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Structure of magnetic separators and separator reconnection
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[1] Magnetic separators are important locations of three‐dimensional magnetic
reconnection. They are field lines that lie along the edges of four flux domains and
represent the intersection of two separatrix surfaces. Since the intersection of two surfaces
produces an X‐type structure, when viewed along the line of intersection, the global three‐
dimensional topology of the magnetic field around a separator is hyperbolic. It is therefore
usually assumed that the projection of the magnetic field lines themselves onto a two‐
dimensional plane perpendicular to a separator is also hyperbolic in nature. In this paper,
we use the results of a three‐dimensional MHD experiment of separator reconnection to
show that, in fact, the projection of the magnetic field lines in a cut perpendicular to a
separator may be either hyperbolic or elliptic and that the structure of the magnetic field
projection may change in space, along the separator, as well as in time, during the life of
the separator. Furthermore, in our experiment, we find that there are both spatial and
temporal variations in the parallel component of current (and electric field) along the
separator, with all high parallel current regions (which are associated with reconnection)
occurring between counterrotating flow regions. Importantly, reconnection occurs not only
at locations where the structure of the projected perpendicular magnetic field is hyperbolic
but also where it is elliptic.
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1. Introduction

[2] Magnetic reconnection is a fundamental plasma phys-
ics process that plays an important role in many solar, mag-
netospheric, and astrophysical phenomena. Realistic modeling
of all these reconnection environments must be done in three
dimensions, not simply because they are three dimensional,
but, more importantly, because 3‐D reconnection is funda-
mentally different than 2‐D reconnection.
[3] In two dimensions, magnetic reconnection can only

occur at X‐type null points. At the null a pair of field lines
with different connectivities, say, A → A′ and B → B′, are
reconnected to form a new pair of field lines with connec-
tivities A → B′ and B → A′. Hence, flux is transferred from
one pair of flux domains into another pair of flux domains.
Furthermore, in two dimensions, reconnection involves an
X‐type stagnation flow and results in a discontinuous jump
in the field line mapping at the instant reconnection takes
place. There has been a considerable body of work on 2‐D
reconnection, and extensive reviews can be found, for
example, in the works by Priest and Forbes [2000] and
Biskamp [2000].

[4] The early research into the nature of 3‐D reconnection
naturally evolved from the 2‐D reconnection work, and
various definitions of 3‐D reconnection were proposed,
including “plasma flows across a surface which separates
regions including topologically different magnetic field
lines” [Vasyliunas, 1975, p. 304], “presence of an electric
field along a separator” [Sonnerup, 1979, p. 879], “transfer
of plasma‐elements from one field line to another (i.e., a
break down of the frozen‐in flux theorem)” [Axford, 1984,
p. 1], and “evolution in which it is not possible to preserve
the global identification of some field lines” (i.e., magnetic
field evolution that is not flux preserving) [Greene, 1993,
p. 2355]. The first two of these definitions require the
existence of 3‐D magnetic nulls in order to produce the
magnetic separatrices and separators which are an essential
part of these reconnection scenarios. However, Schindler et
al. [1988] and Hesse and Schindler [1988] proposed a
theory of generalized magnetic reconnection in which they
established that 3‐D reconnection does not require nulls or
structures associated with nulls and which encompasses the
reconnection definitions previously suggested. In particu-
lar, 3‐Dmagnetic reconnection occurs not only at 3‐D nulls
[e.g., Craig et al., 1995; Craig and Fabling, 1996; Priest
and Titov, 1996; Pontin and Craig, 2005; Pontin and
Galsgaard, 2007; Pontin et al., 2007a, 2007b], but more
commonly it occurs in a null‐less region of a magnetic field
[Schindler et al., 1988; Hesse and Schindler, 1988], for
instance, in a hyperbolic flux tube [Priest and Démoulin,
1995; Démoulin et al., 1996; Titov et al., 2003; Galsgaard
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et al., 2003; Linton and Priest, 2003; Aulanier et al., 2005;
Pontin et al., 2005a; Aulanier et al., 2006; De Moortel and
Galsgaard, 2006a, 2006b; Wilmot‐Smith and De Moortel,
2007] or at mode‐rational surfaces [Browning et al., 2008;
Hood et al., 2009]. Also, recently, Titov et al. [2009] have
proposed a general method for determining the magnetic
reconnection in arbitrary 3‐D magnetic configurations. They
demonstrate, using their method, that, along with magnetic
null points, hyperbolic and cusp minimum points are also
favorable sites for magnetic reconnection.
[5] We are concerned in this paper with separator recon-

nection, and since separators link pairs of opposite‐polarity
null points, reconnection at a separator has been viewed by
many as reconnection involving null points. Separators and
separator reconnection have been considered by various au-
thors [e.g., Sonnerup, 1979; Lau and Finn, 1990; Longcope
and Cowley, 1996; Galsgaard and Nordlund, 1997;
Galsgaard et al., 2000b; Longcope, 2001; Pontin and Craig,
2006; Haynes et al., 2007; Parnell et al., 2008; Dorelli and
Bhattacharjee, 2008]. The authors are unaware of any
papers that specifically address the importance of the nulls
during separator reconnection; this is one of the questions that
is addressed in this paper.
[6] Many, but not all, of the above situations depend on

the fact that field lines from flux domains with two different
connectivities, say, A → A′ and B → B′, are reconnected to
form field lines in two new flux domains with connectivities
A → B′ and B → A′, exactly as in the 2‐D case. In three
dimensions, however, it is generally not possible to identify
pairs of field lines that reconnect to form new pairs of field
lines [e.g., Hornig and Priest, 2003; Pontin et al., 2005b],
apart from nongeneric special cases. Instead, reconnection
will occur continually and continuously throughout the
finite diffusion region, converting flux from two domains
into flux in two other domains. A consequence of this is
that, in three dimensions, the field line mapping is, in general,
continuous between prereconnected and postreconnected
field lines, as opposed to discontinuous. The theory behind
this behavior is explained by Hornig and Priest [2003] using
a kinematic model and is illustrated very nicely using
numerical experiments by Pontin et al. [2005a] and Aulanier
et al. [2006]. From their kinematic model, Hornig and Priest
[2003] hypothesize that counterrotating flows are an impor-
tant ingredient of 3‐D reconnection. Also, note that such a
flow pattern is implicit within the general reconnection model
of Hesse [1995].
[7] Generic magnetic separators are lines which divide

four topologically distinct flux domains and hence are loca-
tions about which reconnection often occurs. They are the
intersection of two separatrix surfaces. (Nongeneric separa-
tors involve a spine line from a null, but we ignore these since
they are structurally unstable.) Separatrix surfaces are sur-
faces of field lines that encompass flux from a single source.
The field lines in these surfaces originate from nulls, bald
edges [Haynes, 2007], or bald patches [Bungey et al., 1996].
The four flux domains surrounding a separator are divided by
the two separatrix surfaces. Separators are often termed
“X lines” because of the belief that the projection of the
magnetic field lines in a 2‐D plane perpendicular to the
separator has the form of a 2‐DX point. Note, however, that
the term X line is ambiguous and is also commonly used

for a line of X‐type nulls, which is a structurally unstable
topological feature [e.g., Hesse and Schindler, 1988]. We
therefore do not adopt this term.
[8] The aim of this paper is to determine the main char-

acteristics of separator reconnection. In order to make the
work in this paper clear, we first explain our terminology in
section 2. For comparative purposes, we then discuss briefly
the magnetic field of potential separators (section 3). Our
main interest is in investigating the 3‐D magnetic field
structure of nonpotential separators and, during separator
reconnection, the relationship between the magnetic and
velocity fields in 2‐D planes perpendicular to the separator.
To do this, we use a 3‐D resistive MHD experiment which
is described in section 4. In section 5, we address the fol-
lowing questions: (1) What is the nature of the current
density along a separator? (2) Where does reconnection
occur along separators? (3) What is the projection of the 3‐D
magnetic field in a 2‐D cut perpendicular to a separator?
(4) During reconnection, what is the structure of the 3‐D
velocity field in the vicinity of a separator? Finally, the
conclusions drawn from our results are discussed in
section 6.

2. Terminology

[9] In this paper, we investigate the 3‐D magnetic and
3‐D velocity field structures about separators. Since it is
not easy to visualize 3‐D magnetic fields in still images,
we consider projections of the magnetic field in 2‐D planes.
In general, such projections can be misleading since the
results will differ for each orientation of the projection
plane. Thus, to analyze the 3‐D magnetic field about a
separator at a given point along it, we project the magnetic
field onto the unique 2‐D plane which is perpendicular to
the separator at that point. Thus, we can reliably investigate
the 3‐Dmagnetic field both along the length of the separator
and also as the separator varies in times. Before we discuss
our work, we first define a few terms.
[10] 1. The 3‐D topology of a magnetic field is outlined

by its magnetic skeleton, which is made up of sources, nulls,
separatrix surfaces, and separators. Therefore, the 3‐D
topological structure is a global phenomenon. Note that
here we use the word global to mean “large scale” in a
general sense and not as a reference to the whole Sun or
magnetosphere.
[11] 2. The 3‐D magnetic field structure is defined by the

behavior of the magnetic field lines and hence is a local (i.e.,
“small‐scale”) phenomena. The structure may be defined as
hyperbolic or elliptic depending on the structure of the 2‐D
projected field in a perpendicular cross section through the
magnetic field: a 2‐D saddle (X) or improper fixed point is
seen if the 3‐D magnetic field structure is hyperbolic, and
a 2‐D spiral or ellipse (O) is seen if the field structure is
elliptic (i.e., has a 3‐D helical‐type structure).
[12] 3. The 2‐D projected field is the projection of the

magnetic field in planes perpendicular to the separator. Let
B be any 3‐D magnetic field that contains a separator and
let x0 be a point on the separator with n̂k(x0) as the vector
directed along the separator at this point. Then the com-
ponent of the magnetic field parallel to the separator at x0
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is given by Bkx0 = [B · n̂k(x0)]n̂k(x0), and therefore, the
perpendicular magnetic field component is

B?x0 ¼ B� Bkx0 : ð1Þ

The 2‐D projection of the magnetic field in the plane
perpendicular to the separator at x0 is defined as B?x0
evaluated in that plane. We call this 2‐D projected field
ProjB?x0. Note that the 2‐D projected field is not a
magnetic field since it does not satisfy the solenoidal
constraint, as shown in section 3. The 2‐D projected field
structure can be defined as hyperbolic or elliptic, using the
previously described definitions, depending on the nature
of the fixed point in the 2‐D projected field where the
separator pierces the perpendicular 2‐D plane.
[13] In purely 2‐D magnetic fields, the magnetic topology

and magnetic field line structure coincide, and hence, the
2‐D global and local magnetic structures are the same. It is
not possible to determine the global magnetic topology of
a 3‐D magnetic field unless you know the magnetic field
in a large number of locations, which is obviously not the
case from solar and magnetospheric observations. Instead,
estimations of the local 3‐D magnetic field and 2‐D pro-
jections of the magnetic field have been made in magne-
tospheric physics. In solar physics, images of the solar
atmosphere reveal some structure of the magnetic field, as
do extrapolations of the local 3‐D magnetic field above the
photosphere. Here we show that, unlike in two dimen-
sions, the 3‐D magnetic topology and local 3‐D magnetic
field line structure are not the same. Therefore, in order to
help with the interpretation of observational (and numer-
ical) results, we investigate what local 3‐D magnetic
field and 2‐D projected field structures are associated with
separators.

3. Magnetic Field of a Potential Separator

[14] The 3‐D magnetic topology in the vicinity of a sep-
arator (potential or nonpotential) is given by the separatrix
surfaces that intersect to form the separator. As mentioned in
section 2, a cut perpendicular to the separator reveals that
the two separatrix surfaces form an “X,” so we describe the

global 3‐D magnetic topology in the vicinity of a separator
as being hyperbolic (Figure 1a).
[15] In the vicinity of a potential separator, what is the

local 3‐D magnetic field structure? To answer this question,
we need to consider the 2‐D projected field structure in
planes perpendicular to the separator. By definition, both the
divergence and curl of a potential magnetic field are zero,
but what are the divergence and curl of the 2‐D projected
field in cuts perpendicular to the separator?
[16] Let us consider, without loss of generality, a mag-

netic field, Bpot = (Bpx, Bpy, Bpz), which has a pair of 3‐D
nulls at points (0, 0, a) and (0, 0, b) orientated such that their
separatrix surfaces intersect along the z axis and a separator
lies along this line between z = a and z = b. Hence, Bpot?(x,
y, z) = (Bpx, Bpy, 0) and Bpotk(x, y, z) = (0, 0, Bpz). For any
point (0, 0, z0) along the separator, where a < z0 < b, the 2‐D
projected perpendicular field is ProjBpot?z0(x, y) = Bpot?(x,
y, z0); hence, its components are functions of x and y but not
z. Thus, the divergence of the 2‐D projected field becomes

r � ProjBpot?z0ðx; yÞ ¼ @Bpxðx; y; z0Þ
@x

þ @Bpyðx; y; z0Þ
@y

6¼ 0

since

@Bpzðx; y; zÞ
@z

����
z¼z0

6¼ 0:

Therefore ProjBpot?z0 is not a magnetic field, but simply a
2‐D vector field. Now, the curl of ProjBpot?z0(x, y) is

r� ProjBpot?z0ðx; yÞ ¼ 0; 0;
@Bpyðx; y; z0Þ

@x
� @Bpxðx; y; z0Þ

@y

� �

¼ ð0; 0; 0Þ

since the 3‐D magnetic field is potential. We note here that
the curl of the projected magnetic field and the projection of
the curl of the magnetic field are not commutative, and
hence the result above is true for potential fields.
[17] Thus, in general, if one linearized ProjBpot?z0(x, y)

about the point (0, 0) through which the separator pierces
the plane, the magnetic field would have the form

ProjBpot?z0ðx; yÞ �
a c=2
c=2 b

� �
x
y

� �
: ð2Þ

The eigenvalues of this field are

�� ¼ aþ b

2
� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða� bÞ2 þ c2

q
;

so they are always real. This means the structure of the local
2‐D projected field in a plane perpendicular to a potential
separator can be either an X point, a stable or unstable
proper node (star), or a stable or unstable improper node
depending on the relative values of a, b, and c.
[18] Now, if the 2‐D plane perpendicular to the separator

is at either of the 3‐D nulls at the ends of the separator, the
X‐type 2‐D projected field structure will coincide with the
X‐type structure formed by the 3‐D separatrix surfaces. It
has long been believed that this holds true along the com-

Figure 1. (a) The intersection of the two separatrix surfaces
(shown in blue and pink) indicates the X‐type nature of the
global 3‐D topology about a separator (thick yellow line).
(b) The 2‐D projected field structure in a plane perpendicu-
lar to the separator (white lines on grey plane) has a null
point which coincides with the point at which the separator
pierces the plane. The X‐type structure of the 2‐D projected
field does not coincide with the 3‐D global X‐type structure
formed by the intersection of the two separatrix surfaces.
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plete length of the separator; however, as we have just
shown, this is not necessarily the case since, for some por-
tion of the separator, the projection of the 2‐D perpendicular
field may look like a star or an improper fixed point. Fur-
thermore, the two separatrix surfaces forming the separator
do not necessarily intersect at right angles along the com-
plete length of the separator, so the global 3‐D topology
does not necessarily form a right‐angled “X.” However, if
the 2‐D projected field structure is a saddle, then this X
structure must be right angled since r × ProjBpot? = 0.
Thus, these two X‐type structures cannot always coincide,
as shown in Figure 1b. Therefore, the 2‐D projected field
structure in a plane perpendicular to the separator does not
necessarily reflect the global 3‐D magnetic topology of the
field. Hence, the local 3‐D magnetic field structure and
global 3‐D magnetic topology do not necessarily coincide
either.
[19] In light of this rather surprising discovery about the

nature of the local 3‐Dmagnetic field structure in the vicinity
of a potential separator, we now go on to consider non-
potential separators and separator reconnection. To do this,
we use results from a numerical experiment which we briefly
review as a whole in section 4 before focusing on the details
of the separators in this experiment in section 5.

4. Three‐Dimensional Numerical Model

[20] The 3‐D numerical setup used here is very similar to
that used by Galsgaard et al. [2000a], Haynes et al. [2007],

Parnell et al. [2008], and A. L. Haynes et al. (The effects of
magnetic resistivity on a magnetic flyby model, manuscript
in preparation, 2010), so we only give a very brief de-
scription here. We consider a Cartesian grid of 256 × 256 ×
129 scaled to 1 × 1 × 1/4. The initial magnetic field is po-
tential and involves two sources of finite extent on the base
of the box which contain equal amounts of flux but are of
opposite polarity. An overlying field is then added in the ŷ
direction to ensure that the sources are initially discon-
nected. The side boundaries of the box are periodic, while
the top boundary is closed. On the base, the boundary is
closed apart from the two sources. The sources are driven
along lanes, at a speed of 0.02 of the initial peak Alfvén
speed in the box, such that they run antiparallel to each other
in a direction perpendicular to the overlying field (the x̂
direction), resulting in the interaction of their fluxes by way
of reconnection at a series of separators. The drivers are
switched off before the sources leave the box at 26.7 Alfvén
crossing times (where the crossing time of the box is de-
termined from the peak Alfvén speed). We start with a
uniform atmosphere which has an initial density and pres-
sure of 1/4 and 1/6, respectively, in dimensionless units.
[21] The numerical code is a resistive MHD code which

has a staggered grid and uses sixth‐order spatial derivatives
with fifth‐order interpolation. Time is advanced by a third‐
order predictor‐corrector method. In this paper, we consider
an experiment in which the magnetic resistivity is held
constant at 6.25 × 10−5. The Lundquist number for the
experiment is 18,693 (determined from the same values as
the Alfvén crossing time). However, the local magnetic

Figure 2. Snapshots showing the nonpotential magnetic skeleton of our model at times (a) t = 2.53, (b) t =
4.50, (c) t = 13.47, and (d) t = 17.85, including the positive and negative sources on the base (white and black
discs), the positive and negative separatrix surfaces (pink and blue surfaces), and separators (thick yellow
lines).
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Reynolds number within our domain can vary greatly from
order unity up to several thousand.

5. Separators and Separator Reconnection

[22] The magnetic configuration in our experiment involves
two magnetic nulls on the base of the box which remain for
the entire experiment. The initial setup is shown in Figure 2a
and contains no separators. However, the boundary driving
motions lead to the creation of a number of separators linking
the two nulls, as described by Haynes et al. [2007]. In par-
ticular, the first separators created are a pair formed by a
global double‐separator bifurcation, as shown in Figure 2b.
The lower of these two separators rapidly disappears at the
base of the box, leaving the upper separator, which lasts for
most of the experiment. This separator is visible in Figures 2c
and 2d (central separator). It is this separator that we inves-
tigate in detail. Further separators are formed (Figure 2d),
but since their characteristics are similar to the one we are
focusing on we do not discuss them in detail.

5.1. Nature of the Current Along a Reconnecting
Separator

[23] In separator reconnection the rate of reconnection is
related to the amount of electric field parallel to the sepa-
rator [Sonnerup, 1979; Hesse and Birn, 1993; Hesse, 1995;
Parnell et al., 2008]. When the resistivity h is constant, the
parallel electric field is simply related to the parallel electric
current by a factor h. Thus, studying the nature of the par-
allel current along the separator reveals where, along the
length of the separator, reconnection is actually occurring.
[24] Figure 3a shows a contour plot of the parallel current

along the length of the separator varying in time. Clearly,
the current (and hence the reconnection) is neither constant

in time nor constant along the length of the separator. Ini-
tially (t = 4.78), the current grows from two locations near
the ends of the separator but not at the nulls (Figure 3b). The
current then spreads out along the separator and increases in
intensity. At about 14.03 Alfvén times the current peaks
near the center of the separator. Later on (during a phase
including further separators) the currents are seen to have a
double (t = 25.74) and triple (t = 28.16) peaked nature
(Figure 3b).

5.2. Where Does Reconnection Occur Along
Separators?

[25] The reconnection along the separator occurs where
there are high parallel currents and, hence, high parallel
electric fields. From our analysis it is clear that separator
reconnection does not (only) occur at the nulls at the ends of
the separator but that the vast majority occurs in one or more
localized regions along its length. In our experiment there
are periods with what appear to be two or three enhanced
regions of reconnection along a single separator, as well as
periods where there is just one site extending over much of
the length of the separator (Figure 3).
[26] The reconnection rate rsep at the separator is given by

the formula [Hesse and Birn, 1993; Hesse, 1995; Hornig
and Priest, 2003; Parnell et al., 2008]

rsep ¼ d�

dt
¼

Z
l
Ekdl ¼ �

Z
l
jkdl; ð3Þ

where Ek and jk are the components of the electric field and
electric current parallel to the separator, respectively, and l is
the distance along the separator. This rate is equivalent to
the rate of change of flux � within any one of the four
surrounding flux domains of the separator due to the re-
connection at this separator. In Figure 4, we have plotted
rsep (solid line) against time, showing that the total recon-
nection along this separator varies considerably in time and
shows two distinct peak rates. The first peak in reconnection
rate occurs when there is a single large current sheet along
the center portion of the separator. The second peak occurs
when there are two or three distinct high‐current regions
along the separator. So, of course, what matters is not
simply what the highest parallel current is along the sepa-

Figure 3. (a) Contour plot of current parallel to separator.
The x axis is the normalized length along the separator, and
the y axis is time. The white lines indicate when the 2‐D per-
pendicular magnetic field structure changes from X‐type to
O‐type. The symbols mark the points where the 2‐D perpen-
dicular projections in Figure 5 were taken. (b) Current parallel
to the separator versus length along the separator at t = 4.78
(solid line), 14.03 (dotted line), 25.74 (dashed line), and
28.16 (dash‐dotted line) Alfvén times.

Figure 4. Reconnection rate given by the integrated paral-
lel electric field along the separator (solid line) and peak par-
allel electric field (dashed line) versus time.
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rator (dashed line in Figure 4) but the extent of the region(s)
over which the parallel current is high (i.e., the size of the
overall reconnection site).

5.3. Projected 3‐D Magnetic Field in a 2‐D Cut
Perpendicular to the Separator

[27] We have already seen in section 2 that for potential
fields, the global 3‐D magnetic topology and local 3‐D
magnetic field structures do not necessarily coincide. Here
we consider what the local 3‐D magnetic field structure is
about a nonpotential separator by looking at ProjB?, the
2‐D projected field perpendicular to it.
[28] The magnetic field in the vicinity of a separator

typically has a strong component parallel to the direction of
the separator, although this is not true near the ends of the
separator. Again, we use equation (1) to determine the 2‐D
projected field in a plane perpendicular to the separator, and
we recall that this 2‐D field has a null at the point where the
separator pierces the plane.
[29] We have already found that the 2‐D projected field

structure in a plane perpendicular to a potential separator can
be an X‐type or a proper or improper node since the linear
field always has real eigenvalues. In the nonpotential case,
though, there are likely to be currents parallel to the sepa-
rator as there are during separator reconnection. We find,
using the same notation as equation (2), that, to first order,
the 2‐D projected field ProjB? about the 2‐D null point at

which the separator pierces the plane, located at the origin
for simplicity, has the form

ProjB? ¼ a ðc� jkÞ=2
ðcþ jkÞ=2 b

� �
x1
x2

� �
; ð4Þ

where x1 and x2 are orthogonal coordinates lying in the 2‐D
perpendicular plane. The 2‐D null will have real eigenvalues
if (a − b)2 + c2 > jk

2 (creating an X point or a proper or
improper node), and the field will have complex eigenvalues
if (a − b)2 + c2 < jk

2 (creating a spiral or O‐type node), where
jk is the component of current out of the plane. Hence, linear
2‐D projected fields are typically spiral or O‐type if the
current is large (relative to the other components in the
matrix). Therefore, ProjB? about a nonpotential separator
could take on one of many forms, and its structure is likely
to vary along the separator.
[30] Plots of ProjB? determined at 1/2 (Figure 5a) and

9/10 (Figure 5b) of the way along the separator at t = 13.47
reveal that, indeed, the 2‐D projected field structure per-
pendicular to our separator does change in nature along the
length of the separator. ProjB? is of O type near the center
of the separator while it appears to be of X type near its
end. The asterisk and plus in Figure 3 indicate the points
where the above two 2‐D perpendicular plots were taken.
We determined the nature of ProjB? at every point along
our separator for every time step and overplotted white

Figure 5. Plots showing (top) the 2‐D projected field structure (white lines) and (bottom) the 2‐D ve-
locity field structure (white lines) in perpendicular planes at (a) 0.5, (b) 0.9, (c) 0.5, and (d) 0.85 along the
separator at time t = 13.47. The separator (thick line coming out of the plane) is shaded according to its
parallel current (current, red; temperature (low and high), black and white). The contours on the surface
perpendicular to the separator show the absolute current in the plane (Figures 5a and 5b) (low (black) to
high (red)) and the radial velocity in the plane with respect to the point at which the separator pierces the
plane (Figures 5c and 5d) (inflow, blue and green; outflow, red and yellow).
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lines in Figure 3 where the nature of ProjB? changes.
These lines reveal that for the entire life of our separator its
perpendicular 2‐D projected field structure has real eigen-
values (e.g., is of X type) near the ends of the separator and
has complex eigenvalues (e.g., is either spiral or O‐type) in
the middle, although the length of this complex eigenvalue
region changes in time (note that the other two long‐lived
separators in our experiment show a similar pattern for
ProjB?). Indeed, for all generic separators (separators
created by the intersection of two separatrix surfaces) which
have a null at either end, ProjB? must have an X‐type
nature at the ends of the separator, so it is not a surprise that
our separators show this feature. The spiral or O‐type nature
in the middle can be explained by the fact that our two se-
paratrix surfaces are driven such that they entwine around
each other even though our driving flow is just a simple
shear flow. Thus, even though the global 3‐D topology of
the magnetic field near the separator is always X‐type, the
local 3‐Dmagnetic field structure about the separator can be
either hyperbolic or elliptic along different regions of the
same separator. Also, the local 3‐D field structure can
change its nature in time.

5.4. Structure of the 3‐D Velocity About a
Reconnecting Separator

[31] The specific locations along the separator that have
high currents should be the locations where the flux is
reconnecting fastest. From Figure 3, it can be seen that
these locations do not coincide exclusively with spiral or
O‐type perpendicular fields; however, many of them do.
Thus, hyperbolic local 3‐D magnetic field structures are
not essential for reconnection: elliptic ones are also pos-

sible reconnection sites. Therefore, knowing the local 3‐D
structure of a magnetic field does not allow us to identify a
separator or separator reconnection, but is there anything
special about the local 3‐D velocity structure that can allow
us to identify possible separator reconnection?
[32] From the induction equation, which describes the rate

of change of the magnetic field, one can see that recon-
nection requires not only high currents to produce a diffu-
sion region but also a velocity flow that carries the magnetic
field through the ideal region into the diffusion region. Thus,
we also consider what the nature of the 2‐D projected ve-
locity structure perpendicular to the separator is, where
Projv? is equal to v? evaluated in the perpendicular plane
and v? = v − (v · n̂k)n̂k. In Figures 5c and 5d, we show two
plots of Projv? (lines) relative to the separator taken at the
same time as the two graphs in Figures 5a and 5b. In
Figure 5c, where the parallel current (hence parallel electric
field) is high (indicated by the asterisk in Figure 3), and thus
reconnection is strong, the projection of the streamlines
onto this plane reveals an X‐type stagnation flow within the
immediate vicinity of the separator. However, where re-
connection is slower (i.e., the parallel current and electric
field are low, as indicated by the cross in Figure 3), we have
an O‐type stagnation flow (Figure 5d). The contours in
Figures 5c and 5d reveal the radial flow from the separator
in the plane and show that both flows can give rise to dis-
tinct narrow outflow jets associated with the reconnection.
[33] The blue and green filled contours in Figure 6a

indicate on a time‐distance graph where the 2‐D perpen-
dicular velocity structure has complex eigenvalues (spiral
or O type), and the red and yellow filled contours indicate
where they are real (improper or X type). In comparison
with Ek (contour lines in Figure 6a) the 2‐D perpendicular
velocity structure is of improper or X type in the regions
where the electric field is largest. However, the 2‐D per-
pendicular velocity structure is not of improper or X type
along the complete length of the separator. This seems to
imply that for 3‐D reconnection it is not essential to have a
2‐D perpendicular X‐type stagnation flow; instead, a 2‐D
perpendicular spiral or O‐type stagnation flow is possible.
[34] Thus, we consider what other characteristic of the

velocity may be important for reconnection. In particular,
following Hornig and Priest [2003], we look for counter-
rotating flows on either side of the main reconnection region.
Figure 6b shows a contour plot of (r × Projv?) · nk. Red and
yellow indicate (r × Projv?) · nk > 0, and green and blue
indicate (r × Projv?) · nk < 0. The change of the sign of
(r × Projv?) · nk on either side of the center of the sepa-
rator, where the highest Ek (or jk) occurs, indicates coun-
terrotating flows.
[35] Interestingly, in the center of the separator the

dividing line between the two counterrotating regions
appears to broaden (e.g., between 8–16 Alfvén times and
22–27 Alfvén times (Figure 6b)), and these times coincide
with peaks in the reconnection rate, as shown in Figure 4.
The first broad region corresponds to the single large peak
in jk at that time. However, between 22 and 27 Alfvén
times jk is doubly peaked, and the broadening in the di-
vision between the counterrotating regions appears more
like a series of multiple counterrotating regions with the two
most distinct divisions between the two counterrotating
flows coinciding with the two peaks in jk. This supports the

Figure 6. (a) The discriminant of Projv?, where blue and
green imply spiral or O‐type flow and yellow and red imply
an improper or X‐type flow. (b) The curl of Projv? (yellow
and red, positive; blue and green, negative). Both plots have
contours of Ek (or jk) overplotted. The symbols mark the
points where the 2‐D perpendicular projections in Figure 5
were taken.
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idea that reconnection at a separator does not occur at a
single location but occurs over an extended region and that it
might even occur at multiple “hot spots” along the separator.

6. Conclusions

[36] In purely 2‐D magnetic fields, the magnetic topology
and magnetic field line structure coincide, and hence, the
2‐D global and local magnetic structures are the same. We
show that for 3‐D magnetic fields, the global 3‐D topo-
logical structures and the local 3‐D field structures do not
coincide. This is important since it is not possible to de-
termine the 3‐D global magnetic topology of a magnetic
field unless you know the magnetic field practically every-
where, which is obviously not the case from solar and mag-
netospheric observations. Thus, identifying separators in
observations is difficult.
[37] Here we determine the nature of separators and sep-

arator reconnection in the hope of finding characteristics that
can be used to identify them without determining the full
topology of the field. From our studies, we conclude the
following important features of separator reconnection.
[38] 1. The parallel electric current (parallel electric field)

along a separator varies both spatially and temporally. The
parallel electric field along the length of a separator is not
necessarily constant. It may be multiply peaked, with the
highest peaks seen along the length of the separator away
from its ends (null points).
[39] 2. Reconnection occurs in local hot spots of current

along separators. There may be either single or multiply
enhanced locations of reconnection along a separator.
[40] 3. Separators may have a 3‐D local magnetic field

structure that is X type or spiral or O type in planes per-
pendicular to the separator. The global 3‐D magnetic to-
pology about a generic separator (potential or nonpotential)
is, by definition, X type (given by the intersection of the two
separatrix surfaces that form the separator). The 2‐D pro-
jected field structure perpendicular to the separator may be
either X type, improper node, spiral, or O type for non-
potential separators and can be either X‐type or improper for
potential separators. Furthermore, if the local 2‐D perpen-
dicular magnetic field structure is X‐type, then this local
X‐type structure will not necessarily coincide with the

global X‐type structure given by the field’s magnetic to-
pology. In Figure 7, we have sketched a pair of cartoons to
illustrate what a separator with a local X‐type projected
perpendicular 2‐D field (Figure 7a) and a local O‐type
projected perpendicular field (Figure 7b) look like. All that
is different between these two separators is that Figure 7b is
produced by rotating Figure 7a at the far end by 3p/2.
However, in the numerical experiment discussed here, the
ends of the separator were fixed at the two nulls situated on
the base, and neither of these actually rotate during the ex-
periment, so the creation of an elliptic local 3‐D magnetic
field structure is not necessarily created by a physical rota-
tion of the separator; this is simply how it may be visualized.
[41] 4. Separator reconnection occurs between regions

with counterrotating flow. Hornig and Priest [2003] hypoth-
esized that counterrotating flows are important for 3‐D
reconnection, and our numerical experiment confirms the
importance of these flows. Indeed, the locations along a
separator which show the strongest parallel electric field lie
between regions of counterrotating flows, and the wider the
division between the two strong counterrotational regions,
the greater the reconnection at that time and in that location
along the separator. In general, these regions also show a 2‐D
X‐type stagnation flow perpendicular to the separator.
[42] 5. Separator reconnection does not (only) involve null

point reconnection. We find that separator reconnection is
distinct from null point reconnection and does not seem to
involve reconnection at the null points at the ends of the
separator.
[43] The implications from these results change a number

of long‐held ideas. In particular, the idea suggested by Priest
and Forbes [1989] that magnetic fields with a hyperbolic 3‐D
magnetic field structure are important potential locations for
reconnection is not the whole story. Magnetic fields whose 3‐
D magnetic field structure is locally elliptic in nature are
equally (maybe even more) important for reconnection and
thus should not be ignored. What is important for magnetic
reconnection involving a change of connectivity of magnetic
flux is that the global 3‐D topology (rather than the local 3‐D
magnetic structure) of the magnetic field is X‐type and thus
allows changes to the global structure of the magnetic field.
However, determining the topology of the magnetic field is
not easy, and as yet separatrix surfaces cannot simply be
“observed.” Thus, many had taken to looking for X‐type
projections of the 3‐D magnetic field in a plane. However,
this work shows that the most important reconnection loca-
tions are likely to be located in regions which show an O‐type
projection of the magnetic field. This should not be surprising
since separator reconnection involves a current along the
separator and, if strong enough, then such a current will
generate a dominant circular magnetic field component.
[44] Furthermore, Priest and Forbes [1989] also suggested

that an important ingredient for magnetic reconnection was a
local 2‐D X‐type stagnation flow. However, probably more
important is the existence of counterrotating flows, as sug-
gested by Hornig and Priest [2003], although strong outflow
jets are still found from the reconnection sites along the
separator.
[45] In this study, we have considered reconnection about

a separator that is anchored on the base of our box. If, in-
stead, we cut off our box a few grid points higher so our
domain still contained the remains of the separator but there

Figure 7. Cartoons showing the 3‐D global magnetic to-
pology about (a) a separator with a hyperbolic local 3‐D
field structure and (b) a separator with an elliptic local
3‐D magnetic field structure (equivalent to the separator in
Figure 7a twisted by 3p/2). Each cartoon includes a separator
(green), three field lines lying in the separatrix surface of the
near null (blue, cyan, and the straight blue edge from the near
null), three field lines lying in the separatrix surface of the
far null (pink, orange, and the straight orange edge from
the far null), a spine from the near null (straight orange
edge), and a spine from the far null (straight blue edge).
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were no longer any nulls within our domain, we would
effectively have created a quasi‐separator. Since the re-
connection found in our experiment occurs along the sep-
arator and not at the nulls, we would expect reconnection to
occur in much the same way along our quasi‐separator.
Thus, we suspect that reconnection about quasi‐separators
is likely to be very similar [Titov et al., 2003;Wilmot‐Smith
and De Moortel, 2007]. For instance,Wilmot‐Smith and De
Moortel [2007] found that in the middle of their quasi‐
separator, where much of their reconnection was occurring,
the 2‐D perpendicular magnetic field was elliptic in nature
and there was some evidence of counterrotational flows,
although in some sense these flows arise simply from the
pattern of their driver. However, it is not clear that this is an
essential ingredient for 3‐D reconnection. Further studies
need to be undertaken to investigate the nature of other
types of reconnecting magnetic structures.
[46] Finally, we consider whether the magnetic structure

of separators can be observed. The magnetic field in the
magnetosphere is observed using in situ measurements. For
example, Cluster has four spacecraft and hence can deter-
mine all three components of the magnetic field at four
locations in the magnetosphere simultaneously. Depend-
ing on the size of the separator and the extent of the local
magnetic field structure about it, it may be possible to
identify regions that show a 3‐D helical‐like structure, i.e.,
with two components of the magnetic field indicating a
circular field and the third indicating a single field direc-
tion. Evidence of a traditional hyperbolic separator has
been found using Cluster data [e.g., Phan et al., 2006];
however, as far as the authors know, elliptical separator
field patterns have not yet been sought. Looking for these
might be interesting as they are the natural occurrence of a
high parallel electric field in which reconnection is very
likely to occur, but, of course, they may not be visible if
the helical structure of the field is very localized.
[47] In the solar corona, the magnetic field structure is

inferred from X‐ray or UV images. Since the corona is
optically thin, all the plasma of a given temperature along
the line of site is observed. Hence, the resulting images
show particular magnetic structures, or parts of structures,
flattened onto the plane of sky. This means magnetic
structures at a different temperature cannot be seen or
observable structures may be obscured from view by other
observable plasma. Furthermore, structures will appear
different depending on the particular plane of sky orien-
tation observed (e.g., see the projections of CME magnetic
fields from the numerical model by Tokman and Bellan
[2002]). Therefore, identifying, for example, helical struc-
tures will not be easy. Moreover, the sections of the se-
parators that have a locally helical field line structure are the
regions that have the highest parallel electric fields and are
where most of the magnetic reconnection is occurring. In
such regions, prereconnected field lines may not be visible if
they are too cool, and postreconnected field lines will be
transported out of the reconnection site because of the strong
outflow from the reconnection, so they too may not reveal a
helical structure. Finally, the local structure about the sep-
arator may be too small to observe with the current image
resolution. In order to properly determine the structures we
might expect to see in the corona in the vicinity of a sepa-
rator, we need to forward model the results from a series of

numerical experiments involving separators and calculate
coronal images from various angles. This is outside the
scope of the current paper.
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