showing (a) the 3D configuration with field lines above aalbly the fan in purple and orange respectively. The
fan plane is outlined in dashed black and the spine is reptedén green, with projections onto theplane and/zplane (dashed
green lines). In (b), the field lines in the fan plane are plbitt

(b) fan plane
1.0 i

0.5

-0.5

-1.0 -0.5 0.0 0.5 1.0

Fig. 3. Magnetic configuration for the final equilibrium state foetbpiral null, for the same experiment as in Ei. 2, showing (a
the 3D configuration with field lines above and below the fapurple and orange, respectively. The fan plane is outlinethshed
black and the spine is represented in green, with projestiono thexzplane and/zplane in dashed green lines. In (b), the field
lines in the fan plane are plotted.

In Sec[4.B, we consider a 2.5D approximation assuming-<cylithe result of both the closed boundary conditions, whichsdoe

drical symmetry in a region close to the null point. not allow magnetic flux to be transferred through the bouiedar
The total energy of the evolution is checked and is fournd the full MHD relaxation, which allows thefiérent forces

to be conserved throughout the relaxation to within an esfor t0 balance each other. Note, the Lorentz force is such frtag i

0.03%. This conservation of energy demonstrates that imdef€ld lines were free to move at the boundaries, they would un-

able dfects, such as numericalfflision, do not play a signifi- tWist, expelling their free magnetic energy and helicity oithe

cant role in the relaxation. By the end of the experimenty onfystem, hence, achieving a potential state.

1% of the initial magnetic energy has been transferred it Around the axis of the spine, away from the null, a non-
nal energy of the plasma, due to viscous damping. At thistpoiforce-free envelope has formed (Fig. 4a and b). These region
the velocities areféectively zero in the whole domain. get larger and further apart as we move away from the nulb Als

In order to establish the nature of the final equilibrium, wkegions ofnon-force-free-nessppear about the plane of the fan,
evaluate the forces at the end of the relaxation.[Big. 4 shioevs away from the null. Only small residual forces remain on e f
different forces, namely, the Lorentz force, the pressure forg@se to the boundaries (FIg. 4c).
and the total force (the sum of the two) in the final equilib- A non-force-free equilibrium implies an inhomogeneous dis
rium state. The system is only force-free locally close te thribution of the current and the plasma pressure. The firstieli
null (where it is dfectively potential) and along the spine linebutions of electric current density, parallel and perpeuldir to
Everywhere else, non-zero Lorentz forces are balanced by nthe magnetic field, are shown in F[d. 5. These two components
zero pressure gradients in a non-force-free equilibriuhis s account for the force-free and the non-force-free contidimg to
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(b) Lorentz force

(c) Total force
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Fig. 4. Contour plots of the dierent forces acting in the final equilibrium state in the O plane, for the same experiment as in
Fig.[2. Showing, from left to right, the magnitude of the m@® force £|Vp|), of the Lorentz force and of the total force. Values
are normalised to the maximum force of the initial stateat be observed that the pressure and Lorentz forces balackc®ther

creating a non-force-free equilibrium.
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Fig.5. Contour plots of the final equilibrium current density vedior a vertical cross section in the = 0 plane, for the same
experiment as in Figl]2. The current has been split in two amapts: (a) parallel and (b) perpendicular to the magnetid. fi

the final equilibrium, respectively. The parallel componiig. [6we show the parallel electric current density through éoor
[Ba) is one order of magnitude larger than the perpendicatarc tal cut of Fig[®a, az = 0.7, and in a vertical cut along the spine
ponent (Figlbb), indicating that the equilibrium is notfiamm a  (z-axis). The plots show the results for the fouffelient initial
force-free state. plasma pressures, but since they all overlap, only onedinest

At the exact location of the null point, the current densitible, with the exception of the smallest pressure cgse Q.1),
remains with its initial value ofsp = 1. This is not inconsistent which shows a slightly smoother profile. Hence, changesen th
withParnell et al.[(1997), as the currentis zero everywbt® plasma pressure do not appear to lead to significant changes i
From the beginning of the experiment, at the location of thié n the formation of the current concentrations.
itself, the Lorentz forces are zero, and so are the presstred.

The system is potential (i.e. current free) in a very loedlis
region about the null point, where < 0.1, as expected from 4.3. The 2.5D Approximation
Parnell et al. (1997). The parallel current is mainly conicaad
along the spine line, forming an hourglass shape centeréiteon As has been discussed above, close to the null point, the field
null and lying along this axis (Fi§]l5a). As already mentiba t lines expands radially and the system can be assumed to have
field is force-free in these regions. The perpendiculareniris cylindrical symmetry about the axis of the spine. This syrirgne
enhanced at the edges of the hourglass cones, and about théfaaks slightly when we approach the edges of the box, due to
plane (Fig[hbb). Naturally, these are the locations of tepero the squared line-tied boundaries. Under the assumptioyliot c
Lorentz and pressure forces (Hig. 4a and b). drical symmetry, all the quantities depend only on two céord

Finally, a comparison has been made of results wifietént nates, namely, the heigtt, and the radius;, and the equilib-
background plasma pressures, with= 0.1, 0.5, 1.0, 1.5.In Fig. rium can be described as a 2.5 dimensional state (that i% the
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(a) (b) As in the 2D case, in a magnetohydrostatic (MHS) equilib-
12— AR P2 rium that satisfies these conditions, the plasma pressust mu
be a unique function of., as well asb,. Therefore, a Grad-
Shafranov equation can be derived, which defines the foree ba
ance between the plasma and magnetic forces in final equilib-

101 1 10¢

rium, as
E T 6 1[RA. 10A. 6°A;] . do, dp
= = === = —/ 4+ = =0. 1
A wla v "o |T™aa a0 (13)
Fig.[d shows the numerical functionality of the poloidaldiel
' 2t functionby(Ac) and the plasma pressupéA.) of the final equi-
librium state, for all the points within a region about thdlito
0 ‘ ‘ ‘ 0 : ‘ ‘ avoid non-cylindrical asymmetries) that goes from -0.5 16 0
1.0 -0.5 0}'/0 0.5 10 1.0 -0.5 020 0.5 L0 hothinr andz Both guantities show a good dependence in this

region, and the term of the poloidal fields. In particular, it

shows that, in the region about the null, where the bounsldde

Fig. 6. Plot of the parallel (to the magnetic field) component giot have a strongfiect, a non-force-free description is found,
the electric current density (a) in a horizontal eut 0 plane, \here the plasma pressure plays an important role.

at heightz = 0.7, and (b) along the spine axiz#xis), for four The assumption of axial symmetry about the spine is non-
different experiments witpp = 0.1 (dotted),po = 0.5 (dashed), generic. It is very likely that some sort of asymmetry in thedfi
Po = 1 (solid) andpo = 1.5 (dash-dotted). would arise in a realistic situation. In the next section,cee-
sider the current structure generation due to the collapsero
0121 ~0.12 axi-symmetric spiral nulls, where the field lines have a @nefd
L direction in the fan plane, and therefore, the 2.5D assunisi
0.10f- " H0.10 not valid even close to the null point.
0.08F Jo.0s o _
i 5. Magnetic field asymmetries
= 0.061 1006% By removing the constraint that= 1 in Eq. [3), we can intro-
0.04f 3004 duce axial asymmetries to the initial state. Hence, from(8}.
e 1" our initial magnetic field is of the form
0.02}- J0.02 jsp. Jsp
] (Bx, By, By) = (x— oYX by,-(b+1)2) . (14)
0.00L 210,00
094 096 058 100 102 10+ 106 Depending on the value df relative to the magnitude of

the initial current densityjsp, the magnetic field lines can take
ifferent shapes. According to Parnell et al. (1996), we can de-
ne a threshold for the current density, which for our field is
jthresh = |b — 1|, above which the fan field lines are spiral, below
which they are said to be of skewed improper form. We consider
here the case wheilgs) > |b — 1. The fan field lines form a
spiral null, as in theb = 1 axi-symmetric case. 6 # 1, this
spiral will bend towards a preferred direction (in our cabe,
are three spatial coordinates, but all the quantities oejyedd preferred direction is the-axis if 0 < b < 1, or they-axis if
on two of them). b > 1).
Using the solenoidal constraint (i¥.- B = 0), the magnetic Previous studies on thefect of magnetic field asymmetries
field for a two-dimensional cylindrical system must satisfy  in 3D spiral nulls have been considered by Pontin et al. (2011
They focus on the reconnection rate for both torsional sairee
}g(rB,) + 9B, _ 0. (10) torsional fan reconnection, but do not look at the formatén
ror 0z equilibrium current structures. In the particular torgibepine
; _ g _ case, they start with a potential configuration witffefient val-
':‘el\?v?i’ttlfeg/aaf = 0, the magnetic field3 = (B:, By, B,), may be ues ofb, and then introduce a localised magnetic field perturba-
tion in the form of a ring of magnetic flux. They find that the kea
current and the reconnection rate do not depend strongligeon t
degree of asymmetry (given by the valuddpfThis dependence
is shown to be more important for torsional fan reconnection
case (which is not considered here).
Equation [[T4) gives a generic form for the magnetic field
b around a 3D magnetic null point with a homogeneous current
(Br, By, By) = (—}%, AAC), 1%) ) (12) parallel to the spine liné (Parnell et al. 1996). The case ofl
r oz r r or . : .
makesjwresh = 0, and hence, corresponds to the axi-symmetric
whereb,(Ac) is an unknown function that depends uniquely onase studied in Selcl 4, where the two eigenvectors lying ®n th
. fan plane are perpendicular to each other, and their eiiggwa

Fig.7. Numerical dependence of poloidal field (black) ana
plasma pressure (blue) with the functida All points of a re- !
gion about the null that goes from -0.5 to 0.5 both i@ndz are
plotted here.

B(r,2) = %VAc(r, 7) X €, + By(r, 26, , (12)

whereA(r, 2) is a function analogous to the flux function in 2D
for systems with cylindrical symmetry, which satisfies
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[b=1] Initial state

[b=0.5] Initial state
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Fig. 8. Magnetic field lines lying on the fan surface for the initif row) and final equilibrium (bottom row) state, for foufférent
experiments, with, from left to righb = 1,1/2,1/4,1/8, andjsp = 1.

[b=1] j, [b=0.5] ], [b=0.25] ], [b=0.125] ],
1.0 , : 1.0 - : : 1.0 - - - 10" :
| =180 | a=592 © =799
0.5 05} | 0.5 / ] 0.5
I
= 00 > 00} j > 00 > 00
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Fig.9. Current density on the fan plane for the final state, for tmeesfour experiments of Fig] 8. The central current layermokse
along the direction of one of the eigenvectors (the minosleaésociated with the linear analysis of the initial maigrfegld about
(dashed lines), whereis the angle (in degrees) this eigenvector makes witlyt#wves. The maximum current density value in these
plots (dark green) i, = 20, with j, = 0 as the minimum (white).

are complex conjugates. This is not the case for the asymmet-In Fig.[8 we show the fan plane field lines in the initial

ric fields, where the eigenvectors are no longer perpenaticuihon-equilibrium and the final equilibrium state for fouffdi-

although their eigenvalues are still complex conjugatesteN ent experiments with four @erent values ob, namely,b =

from Eq. [3), that the féect of increasing or decreasibgy the 1,1/2,1/4,1/8,and withjs, = 1 for all of them. As the parame-

same amount (i.e. multiplying or dividing by the same vaise) terb is systematically decreased, the fan field lines show a more

analogous. The only fierence in doing so is the preferred axipronounced bend towards ttxeaxis, both in the initial and in

that the magnetic field lines will follow, being eithgory (i.e. the final state. Initially, the asymmetry appears as a skeped

a rotation of 90 around the spine axis). Therefore, without lostal, and after the dynamical relaxation, the fan field linesvwe a

of generality, we have chosen only valuesbo$maller than 1. more complex geometry.

We run relaxation experiments for various valuedef 1, with To evaluate the deviations from the potential field in the fi-

a fixed current parallel to the spingy, = 1. As before, during nal state, we look at the current accumulations at the famepla

the relaxation the energy is checked to ensure thatitisssead The only non-zero component of the current density for albsa

to within numerical error and we note that a similar amount ¢§ checked to bg,. This implies that the current density at the

viscous dissipation occurs, resulting in a rise in inteerergy null is parallel to the spine, and hence, the spine and the fan

of order 1%. plane remain perpendicular to each other. In Eig. 9 we show
the zcomponent of the current density for the same four ex-
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JS C — JN C— with|Parnell et al.[(1997), which found that the linear fiettat
' ' i a non-potential null cannot be balanced by a pressure gradie
o5t 0.2¢ Hence, since the field in the vicinity of the null is not potaht
‘ 01k an equilibrium cannot be achieved there. Moreover, the m#gn
field in the fan plane is weaker along the minor axis of the,null
0-00p 0.0 pesososs Peeges thus, as already mention, too are the Lorentz forces, and-the
01t fore that is the axis along which the current density is able t
-0.05} extend.
02 The larger the initial field asymmetry, the larger the ampli-
010 st RS | S tude of the null current layer. Note, this current layer igatéire
03 0.2 -0.1 -(;,o 01 02 03  -0.06-0.04-0.02 o.\qo 002 004 006 ofthe asymmetry, and does not appear in the axi-symmest ca

Also, it is not related to a fan-spine collapse, as the ctigen-
éty about the null remains parallel to the spine. It is rediole

Fig. 10. Forces in the final state, in the fan plane, for the ca 5
b = 0.25, showing (a) thg-component along the-axis (along iot"k‘]’g%g;?nﬁr%eiggg,[%? g;g%mr;ﬁfry’ the null currensite

the current accumulation) and (b) tkeeomponent along thr- Th i f d I f t densit
axis, of the Lorentz forces (dotted), the pressure forcashed) e creation ob a pronounced layer of current density
perpendicular to the spine, at the location of the magnetic

and the total forces (solid). null point and along the minor fan axis, and the associ-
ated forces plotted in Fid. 10, suggest the formation of a
e S N singularity (Craig & Litvinenkol 2005; Pontin & Craig 2005;
[ O b=0.0625(n=0432) Fuentes-Fernandez et al. 2011). Fidurk 11 shows the time ev
A b=0.125 (11 = 0.408) N lution of the current density at the null point for fouri@girent
© b=025(n=0332) P s asymmetric experiments. Each of these evolutions is mediell
- with a function of the form

—~
N
T
o
o>
b 0
[N

AL

0b=05(n=0158) @

1

= !
=
—

i o Lo joun = mt, (15)
o where bothm andn are positive and both depend on the degree
of asymmetry, defined bl. The null current density seems to
have entered an asymptotic regime similar to the one studied
bylFuentes-Fernandez et al. (2011) for 2D X-points. Theltes
shown in Fig[Ill suggest the formation of an infinite-time sin

gularity at the null point, associated with a creation of lee-

o

logll) (jnull)
<@

S
S
T
I

T
©
o
o
o)
o
[P

0.6

L

04 . pendicular current density caused simply by an initial asyn

1.0 1.2 1.4 1.6 1.8 2.0 try of the magnetic configuration. Note, that the appeararfice

log,, (t) such a singularity is strictly linked to the asymmetric matof
the initial state. This singularity does not exist if thediés axi-

Fig. 11. Time evolution, with logarithmic axes, of the null pointSYmmetric, because in that case, the field can become paitenti
current current density for four asymmetric experimentishw locally about the null point.

b=1/2,1/4,1/8 and ¥16. Dotted lines show fits tghu = mt". Current singularities at three-dimensional magnetic null
T points have been found after the fan-spine collapse of edtilt

null (Pontin & Craigl 2005). The key fference between these

singularities and the ones described in this paper is theetiim
periments as in Fig]8. The final state is a non-force free-eqof the current density vector. In the fan-spine collapse,dir-
librium, as in the axi-symmetric case, but here, a new fedtur rentis directed along the tilt axis of the fan, for exampthe x-
formed along one of the eigenvectors of the fan plane (knovaxis (Pontin et al. 2005; Pontin & Galsgaard 2007; Pontirllet a
as the minor fan axis). This is formed because the initiatder 2007b,a; Masson et.al. 2009, 2012). On the contrary, oueatrr
in the fan plane are not axi-symmetric and are weaker alodgnsity is directed along the spine line, i.e. #rexis. Therefore,
the minor axis. Note, that in the symmetric case, the only-no@ur singularity is not due to a collapse of the fan and theespin
zero initial force is the magnetic tension force, which aots towards one another, but is a completely new feature that has
symmetrically, while here, there is also a magnetic pressurever been observed in the past. This study is the first signat
force. The overall Lorentz force in the fan plane is such thaf a current density singularity at a purely spiral null, dndher
it prevents the field from evolving towards a potential comfag  studies are needed to show if it is associated with a new eegim
tion. Instead, it accumulates the currentin a current ldy@ugh  of 3D null reconnection.
the null itself.

Again, by considering the forces, we find that in the fin
state, the system is in a non-force-free equilibrium evégne
except very close to the null, where tiny residual forcesai®m The three-dimensional relaxation of spiral magnetic nalhs
on the fan plane. These are shown in Eig. 10, for two cuts alongth initial spine-aligned current has been investigateder
they and x axes. The Lorentz forces are directed towards thmn-resistive conditions, resulting, in all cases, in a-face-
null. The pressure forces act against the Lorentz forceataut free equilibrium, where all the velocities have been danmpeéd
not able to balance them. This results in a non-zero net tobgl the viscous forces. In the final states, forces of the pdasm
force which causes the gradual accumulation of currenteat thressure and magnetic field, which are of about the same order
null point and is consistent with the formation of a singitlar as the initial non-equilibrium Lorentz forces, balanceteather
whose nature is discussed shortly. These results are inragré  in a genuine non-force-free state.

%, Summary and conclusions
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In the axi-symmetric case, the initial field is a spiral nulAcknowledgements
with a uniform twist of the field lines everywhere. During th
relaxation, the field evolves by concentrating the init@hstant
current density around the spine, above and below the fah,
hence, the twist of the field lines also resides there. Thé&dih
lines show a radial configuration, with small departuregftbe
radial field caused by the squared line-tied boundariehdrfit
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