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ABSTRACT

We show that a numerical simulation of a magnetic flux rope emerging into a coronal magnetic field predicts
solar structures and dynamics consistent with observations. We first consider the structure, evolution, and relative
location and orientation of S-shaped, or sigmoid, active regions and filaments. The basic assumptions are that
(1) X-ray sigmoids appear at the regions of the flux rope known as ‘‘bald-patch–associated separatrix surfaces
(BPSSs), where, under dynamic forcing, current sheets can form, leading to reconnection and localized heating,
and that (2) filaments are regions of enhanced density contained within dips in the magnetic flux rope. We
demonstrate that the shapes and relative orientations and locations of the BPSS and dipped field are consistent with
observations of X-ray sigmoids and their associated filaments. Moreover, we show that current layers indeed form
along the sigmoidal BPSS as the flux rope is driven by the kink instability. Finally, we consider how apparent
horizontal motions of magnetic elements at the photosphere caused by the emerging flux rope might be inter-
preted. In particular, we show that local correlation tracking analysis of a time series of magnetograms for our
simulation leads to an underestimate of the amount of magnetic helicity transported into the corona by the flux
rope, largely because of undetectable twisting motions along the magnetic flux surfaces. Observations of rotating
sunspots may provide better information about such rotational motions, and we show that if we consider the
separated flux rope legs as proxies for fully formed sunspots, the amount of rotation that would be observed before
the region becomes kink unstable would be in the range 40

�
–200

�
per leg /sunspot, consistent with observations.
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1. BACKGROUND

Solar explosive events such as coronal mass ejections
(CMEs) and flares are commonly considered to be driven by
the free magnetic energy stored in current-carrying ( twisted or
sheared) coronal magnetic fields. Since little or no data are
available on coronal magnetic fields, we rely on observations
of coronal plasma for evidence of twisted magnetic field. It is
not difficult to find apparently twisted or braided structures in
the corona, both erupting and quiescent (Fig. 1), but we must
be cautious in our interpretation of the magnetic fields asso-
ciated with them. These observations are of three-dimensional
structures projected onto the plane of the sky. Moreover, al-
though plasma and field are frozen together in the highly con-
ducting corona so that coronal structures may essentially trace
the magnetic field, the plasma only becomes distinctly observ-
able under certain density and temperature conditions dictated
by an observing instrument. It is also useful to bear in mind that
there must be a physical reason that the plasma tied to certain
portions of the field has become visible. In order to deduce
magnetic field structure from observed projections of plasma
structures, we therefore require a three-dimensional, physical
model that realistically simulates observable properties of the
relationship between plasma and field.

The purpose of this paper is to consider the observable prop-
erties of a magnetic flux rope emerging into a coronal atmo-

sphere, using the results of a numerical MHD simulation (Fan
& Gibson 2003, 2004). Magnetic flux ropes are a particularly
promising field topology used in models of CMEs and their
precursors (Low 1994, 1996; Rust 1994). We define magnetic
flux ropes as a set of magnetic field lines that collectively wind
about a central, axial field line. Such a magnetic configuration
has a plausible origin in the solar interior, where rising mag-
netic flux tubes require a minimum amount of twist in order to
be able to rise cohesively through the convection zone (Emonet
& Moreno-Insertis 1998; Fan et al. 1998; Abbett et al. 2000,
2001). It is also supported by photospheric observations
(Tanaka 1991; Leka et al. 1996; Lites et al. 1995) that suggest
the emergence of twisted flux ropes. When the magnetic flux
rope configuration is incorporated into a fully MHD model, it
explains observations of the so-called three-part structure of
CMEs and their precursors, that is, white-light structures hav-
ing a front, cavity, and core ( Illing & Hundhausen 1986; Low
& Hundhausen 1995; Chen 1996; Gibson & Low 1998, 2000;
Guo & Wu 1998). Figure 2 shows observed examples of such
structures, both for a quiescent (nonerupting) structure and for
a CME. Since a well-defined cavity and core are visible prior
to eruptions, the flux rope interpretation implies that ropes also
exist in the corona prior to the eruption.
In the flux rope interpretation, the core of the CME is identi-

fied with the coronal prominence (or filament; we use the terms
interchangeably in this paper). The bottoms of the windings
of flux ropes provide natural dipped magnetic field configura-
tions capable of supporting prominences. Observed properties
including magnetic inverse configuration (where the field across
the filament is opposite to that predicted by a potential field
anchored to the photosphere below), apparently vertical filament
‘‘feet,’’ and S-shaped filaments (Fig. 3) can be reproduced by
flux ropemodels (Priest et al. 1989; Rust &Kumar 1994; Lites &
Low 1997; Gibson & Low 1998; Aulanier & Demoulin 1998).
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Magnetic flux rope models can also explain S-shaped hot
coronal loops as seen in X-ray observations of so-called sig-
moid active regions (Fig. 3) (Rust & Kumar 1994; Canfield
et al. 2000). S-shaped magnetic field lines are natural products
of any twisted or sheared field; in fact, field lines oriented both
as forward and backward S’s tend to arise (see, e.g., Fig. 4). It
is not enough to point to a subset of the magnetic field lines
having S shapes; a convincing comparison to observations needs
to address the question, why is that particular part of the mag-
netic field heated? Reconnection and associated dissipative
heating can occur in current sheets, which, according to Parker
(1994), can form when two initially spatially separate flux
systems come into contact along surfaces of magnetic tangen-
tial discontinuity during the dynamical evolution of a magne-
tized fluid. In particular, this can occur along separatrices
between flux regions kept topologically distinct by their differing
connection to the (assumed) rigid photosphere. (For discussion
of a two-dimensional example, see Low &Wolfson 1988.) In a
three-dimensional magnetic flux rope system, a separatrix sur-
face is formed by the field lines that wind about the rope axis
and tangentially graze the photosphere with magnetic field

concave up, forming a so-called bald patch (Bungey et al.
1996) of dipped magnetic field along the polarity inversion line
at the photosphere (Fig. 4). Under dynamic forcing of the rope,
the field lines lying above and within this bald-patch–associated
separatrix surface (BPSS hereafter) are free to expand upward
relative to the shorter, arcade-type field below and external to it.
Tangential discontinuities thus may form along this S-shaped
BPSS, because the magnetic connectivity is discontinuous across
it. This leads to current sheet formation and sigmoid bright-
enings (Titov & Demoulin 1999; Low & Berger 2003).

Finally, magnetic flux rope models also explain observations
of shearing or rotating motions of magnetic elements at the
photosphere. The emergence of a magnetic flux rope will ini-
tially manifest in photospheric magnetograms as a magnetic
bipole and subsequent separation of its two poles; this coincides
with the emergence of the mostly horizontal central portion of
the flux rope. As this portion clears the photosphere and the
vertical ‘‘legs’’ of the flux rope continue to emerge, the foot-
points of magnetic field lines will rotate around the center of
each leg. As discussed in Brown et al. (2003), this is one pos-
sible explanation of observed horizontal rotation of sunspots

Fig. 1.—Coronal structures with apparent twist. Left : Crisscross structure of CME core (SOHO LASCO/C2 white light). Middle: Slinky-like ‘‘granddaddy’’
prominence viewed at the solar limb (HAO H� ). Right: Crisscross structure in nonerupting filament viewed on the solar disk, 1998 August 14 (TRACE 195 8
absorption).

Fig. 2.—Three-part structure in white light containing cavity. Left : Quiescent prominence + cavity is seen in the 1998 March 18 Philippines eclipse image
(NCAR/HAO Newkirk WLCC telescope). Right : Three-part CME in eruption on 1980 August 18 (HAO/SMM coronagraph).
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at the photosphere. The question of how to determine how
much twist is brought into the corona using such observations
of shearing and rotational motions at the photosphere is a non-
trivial one, which we will consider in some detail below.

This paper will make use of the results of a numerical MHD
simulation of a magnetic flux rope emerging into an overlying
magnetic arcade (Fan & Gibson 2003, 2004). In x 2 we briefly
summarize the aspects of those papers that are most relevant to
the analysis presented here. In x 3 we discuss the location and
evolution of the BPSS and its associated filament, and demon-
strate that the BPSS is a region where current layers form during
the eruption of the kink-unstable flux rope. In x 4 we consider
the apparent motions of magnetic elements and how these might
be interpreted in terms of the transfer of magnetic helicity into
the corona. Finally, in x 5 we present our conclusions.

2. FLUX ROPE NUMERICAL MODEL

2.1. Summary of Simulation Results

The simulation of Fan & Gibson (2003, 2004) solves the
MHD equations assuming an isothermal equation of state. The

initial magnetic field in the corona is specified to be a potential
bipolar arcade (Fig. 5, red field lines). For t > 0, the compu-
tational domain is driven at the lower boundary by a v < B
electric field that corresponds to bodily lifting a twisted flux
rope of prescribed form (see Fig. 1 of Fan & Gibson 2003) into
the computational domain. The emerging flux rope is not ini-
tially force free: it is transported into the computational domain
(corona) via the time-dependent electric field at the lower bound-
ary and allowed to relax dynamically in the domain as governed
by the isothermal MHD equations. Thus, although its transport
across the photospheric boundary simulates a rigid flux rope
entering the coronal domain, that rope can evolve in the corona
and modify its initial form. The rope emergence is driven at a
constant speed, and after t ¼ 54 when the half-torus is fully
transported, we stop the rise and anchor the field lines by
setting the electric field at the lower boundary to zero. At the
vicinity of the rope axis, field lines wind about the axis at a rate
such that over the length of the fully emerged half-torus, each
field line winds about the axis by about 1:875 ; 2�.
Panels 1a–4a and 1b–4b of Figure 5 show the three-

dimensional evolution of the coronal magnetic field, driven at

Fig. 3.—Yohkoh SXT X-ray (left ; inverted color table) and BBSO H� (right) observations of sigmoid active region NOAA 8668 and its associated filament on
1999 August 19 (from Gibson et al. 2002).

Fig. 4.—BPSS ( purple field lines) overlaid on sample flux rope field lines for Fan & Gibson (2003, 2004) simulation time step 39. Color contours at lower
boundary represent normal magnetic field at the photosphere. The BP is the locus of points where dipped field just touches the photosphere (i.e., at the centers of the
purple field lines shown). The BPSS is made up of the field lines that contain the BP points.
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the lower boundary by the emergence of the twisted flux tube.
The early evolution of the emergingmagnetic field in the corona
is nearly quasi-static because of the sub-Alfvénic speed with
which the flux rope is transported through the lower boundary.
At about t � 45, the amount of field-line twist as measured by
the angle (�) of field-line rotation about the axis between the
footpoints of the emerged tube has reached about 1:5 ; 2�, and
the rope undergoes the onset of a kink instability. We continue
driving the flux tube emergence until t ¼ 54, when � reaches
1:875 ; 2�. The flux rope develops substantial writhing with an
anticlockwise rotation at the apex of the rope axis reaching

about 120� at t ¼ 56 (see panels 4a and 4b of Fig. 5). Note
that the writhing of the rope axis is left-handed, resulting in a
forward-S shape for the upward-protruding rope axis as viewed
from the top (see the black field lines in panels 3b and 4b of
Fig. 5). The majority of active regions in the northern hemi-
sphere show preferentially left-handed twist, the same sense as
our emerging rope. However, the coronal X-ray sigmoids seen
in the northern hemisphere have preferentially inverse-S mor-
phology, opposite to the forward-S shape of our kinked rope
axis.We therefore do not identify the kinked axis with the X-ray
sigmoid. Instead, we consider the new curved layer of highly
concentrated current that forms and becomes the dominant fea-
ture in the current distribution in the corona as the observed
sigmoid; this layer appears as the twisted flux rope develops
substantial writhing because of the kink instability. Panels 4c
and 4d of Figure 5 show the three-dimensional isosurface of the
electric current density j ¼ j: < Bj in the corona corresponding
to the field shown in panels 4a and 4b at t ¼ 56. As viewed from
the top (see panel 4d of Fig. 5), the curved layer of current
concentration shows an inverse-S shape, consistent with the
morphology of X-ray sigmoids in the northern hemisphere.

2.2. Relevvance of Simulation to Coronal Field Emerggence

It is important to note that our kinematic representation of the
emergence of the flux rope is an idealization of what we would
expect to actually occur on the Sun and, for example, does not
include the effect of gravity on the ability of the dipped field
of the flux rope to cross the heavy photosphere. Fan (2001)
showed in a simulation that described the dynamic evolution of
a flux rope crossing the photospheric boundary that indeed the
mass in the dips could weigh the flux rope down to the extent
that it could not fully emerge into the corona. However, more
recently Manchester et al. (2004) did a similar simulation using
a shorter flux rope and found that in that case the mass drained
more effectively and the upper part of the rope was able to lift
off, disengaging the mass in the dips by reconnection. Even if
such eventual ‘‘emergence’’ of the mass-loaded dips of the flux
rope can occur, it is clear that dipped field crossing the photo-
spheric boundary will behave differently than the nondipped
arcade-like loops that emerge with the top of the flux rope. Thus
our rigid and smooth translation of the flux rope across the
photospheric boundary is an oversimplification. The real rope
is more likely to emerge/reform in the atmosphere in fits and
starts. However, if these fits and starts are very fast compared to
our sub-Alfvénic emergence speed, then our idealized, smooth
emergence is at least qualitatively equivalent to the more com-
plex process of emergence that may occur in the actual Sun. It is
worth pointing out that one effect of a dynamic emergence that
is not captured by our simulation would be heating along cur-
rent sheets at the boundary between mass-loaded dipped field
and dipped field that has lifted off once it has unloaded its mass
via reconnection. This quiescent heating may be at least partly
responsible for the long-lived, noneruptive X-ray sigmoids, fur-
ther discussed below.

An alternative to the full bodily emergence of a twisted mag-
netic flux rope across the photosphere has been suggested by
Longcope & Welsch (2000). In their model, not all of the twist
of the subphotospheric flux tube crosses the photosphere with
the magnetic flux of the flux rope. However, with time, a mag-
netic torque arises from the twisted field trapped subphoto-
spherically. Since this torque cannot be compensated by plasma
forces, after a transient period it drives photospheric flows (com-
ponents of a torsional Alfvén wave) that transport helicity into
the coronal field. Pevtsov et al. (2003) predicted the development

Fig. 5.—Panels 1a–4a and 1b–4b show the three-dimensional evolution of
the coronal magnetic field, when driven at the lower boundary by the emer-
gence of a twisted flux rope into an overlying coronal arcade (red field lines).
Field lines in the rope are color-coded based on the flux surfaces of the initial
tube they belong to. When the emerged rope became substantially kinked
(panels 4a and 4b), a curved layer of highly concentrated current formed an
inverse-S shape as viewed from the top (panels 4c and 4d). ( From Fan &
Gibson 2003.)

CORONAL FLUX ROPE OBSERVABLES 603No. 1, 2004



of twist via this mechanism to have a timescale of roughly 1 day,
and found reasonable agreement between model predictions and
observations of a set of active regions. This mechanism is phys-
ically very different than that of an actually emerging flux rope.
However, again it is qualitatively equivalent to the kinematic
‘‘emergence’’ of a flux rope that we are describing in this paper,
which describes the formation of a coronal rope with ever-
increasing flux and twist. Whether this twist is carried into the
corona with the flux of the rope, or whether it is transported over
time via photospheric motions (Amari et al. 1996; Tokman &
Bellan 2002; Torok & Kliem 2003), the net quasi-static evolu-
tion of the rope in the corona and apparent motions at the pho-
tosphere would be quite similar.

3. SIGMOID FEATURES: OBSERVATION
VERSUS FLUX ROPE TOPOLOGY

3.1. From BPSS to Current Sheets to X-Ray Siggmoids

The simulation of Fan & Gibson (2003, 2004) thus provides
one good physical explanation for X-ray sigmoids: it is rea-
sonable to predict heating to X-ray temperatures along the
current layers that form during the kink instability–driven
eruption. In this paper, however, we wish to probe one level
deeper and consider why the current layers form in the location
and shape that they do. By arguing that it is due to the basic
topology of a flux rope partly line-tied to a rigid photosphere,
we support the theory that sigmoids arise under far more gen-
eral conditions than that of our simulation. In other words, the
kink instability is just one dynamic driver that could cause cur-
rent sheet formation along the crucial separatrix surface.

Previous analytic models have shown that the BPSS for a
flux rope partially emerged through a rigid photosphere will be
sigmoid shaped and will have the correct direction of S for the
sign of helicity of the rope (Titov & Demoulin 1999; Low &
Berger 2003). The left panel of Figure 6 shows the BPSS for
the numerical simulation at time step 39, before the rope axis
has become kinked. Although no significant current layers have
formed, the inverse-S shaped BPSS is already there. The middle
panel of Figure 6 shows the BPSS for time step 56, when the
rope is greatly kinked, and the right panel shows the overlay of

the BPSSs for t ¼ 39 and t ¼ 56. A movie of the time evolution
of the BPSS is available as an mpeg file in the electronic edition
of the Journal. It is important to realize that the evolving BPSS
shown in this movie and in the two time steps of Figure 6 is
made up of different field lines for each time step. That is, the
BPSS is the set of all field lines that intersect the photospheric
BP (the central portion of the photospheric polarity inversion
line), and this BP evolves in a manner consistent with the con-
tinued emergence of a flux rope. As the rope emerges, the dipped
field that used to be the BP moves up and away from the pho-
tosphere, to be replaced by dipped field from lower down in the
emerging flux rope. In our simulation, this slow emergence does
not drive the formation of a current sheet along the BPSS, as it
might in the dynamic Sun, since on the timescale of emergence
the BPSS is not a topological feature separating field lines with
independent connectivity (i.e., field lines above and below the
BPSS are evolving in an equivalent way during emergence,
since the dipped lines are allowed to enter the computational
domain). Thus, prior to the kink instability onset, the BPSS
evolves primarily by extending and becoming more S-shaped as
the amount of twist in the corona increases.
However, when the kink instability sets in, an internal

evolution of the system (i.e., not forced by the evolution at the
boundary) starts on a very short timescale (a few Alfvén times).
The evolution of the boundary is slow compared to this short
timescale, so that the BPSS starts to have a topological mean-
ing; it separates winding field lines above it from two arcade-
like systems of field lines below. At this point the BPSS begins
to undergo a significant change. In Figure 6 the field lines for
both t ¼ 39 and t ¼ 56 intersect the BPs at 50 evenly spaced
points, but as they extend up into the corona the t ¼ 56 field
lines diverge from the centers of the outer portions of the
separatrix surface ( the two ends of the inverse S ). We need to
clarify that the distribution of field lines in the BPSS is still
continuous ( that is, there are field lines along the BPSS within
the gapped region at t ¼ 56 that we have not drawn; it is just
that field line density is low there). There are two plausible
contributing reasons for this splitting of field lines.
The first effect is the ideal MHD process of current sheet

formation. As the flux rope expands upward and pushes up

Fig. 6.—BPSSs for time steps 39 (left ; purple lines), 56 (middle; red lines), and an overlay of both (right). These two BPSSs represent completely different sets of
field lines within the emerging flux rope, and not the time evolution of one fixed set. Color contours at lower boundary represent the normal component of the magnetic
field at the photosphere. The photospheric polarity inversion line is shown in purple. [This figure is available as an mpeg file in the electronic edition of the Journal.]
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against the external, line-tied arcade field, the layers on each
side of the BPSS that lie in between the two magnetic flux
systems (rope and arcade) are squeezed. The magnetized fluid
in these layers is expelled outward from the central, most
squeezed parts. This is demonstrated in the time evolution
movie beginning at t ¼ 50 as a bifurcation of field lines away
from the central portions of the two sides of the BPSS. Such a
bifurcation of field lines implies the presence of a current sheet
(Yu 1973; Parker 1994), and indeed, Figure 7 demonstrates
this by overlaying the isosurfaces of the current layer found by
Fan & Gibson (2003, 2004) with the BPSS of t ¼ 56 (left) and
with those of both t ¼ 39 and t ¼ 56 (right). The most intense
current sheets ( yellowish-green isosurfaces) have formed at the
centers of the two ends of the inverse-S where the separatrix
surface field lines have bifurcated.

The second plausible contributing factor to field line bifur-
cation arises from the resistive evolution of the system sub-
sequent to current sheet formation. Reconnections are enabled
with the important potential consequence of magnetic topol-
ogy change. Field line bifurcation can then be enhanced as
the footpoints of the two, increasingly split sets of field lines
evolve in a qualitatively different manner. In the early stages of
the field line bifurcation, as evidenced by t ¼ 52 in the time
evolution movie, the field lines of the BPSS still have both
footpoints rooted in the bipolar field region associated with the
emerging flux rope. Note that each field line has a low-lying
portion and a high-lying portion, so that the bifurcations are
between the high-lying portion of one set of field lines and the
low-lying portion of the other set of field lines. By t ¼ 56, as
seen in Figure 6 and in the movie, the footpoints on the ends of
the low-lying portions are still rooted in the bipolar region
associated with the flux rope, but the footpoints on the ends of
the high-lying portions of the field lines are now rooted in the
external, arcade magnetic field. Since there are no photospheric
velocities after t ¼ 54, the only way these field lines can move
footpoints so drastically is via magnetic reconnection. This
reconnection has effectively mixed the two originally distinct
flux systems.

The current layer is most intense in the two gaps of this final
BPSS, but a significant layer extends along the entire S shape
of the original, prekink BPSS. This current layer formation is
analogous to the current sheets predicted along the separatrix

line in the two-dimensional system of Low & Wolfson (1988;
see Fig. 3 of that paper). In both that two-dimensional system
and in our three-dimensional system, a dynamic forcing leads
to distinct evolution of neighboring dipped versus arcade field
lines due to their very different lengths, and a current layer forms
along the interface between these flux systems. A less intense
portion of the current layer extends vertically above the BP
inversion line, along the center of the inverse S (see Fig. 7).
This vertical current layer arises because as the flux rope
erupts, the vacuum of field behind it must be filled in a manner
consistent with the rigid lower boundary field, which effec-
tively causes the flux rope legs to squeeze together. The current
layer that forms between these tangentially discontinuous legs
has its two-dimensional analog as discussed in Low (1987; see
Fig. 6 of that paper or Fig. 2 of Low & Wolfson 1988). Recent
work studying the stability of the Titov & Demoulin (1999)
model to the kink instability has also demonstrated that a ver-
tical current layer develops beneath the rising flux rope loop
apex (Torok et al. 2004; Kliem et al. 2004). The vertical current
layer in that analysis forms due to pinching along a magnetic
X line, which, in the presence of a toroidal field, becomes a
hyperbolic flux tube (HFT) where extremely diverging field
lines are present (see Fig. 1 of Roussev et al. 2003 for a nice rep-
resentation of the X line, and Titov et al. 2003 for a discussion
of current sheets and HFTs). The vertical current sheet in our
simulation is created by the squeezing together of the flux rope
legs, while the X line location of the vertical current sheet of the
Torok et al. (2004) simulation is in a sense a squeezing together
of the overlying arcade field beneath the rising flux rope. How-
ever, both may be root causes of the large-scale vertical current
sheet that forms below erupting flux in the standard model of the
main phase of eruptive flares (Shibata 1999), which permits a
detachment of some or all of the flux rope as reconnection closes
the field behind it (see Kliem et al. 2004 for further discussion).
Whether such a detachment could occur in our simulation, and
whether a postflare end state, similar to the one in eruptive
flares, would be achieved, is an interesting question and the sub-
ject of future work.

3.2. BPSS and Dips: X-Ray Siggmoid vversus Filament

Pevtsov (2002b) found that 91% (124 out of 136 regions
observed) of sigmoid active regions had a filament associated

Fig. 7.—Left : Comparison of t ¼ 56 BPSS (red field lines) to current sheets ( yellowish-green isosurfaces). Right : Same, with t ¼ 39 BPSS also shown ( purple
field lines). Color contours at bottom boundary represent magnitude of current at photosphere (same color scaling as coronal isosurfaces).
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with them. For the flux rope model, this is to be expected: the
bottoms of the winding flux rope are dipped magnetic field
where dense filaments can be supported (Priest et al. 1989).
Figure 8 shows the locus of dipped field suspended in the
corona that we identify as a potential location for filament
material (indicated by brown points). Filament channels often
exist without filaments, and not all of this region would nec-
essarily be filled with plasma; however, the basic S-shaped
structure that a filament might take on is clear, and it has the
same direction of S shape as the associated BPSS. The fila-
ment lies within and above the BPSS, with the entire filament
body nearly parallel to the photospheric polarity inversion line.
In contrast, although the middle of the BPSS lies along the
polarity inversion line, its footpoints are anchored in the op-
posite polarity fields. This is consistent with observed relation-
ships between X-ray sigmoids and filaments (Pevtsov 2002a).
Figure 8 can also be directly compared to Figure 3 to demon-
strate how BPSS/dipped field capture the basic properties of
X-ray sigmoid /sigmoidal filament.

The filament of necessity lies above the BPSS, and this
raises the question of how, in some cases, X-ray sigmoids ap-
pear to erupt while their associated filaments remain unaffected
(Pevtsov 2002b). To answer this, we must first clarify what is
meant by the ‘‘eruption’’ of X-ray sigmoids. Sigmoid bright-
enings are, in our interpretation, a heating along current sheets
that form at the BPSS during dynamic—but not necessarily
eruptive—forcing. Thus it is plausible that the BPSS could
be lit up in a quiescent manner when driven to reconnection,
while the overlying filament remains thermally isolated and
unperturbed. This noneruptive type of sigmoid brightening is
commonly observed and is the case shown in the observa-
tions of Figure 3. Such long-lived, quiescent sigmoids often
do eventually erupt, and by this we mean that they flare in
clear conjunction with one or more eruptive signatures such as
white-light CMEs, EUV and X-ray dimmings, postflare loops,
or two ribbon flares. Even with clear indications of eruption,
associated filaments are sometimes unaffected. It is plausi-
ble that in such cases a portion of the flux rope has erupted,
with reconnection above the filament (see Gilbert et al. 2001).
Note that in our simulation dipped field anchored at the

photosphere, i.e., the BP, exists throughout; if reconnection
occurs in the vertical current sheet above this, it is possible (but
remains to be demonstrated) that a new equilibrium will arise
in which some of the flux rope has erupted, while some, in-
cluding dipped field that may still contain filament material,
remains.
The fine structure within a filament can also be understood

in terms of the flux rope model. When viewed on the disk
the modeled filament has the overall structure of an inverse-S
shape that is oriented at only a very small angle to the under-
lying neutral line; this is consistent with observations such as
the H� filament of Figure 3 (right). If coronal conditions are
such that substructures within the region of dipped field be-
come distinctly visible, the flux rope model implies that the
filament would appear to have a crisscrossed structure. This is
indeed the case of the high-resolution observations seen in the
TRACE 195 8 observations of a quiescent filament (Fig. 1,
right). Figure 9 shows the filament alone, viewed as if it were at
the limb, both along the rope axis (left) and perpendicular to the
rope axis (right). Again, if structure within the filament is re-
solved, both views demonstrate the sort of braided, crisscrossed
structure seen in some white-light CME cores (e.g., Fig. 1, left).
Note that the structures in the view parallel to the rope axis
exhibit U shapes; such U-shaped fine structure observed in
white-light CMEs have been used to argue for a flux rope axis
oriented along the line of sight (Chen 1996; Wood et al. 1999).
However, caution should be exercised because the structure
seen in the view oriented perpendicular to the rope axis also
exhibits broad concave-up features, and particularly if the fil-
ament (or equivalently, the CME core) mass is seen in a less
fibril state, the general core appearance for the orientation
perpendicular to the line of sight is also U shaped (Gibson &
Low 2000). Indeed, Cremades & Bothmer (2004) did a survey
of white-light CME structure in comparison to underlying
neutral line orientation and found U-shaped structures for both
orientations (see Fig. 9). We therefore feel that using observed
white-light U shapes to determine orientation of a flux rope
CME model requires caution; a much better technique is that
utilized by Cremades & Bothmer (2004), who found that the
broadness of a CME core relative to its surrounding cavity was

Fig. 8.—Two views of t ¼ 39 BPSS ( purple field lines) and dipped field representing filament (brown; note that the dipped field has been filled from the dip
bottom up a distance 0.1L or to where the field direction becomes horizontal, whichever comes first; L is the shorter of the horizontal lengths of the simulation
domain). Color contours at lower boundary represent normal component of the magnetic field at the photosphere.
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a good indicator of the orientation of the underlying magnetic
neutral line.

4. OBSERVATIONAL INTERPRETATIONS
OF MAGNETIC ELEMENT MOTIONS

4.1. Maggnetic Helicity

Magnetic helicity is of interest to studies of coronal dynamics
because the twisting or shearing of magnetic fields is generally
believed to be the primary energetic driver behind flares and
CMEs. Magnetic helicity as a global quantity is very nearly
conserved in a low-resistivity plasma such as the corona, and
a well-defined, gauge-invariant relative helicity H integrated
over our simulation volume can be calculated as a function of
time. The amount of helicity injected through the lower bound-
ary (i.e., photosphere) can also be determined, using the expres-
sion derived by Berger & Field (1984):

dH

dt
¼ �2

Z Z
½(Ap = vt)Bn � (Ap = Bt)vn� dx dy: ð1Þ

In this expression, t and n stand for the vector components
tangential to and normal to the photosphere, and Ap is the vec-
tor potential for the reference potential field having the same
normal flux distribution as the magnetic field B at the photo-

sphere and can be calculated directly from that boundary field.
Because the only velocity in the simulation is the upward
motion of the emerging tube, vn, only the second term is non-
zero. Fan & Gibson (2004) compared H(t) of the flux rope as
directly calculated via the volume integral to that expected due
to injection by integration of dH/dt over time and found that
they are nearly identical, as would be expected by helicity
conservation, until late in the simulation (t ¼ 54) when recon-
nections begin to break down the boundary between flux rope
and arcade.

The calculations done in Fan & Gibson (2004) were enabled
by the full knowledge of the vector magnetic field and velocity.
However, Demoulin & Berger (2003) demonstrated that knowl-
edge of the apparent horizontal velocity of magnetic elements
at the photosphere, along with the normal magnetic field, is
enough in principal to determine dH/dt. Specifically, they showed
that the apparent horizontal velocity of the photospheric foot-
points of magnetic field lines, u, could be related to the tangential
and normal components of the plasma velocity and magnetic
field:

u ¼ vt�
vn
Bn

Bt: ð2Þ

Thus the apparent horizontal velocity u is the sum of both
‘‘true’’ horizontal motions vt as well as apparent horizontal

Fig. 9.—Two views, as at the solar limb, of t ¼ 39 dipped field representing filament (brown) and white-light (SOHO LASCO/C2) CMEs exhibiting U-shaped
fine structure whose orientation was determined from their underlying magnetic neutral lines (Cremades & Bothmer 2004). Left : View parallel to flux rope axis/
underlying neutral line. Right : View perpendicular to flux rope axis/underlying neutral line. [See the electronic edition of the Journal for a color version of this
figure.]
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motions due to the geometric effect of the emergence of the
rope. From equations (1) and (2) it follows that

dH

dt
¼ �2

Z Z
(Ap = u)Bn dx dy: ð3Þ

Therefore, since Ap can be calculated from Bn, dH/dt can be
calculated from observations of the normal magnetic field and
observed motions of magnetic elements.

4.2. Evvolution of the Normal Maggnetic Field

The evolution of the distribution of the normal field (Bn) for
our emerging twisted flux rope is more complex than the
simple separation of two separating magnetic polarities that oc-
curs when an untwisted flux tube, forming an � loop, emerges.
Figure 10 shows slices of the normal magnetic field at the
lower boundary versus time, and the movie available as an mpeg
file in the electronic edition of the Journal shows the full time
evolution of the normal field. As the top part of the twisted
magnetic flux tube crosses the lower boundary, a bipolar mag-
netic region grows, as characterized by two separating magnetic
polarities of Bn (t ¼ 8 20). At these early times of emergence,
the axial magnetic component of the flux tube is mostly hori-
zontal and so it has only a small contribution to the normal field
distribution (Bn); the most important contribution of the Bn dis-
tribution rather comes from the azimuthal component (associated
with the twist). This initial phase corresponds to the emergence
of sheared magnetic arcades. The contribution of the azimuthal
component to Bn forms two evolving elongations of the classi-

cal separating polarities, called magnetic ‘‘tongues’’ by Lopez
Fuentes et al. (2000) (t ¼ 21 31). The contribution of the azi-
muthal component of the field to Bn decreases as the central,
horizontal portion of the flux rope fully emerges, and so these
magnetic tongues are similarly diminished and ultimately dis-
appear (t ¼ 33 51). At this stage the normal magnetic field
distribution resolves into two circular opposing polarities and
does not change significantly as the two ‘‘legs’’ of the rope con-
tinue to emerge through the lower boundary (t ¼ 51 54).
The evolution of magnetic tongues as demonstrated by our

simulation is interesting for several reasons. First and fore-
most, such tongue evolution has been observed in the evolu-
tion of several active regions (Lopez Fuentes et al. 2000; Green
et al. 2002; Mandrini et al. 2004) and arguably provides an
observable means of distinguishing the emergence of a twisted
flux rope from that of an untwisted � loop. Moreover, the
orientation of the tongues is directly related to the sign of the
twist of the emerging flux tube, so it provides a further means
of determining the sign of the magnetic helicity simply from a
longitudinal magnetogram. Finally, it is a reasonably model-
independent observable: tongue evolution is expected for almost
any twist distribution of an emerging flux rope; the difference
between different twist profiles will simply affect the visibility of
the tongues.

4.3. Local Correlation TrackinggUsinggMaggnetoggrams

One technique for determining the apparent horizontal veloc-
ity u is to apply local correlation tracking (LCT) to a time series
of magnetograms of the photospheric normal field (November

Fig. 10.—Evolution of the normal magnetic field at the photosphere for times t ¼ 12, 30, 42, 56. [See the electronic edition of the Journal for a color version and
an mpeg animation of this figure.]
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& Simon 1988; Berger et al. 1998; Chae et al. 2001; Li et al.
2004). Classical LCT determines only the transverse velocities
of magnetic features by determining their relative displacement
between sequential magnetograms. In general, the full vector
velocity would be of interest, particularly as an observational
driver for simulations of evolving coronal active regions, which
require a specification of v < B at the lower boundary, just as
our idealized flux rope simulation does. Methods for determin-
ing the vector velocity include a correction to the LCT method
that ensures that the vertical component of the induction equa-
tion is satisfied (Welsch et al. 2004; see also Kusano et al. 2002)
and a method that uses an additional constraint minimizing
kinetic energy in the system in order to find a vector velocity
that explicitly satisfies the induction equation (Longcope 2004).
However, both of these techniques can only provide informa-
tion about the components of the vector velocity perpendicular
to the local magnetic field. This is a consequence of the es-
sentially underdetermined problem: flow parallel to B does
not affect the induction equation. Ideally, it could be remedied
by additional observations of plasma motions.

For our purposes the apparent horizontal velocity is enough
to calculate helicity, so a classical LCT program is appropriate.
We apply an LCT code (defined in Welsch et al. 2004 as
‘‘FLCT’’ for Fourier local correlation tracking to distinguish it
from the induction equation–constrained ILCT method re-
ferred to above) to a time series of our simulation boundary
field Bn and calculate uLCT. We use an apodizing window,
chosen to be smaller in size than the features that the technique
is tracking, of � ¼ 30 pixels ¼ 0:1875L, where L is the smaller
of the two horizontal lengths of the simulation domain. From
Bn and uLCT we then calculate dHLCT/dt. We also calculate
dHexact /dt using equation (1), and, in the same manner as Fan &
Gibson (2004), integrate both dHLCT/dt and dHexact /dt in time
to get the total magnetic helicity as a function of time. These
helicities are expressed in units of �2, where � is the total flux
in the twisted flux tube. Figure 11 compares Hexact (t) (solid
line) and HLCT(t) (triangles).

As Figure 11 demonstrates, the LCT technique yields a
helicity that is over an order of magnitude too small by the
end of the rope evolution. The reason for this is clear from
Figure 12, which compares uLCT, which was calculated using
LCT, to uexact , which is calculated directly from equation (2).
From this it is clear that although the LCT is catching the
general lateral motion of the separating magnetic bipole, it is
missing most of the rotational motion. The t ¼ 50 panels show
this very well: the actual field line footpoint motion uexact is
vortical, but uLCT shows only a horizontal motion separating
the magnetic poles of the flux rope. Note that the velocity
vector lengths in Figure 12 are uniform, in order to demon-
strate how the direction of velocity differs between uexact and
uLCT. Demoulin & Berger (2003) referred to such vortical
motions as ‘‘undetectable’’ because they are motions that have
no effect on the time evolution of the Bn distribution. The gen-
eral case of such motions is Bnu ¼ 9U < n, where U is an
arbitrary function. Such motions are present in various forms
throughout the evolution of our rope, but the motion primarily
along the isocontours of Bn during the latter part of the rope
evolution is a particularly intuitive example. Figure 13, which
does scale the vector lengths with velocity magnitude, shows
that much of the fastest uexact is due to exactly this sort of
motion and is missed in uLCT , so it is not surprising that HLCT

is grossly underestimated. A movie of the evolution of uLCT
and uexact is available as an mpeg file in the electronic edition
of the Journal.

4.4. RotatinggSunspots

The problem with uLCT is that it is not showing all of the
horizontal motion of magnetic field line footpoints, because the
normal flux magnetograms do not show the footpoint motion
along the smooth Bn isocontours of the simulated flux rope. In
the real Sun, magnetic flux is highly fragmented (Strous et al.
1996; Berger et al. 1998; Strous & Zwaan 1999), and, for exam-
ple, rotational motion of sunspots has long been observed.
Recent studies have focused on high-resolution TRACE white-
light observations, which show sunspot rotation particularly
well (Nightingale et al. 2002; Brown et al. 2003).

Brown et al. (2003) studied seven sunspots using TRACE
white-light time-slice data to determine average rotation pro-
files with respect to time, radius, and angle. The total rotation
of each sunspot varied from between 40�–200�. The duration
of rotation ranged from 3 to 5 days. Six of the seven spots
studied had flares and/or CMEs that occurred during the ob-
served time period, but only three of these eruptions were
clearly related to the sunspot rotation. Two of the sunspots had
sigmoids associated with them, and one had a flare with a dis-
tinctively ‘‘Slinky’’-like appearance. There seemed to be a trend
toward counterclockwise rotation in the northern hemisphere.

Our simulation of the emerging flux rope provides one
possible explanation for such sunspot rotation. If we identify
the sunspots with the legs of the flux rope, their rotation cor-
responds to the apparent vortical motion we observe around the
two photospheric flux rope poles that occurs after the central,
horizontal portion of the rope has emerged. To demonstrate
this, we examine the evolution of the footpoints of sample
magnetic field lines of our flux rope. A movie of this evolu-
tion is available as an mpeg file in the electronic edition of the
Journal, and Figure 14 shows field line footpoints for four time
steps (t ¼ 30, 39, 48, 55). At the photosphere each of the field
lines we have chosen is associated with a flux surface of the
prescribed emerging flux rope; the flux surfaces they are as-
sociated with are indicated by the color of the footpoint dots
(see the distribution across the flux rope at t ¼ 55 in Figure 14:
at that time half of the toroidal flux tube has emerged). The large
filled circle in each color identifies the footpoint of the last field
line we identify to emerge along each flux surface. The mag-
netic footpoints of our field lines are first seen at t ¼ 14, and the

Fig. 11.—Total helicity injected through the photosphere as a function of
time, as calculated exactly using known vertical velocity of the simulated flux
rope emergence in combination with the normal magnetic field [Hexact (t); solid
line], and as calculated using LCT of a time series of the normal magnetic field
to establish an apparent horizontal velocity of magnetic elements [HLCT (t);
triangles]. Helicities are normalized to the total flux in the twisted flux tube.
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central axis of the rope emerges at t ¼ 25. Distinct apparent vor-
tical motion about the two magnetic poles begins to be visible at
t ¼ 30, but much of the apparent surface motion of the outer
field line footpoints is still lateral, shearing-type motion. We can
compare the direction of rotation of the spots in our simulation,
that is, counterclockwise, to those of Brown et al. (2003), who
found a general trend for such rotation in the northern hemi-
sphere. We have already established that the sign of the mag-
netic helicity (negative) and direction of sigmoid (backward)
are also consistent with observations of the northern hemi-
sphere. The total amount of rotation that might be observed in
a sunspot depends on when we decide the sunspot is fully
‘‘formed.’’ If we take t ¼ 39 as the start time, when most of
the apparent lateral motion of footpoints has ceased in favor
of vortical motion, we find a maximum rotation of the large ,
inner pink dot of approximately 100�. If we choose t ¼ 48,
when the ‘‘sunspots’’ are completely circular and the apparent
surface motion is totally vortical, we find a rotation of approx-
imately 50�. Both of these amounts are consistent with the re-
sults of Brown et al. (2003). Even if we took the extreme case
of choosing t ¼ 30 as our beginning time for rotation, we
would find a rotation of the large, inner pink dot of no more
than 180�, still within the 40�–200� range observed by Brown
et al. (2003).

How is this rotation of less than 200� possible, since, as
Figure 11 shows, �1.8 full turns (648�) of helicity emerge in
the course of our flux rope evolution? There are two main
reasons that observations of sunspot rotation could lead to an
underestimate of twist in an emerging flux rope. First of all, a

flux rope of the sort that we model will necessarily create two
coevolving ‘‘sunspots’’ of opposite magnetic polarity, and each
will show rotation to the degree discussed above. Such clearly
paired sunspots are not always evident—often the following
polarity magnetic pole of an active region is much more dif-
fuse than the leading one—but they have been observed to oc-
cur and to exhibit coordinated rotation (Zirin & Tanaka 1973;
Ding & Zhang 1982). However, studies such as Brown et al.
(2003) are limited by their observing field of view and cannot
search for motions in an associated spot, if indeed such a spot
could be found. Therefore, the total amount of rotation they
find is necessarily limited to individual spots. A proper as-
sessment of the total amount of twist in our flux rope requires
adding the contributions from both poles. The second effect
that causes us to underestimate the amount of twist in the flux
rope is due to the changing orientation of the rope during its
emergence. The central portion of the rope is oriented essen-
tially parallel to the photosphere. When we follow footpoints
that lie along this horizontal part of the rope, their motion at the
photosphere appears to be a lateral, shearing motion such as
that associated with flux emergence. A close examination of
the initial appearance (not shown in Fig. 14) versus final lo-
cation of the large, inner pink dot shows that indeed it travels
nearly a full 2� relative to the flux rope axis; when doubled
to take into account both spots, this yields the approximately
1.8 full turns of helicity in the rope. However, the initial, lat-
eral motion of this footpoint, occurring while the rope axis is
oriented parallel to the photosphere, is unlikely to be inter-
preted as part of a sunspot rotation. Thus a significant part of

Fig. 12.—Apparent photospheric horizontal velocities, calculated explicitly from the simulation. The velocity vectors of the photospheric footpoints of magnetic
field lines (uexact; bottom panels) and the velocity vectors calculated using LCT analysis of magnetogram time series (uLCT; top panels) are shown with arrows.
Vectors represent direction of velocity tangent to the photosphere: the length of vectors in this figure are uniform and do not represent velocity magnitude. Two
times, t ¼ 30 and t ¼ 50, are shown. [See the electronic edition of the Journal for a color version of this figure.]
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emerging twist is likely to be missed when considering rotating
sunspots.

5. DISCUSSION

Our goal with this paper has been to establish what the ob-
servable properties of a magnetic flux rope emerging into a
coronal atmosphere are likely to be. Most importantly, our in-
terpretation of the simulation results takes into physical con-
sideration why observed features are visible when and where
they are. Despite its topological simplicity, we find that the flux
rope model is able to explain a wide range of solar observations,
including X-ray sigmoids, sigmoidal, braided, and concave-
up features in filaments, and apparent shearing and rotational
motions of magnetic field elements.

Our assumption has been that the modeled filament lies in the
bottoms of the winds of the flux rope, and that the bald-patch–
associated separatrix surface is the site of current sheets and
heating. The resulting forms and shapes of (H� ) filaments and
their relationship to X-ray sigmoids are then explained self-
consistently. Moreover, we have demonstrated that the BPSS is
indeed a location of current sheet formation under the dynamic
forcing of the system by the kink instability.

Such a kink instability has been dismissed as inconsistent
with observations, which have been interpreted to imply a lesser
amount of twist being imparted into the photosphere. The ob-
served amount of rotation in a sunspot is significantly less than
2�. Thus there is not enough for the kink instability to arise
from twist imparted to coronal loops from photospheric rota-
tional motion of the sunspot (nevertheless, note that Gerrard
et al. 2003 performed an MHD simulation that took into ac-
count the evolution of the complex field surrounding the sun-

spot by including both sunspot rotation and observed inflow
motions, and found that current sheets indeed formed, unlike
the case when only rotational motion was considered). If the
twist emerges in the form of a flux rope, however, we have
shown that the amount of rotation in a single flux rope leg,
which we identify with a sunspot, is consistent with observed
rotation of less than 2�. A proper accounting of the total emerg-
ing twist in a flux rope requires the inclusion of rotational mo-
tions about the other flux rope leg (if such a distinct structure
could be found), as well as lateral shearing motions during flux
emergence. Thus it is essential to monitor the motions of mag-
netic elements over as much of their lifetime as possible. For
this reason, the emergence of small magnetic bipoles, which
have short lifetimes and can be observed from emergence
to decay in a few days, may prove to be good candidates for
analysis (Mandrini et al. 2004). It is also important to use the
highest possible resolution observations so as to best follow
the motions of the highly fragmented ‘‘real’’ magnetic field,
since, as the analysis in this paper has demonstrated, a smooth or
unresolved magnetic distribution can hide a significant amount
of rotational motions. The high spatial resolution that will be-
come available with the advent of the Solar-B mission will be
particularly useful for this.

Recently, doubt was raised about the likelihood of the kink
instability playing an important role in coronal dynamics by
Leamon et al. (2003), who found that the linear force-free pa-
rameter � determined from vector magnetograms for sigmoid
regions implied a total twist significantly less than 2�. How-
ever, Pevtsov et al. (1994) and Leka (1999) showed that � may
vary by an order of magnitude or more across a region, so that
the � values determined in the Leamon et al. (2003) study may

Fig. 13.—Same as Fig. 12, except with velocity vector length representing relative magnitude of velocity. [See the electronic edition of the Journal for a color
version and an mpeg animation of this figure.]

CORONAL FLUX ROPE OBSERVABLES 611No. 1, 2004



significantly underestimate the amount of twist in more local-
ized regions. In the case of our model, an � determined for the
whole region will be smaller than when the overlying potential
arcade is excluded, but the difference is not greater than the
uncertainties in the analysis. Regardless, in both cases � un-
derestimates the true twist present (K. D. Leka 2004, in prep-
aration). We plan in future to investigate whether the model can
be more exactly fitted to observations of photospheric field, and
will address the question of how the force-free parameter �
would appear for such a revised simulation at that time.

We have commented above that we believe that our simu-
lation of a smooth, kinematic emergence of a flux rope, while

likely to be far simpler than the more complex actual transfer of
magnetic helicity into the corona, at least qualitatively captures
the essential and observable properties of such a transferal.
Theory predicts that current sheets will form at the BPSS when
the system is dynamically driven on timescales faster than the
emergence time, and this indeed happens as the system un-
dergoes a kink instability. However, although our model dem-
onstrates that a kink instability is consistent with observations
of photospheric sunspot rotation and sigmoid structures, the
kink instability itself is not in general required for them. In the
real Sun we would expect current sheets to form at the BPSS
under other sorts of dynamic forcings, for example, photo-
spheric footpoint motion acting differently on one end of the
BPSS than the other, or expansion upward if loss of filament
mass disrupts an equilibrium. Indeed, we would expect heating
to occur both in explosive situations like our simulated kink
instability and in a more quiescent fashion as the flux rope
dynamically emerges and is generally ‘‘jiggled’’ by evolving
coronal conditions.
In conclusion, we emphasize that the results of this paper

depend upon the presence, growth, and dynamic forcing of a
twisted magnetic flux rope in the corona, and not directly on
the mechanisms that cause these effects. Whether it is bodily
emergence of a flux rope or torsional Alfvén waves that create
the twist in the coronal rope, both will ultimately lead to the
sort of kink instability we have modeled here. And the kink
instability itself is not necessary for the formation of current
sheets: it acts as a very efficient driver for current sheet for-
mation along the BPSS, but the BPSS exists prior to the onset
of the instability, and a different driver could form current
sheets there at any time. The kink instability is simply another
consequence of twisted flux emergence. The crucial common
element that can explain sigmoid heating events, associated
filaments, and observed features of magnetic flux emergence
and rotation is the magnetic topology of a magnetic flux rope
in the corona.
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