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1. Overview

This report summarizes the technical progress made during the second year of the

sub-contract “Sun to Ice-Impacts on Earth of Extreme Solar Events,” (Grant No. AGS-

1135432) between NASA and Predictive Science, and covers the period from October 1,

2012 to September 30, 2013. Under this contract, Predictive Science Inc. (PSI) has con-

ducted numerical and data analysis related to issues concerning the eruption and evolution

of fast coronal mass ejections (CMEs) and investigated the factors leading to, and the prop-

erties of extreme solar events. Our investigation has focused on developing several robust

CME generators, and coupling our global MHD results with UNH’s particle acceleration and

transport codes. Additionally, we collaborated with a number of other research teams on a

range of problems related to CME initiation and evolution.

In the sections that follow, we highlight some of this work, summarize the presenta-

tions that were made, and, in Appendix A, provide copies of a selection of peer-reviewed

publications that resulted from this work.

2. Summary of Work

2.1. Development of a robust semi-empirical model for generating fast CMEs

Building on the promising initial work during the first year of this program, during

the past year, we continued to refine the Titov-Demoullin (TDm) flux rope model and

incorporated it into our global MHD code. Our technique differs from other approaches in

that the flux rope is allowed to relax to an equilibrium prior to eruption. Thus, the initial

conditions are considerably more self-consistent than earlier “superposition” models, which

produce ejecta simply by being out of equilibrium from the outset.

We also developed new version of our heliospheric MHD code, which, together with

our coronal model, allows us to propagate a CME directly from the surface of the Sun to 1

AU or beyond. Our initial tests have been encouraging: We were able to propagate CMEs

seamlessly across the boundary between the coronal and heliospheric models.

Details of the code development effort are provided in the previous eleven monthly

reports.
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2.2. Development of a global heliospheric model for propagating disturbances

through the solar wind

We also completed the development and testing of a new version of our heliospheric

MHD code, which, together with our coronal model, allows us to propagate a CME directly

from the surface of the Sun to 1 AU. We have used it to: (1) propagate solutions of TDm flux

ropes into and through the solar wind; and (2) to initiate generalized cone-model ICMEs.

Most recently, we incorporated a spheromak-type magnetic structure within the cone-model

ejecta, the results of which are under study.

The details of the algorithm development and testing were written up, submitted and

published in Astrophysical Journal. The paper is included in Appendix A.

2.3. Coupling the global MHD heliospheric results with UNH’s particle code

As a first step towards ultimately coupling our global MHD model with an energetic

particle code, we developed a heliospheric solution for the July 23, 2012 extreme CME

event. The particle code necessitated that we output the model results at such high time

cadence that we had to mail the solution to Matt Gorby at UNH (because data transfer rates

across the internet would have been prohibitively slow). Initial results from the particle code

are very promising and will be included at a presentation at the Fall AGU (San Francisco,

December, 2013). Future collaborations may require that we house the two codes on the same

computing system to avoid the need to transfer such large amounts of data, or, additionally,

that we couple the two codes together.

2.4. Miscellaneous other studies related to modeling CMEs

We conducted several other studies with colleagues from other institutions, the details

of which can be found in Appendix A.

2.5. Presentations and Publications

The work performed as part of this investigation were presented at a number of confer-

ences and workshops. These included:

1. Torok, T., Mikic, Z., Titov, V., Linker, J.A., Downs, C., Lionello, R., Riley, P. (2012).
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Constraining CME Modeling With Observations: The Sympathetic Eruptions on 2010

August 1-2. AGU Fall meeting, San Francisco. Invited talk.

2. Torok, T., Downs, C., Lionello, R., Linker, J. A., Titov, V. S., Mikic, Z., and Riley, P.

(2013). Numerical modeling of fast CMEs from Sun to Earth. In EGU General Assem-

bly Conference Abstracts, volume 15 of EGU General Assembly Conference Abstracts,

page 12485.

3. Torok, T. (2013a). Modeling Solar Eruptions: Where Do We stand? In AAS/Solar

Physics Division Meeting, volume 44 of AAS/Solar Physics Division Meeting, page

301.01.

4. Torok, T. (2013b). Modeling Solar Eruptions: Where Do We Stand? In American As-

tronomical Society Meeting Abstracts, volume 222 of American Astronomical Society

Meeting Abstracts, page 200.01.

5. Riley, P., Linker, J. A., and Torok, T., Multiple presentations at the FESD Workshop

at LASP, CU, Boulder, Colorado, August, 2013.

The following manuscripts were published during the previous 12 months:

1. Riley, P. and Richardson, I. G. (2013). Using Statistical Multivariable Models to Un-

derstand the Relationship Between Interplanetary Coronal Mass Ejecta and Magnetic

Flux Ropes. Sol. Phys., 284:217-233.

2. Török, T., Temmer, M., Valori, G., Veronig, A. M., van Driel-Gesztelyi, L., and Vr?nak,

B. (2013). Initiation of Coronal Mass Ejections by Sunspot Rotation. Sol. Phys.,

286:453-477.

3. Lionello, R., Downs, C., Linker, J. A., Török, T., Riley, P., and Mikic, Z. (2013).

Magnetohydrodynamic Simulations of Interplanetary Coronal Mass Ejections. ApJ,

777:76.

4. Mikic, Z., Török, T., Titov, V., Linker, J. A., Lionello, R., Downs, C., and Riley, P.

(2013). The challenge in making models of fast CMEs. In Zank, G. P., Borovsky, J.,

Bruno, R., Cirtain, J., Cranmer, S., Elliott, H., Giacalone, J., Gonzalez, W., Li, G.,

Marsch, E., Moebius, E., Pogorelov, N., Spann, J., and Verkhoglyadova, O., editors,

American Institute of Physics Conference Series, volume 1539 of American Institute of

Physics Conference Series, pages 42-45.
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5. Titov, V. S., Mikic, Z., Török, T., Linker, J. A., and Panasenco, O. (2012). 2010 August

1-2 Sympathetic Eruptions. I. Magnetic Topology of the Source-surface Background

Field. ApJ, 759:70.

6. Liu, R., Liu, C., Török, T., Wang, Y., and Wang, H. (2012). Contracting and Erupting

Components of Sigmoidal Active Regions. ApJ, 757:150.

7. Kliem, B., Török, T., and Thompson, W. T. (2012). A Parametric Study of Erupting

Flux Rope Rotation. Modeling the ”Cartwheel CME” on 9 April 2008. Sol. Phys.,

281:137-166.

8. Gosain, S., Schmieder, B., Artzner, G., Bogachev, S., and Török, T. (2012). A Multi-

spacecraft View of a Giant Filament Eruption during 2009 September 26/27. ApJ,

761:25.

9. Gopalswamy, N., Nieves-Chinchilla, T., Hidalgo, M., Zhang, J., Riley, P., van Driel-

Gesztelyi, L., and Mandrini, C. H. (2013a). Topical Issue in Solar Physics: Flux-rope

Structure of Coronal Mass Ejections Preface. ArXiv e-prints.

10. Gopalswamy, N., Nieves-Chinchilla, T., Hidalgo, M., Zhang, J., Riley, P., van Driel-

Gesztelyi, L., and Mandrini, C. H. (2013b). Preface. Sol. Phys., 284:1-4.

11. Gorby, M. J., Schwadron, N. A., Linker, J. A., Spence, H. E., Townsend, L. W.,

Cucinotta, F. A., and Wilson, J. K. (2012). From CMEs to Earth/Lunar Radiation

Dosages: A First in Heliospheric End-to-End Coupling. LPI Contributions, 1685:3043.

12. Leake, J. E., Linton, M. G., and Török, T. (2013). Simulations of Emerging Magnetic

Flux. I: The Formation of Stable Coronal Flux Ropes. ArXiv e-prints.

13. Shen, C., Reeves, K. K., Raymond, J. C., Murphy, N. A., Ko, Y.-K., Lin, J., Mikic, Z.,

and Linker, J. A. (2013). Non-equilibrium Ionization Modeling of the Current Sheet

in a Simulated Solar Eruption. ApJ, 773:110.

14. Georgoulis, M. K., Titov, V. S., and Mikic, Z. (2012). Non-neutralized Electric Current

Patterns in Solar Active Regions: Origin of the Shear-generating Lorentz Force. ApJ,

761:61.

The following manuscripts were recently submitted for publication:

1. Kliem, B., et al., ApJ: ”Slow Rise And Partial Eruption Of A Double-Decker Filament.

Ii Modeling By A Double Flux Rope Equilibrium.
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2. Valori, G., et al., Proceedings IAU Symposium No. 300

3. Van Driel-Gesztelyi, L. et al., Proceedings IAU Symposium No. 300

4. A selection of these papers is reproduced in Appendix A.
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Abstract In-situ measurements of interplanetary coronal mass ejections (ICMEs) display
a wide range of properties. A distinct subset, “magnetic clouds” (MCs), are readily identi-
fiable by a smooth rotation in an enhanced magnetic field, together with an unusually low
solar wind proton temperature. In this study, we analyze Ulysses spacecraft measurements
to systematically investigate five possible explanations for why some ICMEs are observed
to be MCs and others are not: i) An observational selection effect; that is, all ICMEs do in
fact contain MCs, but the trajectory of the spacecraft through the ICME determines whether
the MC is actually encountered; ii) interactions of an erupting flux rope (FR) with itself or
between neighboring FRs, which produce complex structures in which the coherent mag-
netic structure has been destroyed; iii) an evolutionary process, such as relaxation to a low
plasma-β state that leads to the formation of an MC; iv) the existence of two (or more) in-
trinsic initiation mechanisms, some of which produce MCs and some that do not; or v) MCs
are just an easily identifiable limit in an otherwise continuous spectrum of structures. We
apply quantitative statistical models to assess these ideas. In particular, we use the Akaike
information criterion (AIC) to rank the candidate models and a Gaussian mixture model
(GMM) to uncover any intrinsic clustering of the data. Using a logistic regression, we find
that plasma-β, CME width, and the ratio O7/O6 are the most significant predictor variables
for the presence of an MC. Moreover, the propensity for an event to be identified as an MC
decreases with heliocentric distance. These results tend to refute ideas ii) and iii). GMM
clustering analysis further identifies three distinct groups of ICMEs; two of which match (at
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the 86 % level) with events independently identified as MCs, and a third that matches with
non-MCs (68 % overlap). Thus, idea v) is not supported. Choosing between ideas i) and iv)
is more challenging, since they may effectively be indistinguishable from one another by a
single in-situ spacecraft. We offer some suggestions on how future studies may address this.

Keywords Coronal mass ejections · Magnetic flux ropes · Magnetic clouds

1. Introduction

Coronal mass ejections (CMEs) produce spectacular visual displays involving the some-
times-explosive release of plasma and magnetic field from the solar corona into interplan-
etary space. Although they have been studied for many years since their discovery in the
early 1970s by Skylab (Tousey, 1973) and they have the potential to wreak substantial dam-
age to our technologically reliant society (Schieb, 2011), many of their basic properties are
not well understood.

A CME can be defined as a large-scale, bright (and dark) transient feature observed in
white-light (coronagraph) images of the Sun (see, e.g., Hundhausen, 1993). The limitations
of this definition are important. It relies only on white-light observations, which trace elec-
tron density. Moreover, these observations are integrated along the line of sight, weighted
by the ray path’s closest distance to the solar surface. CMEs are, of course, known to be
violent eruptions of coronal magnetic fields, which, when viewed in the plane of the sky
give rise to “bulb-like” structures or, on the disk, to “halo” structures. The classic three-
part structure of a CME consists of a bright front, cavity, and core (see, e.g., Riley et al.,
2008). However, we do not observe the magnetic field; we must infer its properties from a
combination of numerical models driven by observations of the photospheric field. Clearly,
though, the magnetic field must play a central role in the origin and dynamics of the CME,
since there are no other sufficient sources of energy to power the eruption. Based on this, we
infer that the white-light features we see are the manifestation of a flux rope (FR) structure
propagating through the corona.

In the solar wind, interplanetary CMEs (ICMEs) are observed to display a wide range of
features in in-situ measurements (Zurbuchen and Richardson, 2006). These include: coun-
terstreaming suprathermal electrons, low proton temperature, declining speed profile, en-
hanced solar wind ion charge states and/or variable composition, and helium abundance
enhancements. ICMEs are often (but not always) preceded by interplanetary shock waves
(Marubashi, 1997; Bothmer and Schwenn, 1998). We can further distinguish a subset of
ICMEs, termed “magnetic clouds” (MCs), that include a coherent structure with a large,
smooth rotation of the magnetic field through the event, in concert with an enhanced mag-
netic field strength and relatively low proton temperature and plasma-β (Burlaga et al., 1981;
Klein and Burlaga, 1982). The terms “magnetic cloud” and “flux rope” are often used inter-
changeably. However, the latter is less rigorously defined, typically requiring only a coherent
rotation in the magnetic field. Here, we will reserve FR to describe the magnetic structure
near the Sun and MC to describe the relevant in-situ measurements.

Few ICMEs display all of these signatures. To compound this, in-situ measurements
(with the notable exceptions of composition and charge states) are a convolution of intrinsic
and evolutionary effects, and disentangling them can be difficult, if not impossible. Clearly,
ICMEs are related to CMEs, yet the connection is not always obvious (Riley et al., 2006;
Möstl et al., 2009).

ICMEs that are not MCs, or do not obviously contain an MC, need their own moniker.
Burlaga et al. (2001) suggested the term “complex ejecta” (CE), while others have used the
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phrase “non-MC ICME” (e.g., Richardson and Cane, 2004a; Zurbuchen and Richardson,
2006; Gopalswamy, 2010). Since ejecta are observed that could be classified as “simple”
but do not contain a clear rotation in the magnetic field, for our purposes the former def-
inition could be misleading (although it could be used for a specific set of events that are
complex but do not contain FRs). For clarity, we will refer to the ICMEs with no obvious
MC association as non-magnetic clouds, or non-MCs. Thus, NICME = NMC + Nnon-MC.

A number of studies have investigated the statistical properties of ICMEs and/or MCs.
Burlaga et al. (2001) studied the properties of fast solar wind ejecta observed by the Ad-
vanced Composition Explorer (ACE) during 1998 – 1999 identifying two distinct classes.
Although limited to only nine events, they found that, compared to MCs, the CEs had:
i) weaker magnetic fields, ii) higher proton temperatures, iii) higher plasma-β , and iv) com-
parable speeds. Of more significance, the CEs were twice as wide (in the radial direction)
as the MCs. Since CMEs near the Sun are inferred to occasionally interact with one another
(e.g., Gopalswamy et al., 2001), this led Burlaga et al. (2001) to suggest that CEs were the
result of the interaction of two or more MCs nearer to the Sun than the point of observation.

The importance of the spacecraft’s trajectory through an event in determining the ob-
served properties has been suspected for a long time. For example, Cane (1988) showed that
He abundance enhancements, indicating the presence of ejecta, tended to disappear with
increasing angular (longitudinal) distance from the source, suggesting that the flank of the
shock, but not the ejecta itself, was being intercepted. Cane, Richardson, and Wibberenz
(1997) also concluded that MCs originated, on average, closer to central meridian than
non-cloud ICMEs based on Helios observations. More recently, Gopalswamy (2006), distin-
guishing between MCs, non-MCs, and driverless shocks, found that MCs originated close to
central meridian longitude (<30◦), whereas non-MCs were distributed more broadly across
the disk. Most of the driverless shocks originated near the solar limbs (both east and west).
These results are consistent with the idea that the observer’s position governs whether one
sees an MC. However, some exceptions had to be accounted for; in particular, several driver-
less shocks, as well as numerous non-MCs that originated from disk center.

Richardson and Cane (2010) updated and expanded their earlier studies (Cane and
Richardson, 2003; Richardson and Cane, 2004a) of ICMEs observed near Earth to encom-
pass all events from 1996 through 2009. Of relevance to the present study, they found that
solar sources (halo, partial halo, Hα, or flare reports) could not be found for 46 % of the
ICMEs observed at Earth. For the events for which a source could be found, 95 % lay
within 50◦ of central meridian and 57/43 % of the events lay to the west/east, although the
mean location was W3.2◦. They also extended an earlier analysis of the relative fraction of
ICMEs that were magnetic clouds as a function of solar cycle (Cane and Richardson, 2003;
Richardson and Cane, 2004b; Riley et al., 2006). Previously, they had shown a tentative
result that the MC fraction was larger at solar minimum than at maximum. While the more
recent period (2004 – 2009) was not inconsistent with this, the results (albeit based on a
small number of events) did not increase support. They also found a modest correlation
(0.6) between the speed and maximum magnetic field strength for those events that were
MCs; in contrast, the correlation was weak (0.28) for events that were not MCs. Finally,
they noted that, frequently, MC structures were observed to be substructures of larger, more
complex ICME regions.

Du, Zuo, and Zhang (2010) developed a comprehensive list of 181 ICMEs observed by
the Ulysses spacecraft, of which 43 % were identified as MCs. Again, limiting our discussion
to relevant points, they found no clear change in the MC fraction with heliolatitude: While
there were more MCs than non-MCs in the northern hemisphere (above 50◦), the reverse
was true in the southern hemisphere.
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Most recently, Richardson and Cane (2011) applied the same types of analyses previously
performed on near-Earth events to 270 ICMEs they identified in the Ulysses measurements.
Of these, 125 events overlapped with the events identified by Du, Zuo, and Zhang (2010).
Once again, they found a trend for the MC fraction to increase at solar minimum. How-
ever, unlike their near-Earth study, the increase was clearer during the most recent minimum
(2008). They also concluded that there was a tendency for the MC fraction to increase away
from the solar equator, which they argued was consistent with the idea of preferentially in-
tercepting the axis of a flux rope embedded within an ICME when at the latitude of the solar
active regions. Additionally, they identified 11 ICMEs that were observed both at Ulysses
and near Earth when the two spacecraft were separated by less than 30◦ longitude. Of these,
four contained flux rope structure at both locations; five contained flux rope structure at
Ulysses but not at Earth; one contained flux rope structure at Earth but not at Ulysses; and
one was devoid of flux rope structure at both locations.

In an attempt to better understand the relationship between MCs and ICMEs, we have
identified five possible ideas that might explain why either MCs or non-MCs might appear
in in-situ measurements. These are described next.

1.1. Is the Presence or Absence of an MC an Observational Selection Effect?

One possible explanation for the relationship between MCs and ICMEs, as discussed above,
is that of an “observational selection” effect (e.g., Riley et al., 2003, 2006): Whether one
observes an MC depends on the spacecraft’s trajectory through the ejecta (Figure 1). In this
scenario, all ICMEs have an MC embedded within a larger ejecta. If MCs are observed
only when the spacecraft is fortuitously positioned so that it passes sufficiently close to
the flux rope’s axis, then geometrical considerations can be used to assess this hypothesis.
For example, consider a flux rope launched with its axis parallel to, and in the heliographic
equator. The cross section is shown in Figure 1. We might anticipate intercepting an MC over
a broad range of longitudes, but confined to near-equatorial latitudes. At higher latitudes,
the spacecraft would likely intercept a shock and sheath region, and then enter an ejecta-
like structure, for example, with depressed temperature and compositional anomalies, but
without a rotation of the magnetic field. In practice, CMEs are launched from a range of
latitudes, which tend to cluster at mid-latitudes where active regions form, and this pattern
changes during the course of the solar cycle. Nevertheless, if this picture holds, we might
expect the MC fraction to decrease at sufficiently high latitudes.

1.2. Do MC–MC Interactions Destroy Flux Rope Structure?

A second possibility is that two or more MCs interact with one another to produce a CE
(or non-MC), destroying the coherent MC structure in the process (Burlaga et al., 2001).
Thus, near the Sun the CME contained a FR that was subsequently destroyed prior to being
observed at 1 AU or beyond. In this case, we make the explicit association of non-MCs with
the “complex ejecta” structures described by Burlaga et al. (2001). In their study, they found
that the average radial width of such an event was more than twice that for an MC. Thus,
hypothesizing that CEs are created by CME-CME interactions suggests that, on average,
they should be two or, for three-body interactions, even three times as wide as MCs. Note
that the events in the Burlaga et al. (2001) study were carefully chosen. The interval was
limited to a 1.8-year period in 1998/1999, which coincided with the ascending phase of
Solar Cycle 23. Only fast ejecta (v > 600 km s−1) were considered, which resulted in a total
of nine events: four MCs and five CEs, or an MC fraction of ≈44 %.
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Figure 1 Schematic illustrating
how the spacecraft’s trajectory
through an ICME might lead to
either the identification of a
magnetic cloud or a non-MC
(or CE).

Although Burlaga et al. (2001) analyzed the duration of the structure as it passed the
spacecraft, in view of the hypothesis that aggregations of MCs produce CEs (or non-MCs),
the width of the event would appear to be a more appropriate parameter. This is given by:
d ≈ 〈vCME〉 × τCME, where 〈vCME〉 is the average speed of the CME and τCME is the duration
of the CME as it passes over the spacecraft. In summary, if MC–MC interactions are a major
effect in producing non-MCs, we would expect, on average, that the latter are larger than the
former.

1.3. Do Evolutionary Processes in the Solar Wind Produce Flux Ropes?

A third and related possibility is that evolutionary processes within the CME produce a flux
rope. In a sense, this reflects the opposite outcome to idea ii). Observations and modeling
suggest that CMEs are born as high-pressure structures close to the Sun, due to the large
fields and/or densities. As they move farther away and expand, they relax to a more force-
free configuration, potentially allowing a complex magnetic field structure to evolve into a
more coherent structure (see Figure 2). In this scenario, ICMEs would evolve into MCs with
increasing distance from the Sun (J.T. Gosling, personal communication, 1996). In a similar
vein, Bellan (2000) argued that a Taylor-like relaxation, whereby the plasma inside a fusion
device is driven toward a force-free helical state (Taylor, 1974), might apply to prominences
in the corona, in part based on laboratory experiments. If such a scenario holds, we might
expect to observe a greater proportion of MCs to ICMEs at larger heliocentric distances;
that is, the MC fraction should increase with increasing distance from the Sun. However,
Richardson and Cane (2004b), analyzing Helios data, did not find a systematic trend in MC
fraction and heliocentric distance.

1.4. Are There Two (or More) Intrinsic Mechanisms that Produce Flux-Rope and
Non-flux-Rope CMEs?

A superficially obvious explanation for the apparent bimodal presence of MCs and non-
MCs is that there are two (or more) distinct mechanisms producing them. A range of self-
consistent models of CME initiation and eruption have already been developed, all of which
naturally produce FRs in the corona, and, by inference, MCs in the solar wind (see, e.g.,
Riley et al., 2004). On the other hand, only ad hoc schemes, such as pressure pulses, or
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Figure 2 Schematic illustrating how a Taylor relaxation process might produce magnetic clouds from initial
non-MCs. For simplicity, the magnetic field is shown as detached from the Sun, but in reality, field lines
threading the ejecta would connect back to the Sun. Adapted for ICMEs from a drawing by Bellan (2000).

blast waves (see, e.g., Odstrcil, 2009), can even claim to produce interplanetary transient
structures that have no FR component. Thus, as yet there is no self-consistent mechanism
starting at or below the photosphere capable of producing a large-scale eruption that does not
contain helical fields within it. Therefore, we must appeal to either a new, as yet undiscov-
ered process, or the modification of an existing one that is capable of producing something
sufficiently complex. Given the intrinsically more complicated geometry of the “break out”
configuration (see, e.g., Lynch et al., 2008), one could posit that it might naturally pro-
duce a non-MC, whereas eruption from within a dipolar configuration would be more likely
to produce an MC. Of course one could assemble other combinations of “simple” versus
“complex” scenarios, such as eruptions within active regions versus polar crown filaments.
However, without a clear set of predictions that can be differentially tested in the data, it
would be impossible to confirm or refute a specific pairing.

1.5. Are MCs Merely a Limiting, Easily Identifiable Subset of a Continuum Range of
Magnetic Fluctuations Within Ejecta?

As scientists (or humans), we are driven by a desire to classify objects. MCs represent an
obvious coherent structure that can be easily identified in multi-day time series of the in-
terplanetary magnetic field, which makes them an obvious candidate for receiving a name
and definition. Since non-MC ICMEs share similar plasma attributes, differing primarily in
their magnetic properties, it is natural for us to create two classifications into which all cases
neatly fit. But what if the classification is merely threshold based? That is, what if a broad
and relatively flat spectrum of event types is produced, but only those that are sufficiently
“clear” are identified as MCs? To assess this, we must use a technique that is not “biased”
with our tendency to subjectively find patterns in the objects we see.

Thus, in this study we will analyze Ulysses in-situ measurements from launch through
2008 to uncover evidence that either supports or refutes one or more of these ideas concern-
ing the relationship between MCs and ICMEs. In particular, we will use a logistic regression
analysis to develop a statistical model relating CME properties to the likelihood that an MC
is present within the ejecta, using the Akaike information criterion (AIC) to assess which
predictor variables best define the model. We will then apply a clustering analysis using a
Gaussian mixture model (GMM) to determine whether the data support grouping ICMEs
into two or more specific groups, and if so, whether these clusters match the subjective
delineation of events into MCs and non-MC ICMEs.

2. Statistical Analysis of Ulysses ICMEs

To investigate the relationship between MCs and ICMEs, we use Ulysses one-hour averaged
data from launch through 2008, obtained from COHOweb at the Space Physics Data Fa-
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Figure 3 ICME speed versus
plasma-β for 181 ICMEs
identified by Du, Zuo, and Zhang
(2010), color-coded according to
whether they were (red) or were
not (blue) magnetic clouds.

cility (SPDF) at NASA/GSFC (http://cohoweb.gsfc.nasa.gov/). Several comprehensive lists
of ICMEs observed by Ulysses have been developed in recent years (Ebert et al., 2009;
Du, Zuo, and Zhang, 2010; Richardson and Cane, 2011). While there is a significant overlap
between these lists (Richardson and Cane, 2011), there are a notable number of differences.
Du, Zuo, and Zhang (2010)’s list is the most sparse, containing a total of 181 ICMEs, while
Richardson and Cane (2011)’s list is the most extensive, with 270 events. When conducting
a statistical analysis, it makes sense to err on the conservative side, provided a sufficiently
large number of events are present. Thus, here we restrict our analysis to those events iden-
tified by Du, Zuo, and Zhang (2010). Of their identified 181 ICMEs, 77 (or 43 %) were
MCs.

In Figure 3 we present all 181 events separated into MCs and non-MCs as a function
of solar wind speed and plasma-β , where the plasma-β is defined as 2npkBTp

B2/μ0
, where kB is

the Boltzmann constant, and np and Tp are the proton density and temperature, respectively.
This clearly demonstrates the strong dependence on low values of plasma-β for MCs. This
is not surprising, given that MCs are defined by their high magnetic field strength, and,
because they are often observed to be expanding, their low density. The figure also hints at a
possible dependence on speed, with a tendency for MCs to display a broader range in speed.
However, this plot does not separate the two classifications fully: a significant number of the
non-MCs are also low-β (�1) objects (although there are no low-β , high-speed non-MCs).

In the following sections we apply two statistical analysis techniques to these events:
logistic regression and Gaussian mixture models.

2.1. Logistic Regression of the Ulysses ICMEs

Logistic regression is a useful technique for predicting a binary outcome from a set of con-
tinuous predictor variables (Hosmer and Lemeshow, 2000); that is, it can be used for classi-
fication purposes. In our case, the outcome variable is whether the ICME is an MC or not,
and the predictor variables are a set of continuous (but averaged for each event) parameters,
including plasma-β , speed, width, magnetic field strength, plasma density, α/P ratio, tem-
perature, average charge state of iron (QFe), the ratio of O7 to O6 (O7/O6), heliocentric

http://cohoweb.gsfc.nasa.gov/
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distance, latitude, and sunspot number (SSN). This is not an exhaustive list, but it does in-
clude the primary variables used to describe the properties of ICMEs. We note that the last
three parameters – distance, latitude, and SSN – are not intrinsic parameters of the event;
in fact, distance and latitude are sensitive to the position of the spacecraft. However, they
can still be useful for assessing whether the likelihood of identifying an MC, rather than a
non-MC, is dependent on the spacecraft’s position in the heliosphere. Similarly, the pres-
ence or absence of MCs can be related to the phase of the solar cycle by including SSN as a
predictor variable.

We define our binary outcome variable (y) to be 0 or 1, where the latter is the identifica-
tion of an MC, and write the probability, p, that y = 1:

logit(p) = ln
(
p/(1 − p)

) = β0 + β1 × x1 + · · · + βk × xk. (1)

This represents the logistic regression of y on the predictor variables x1, . . . , xk through
the estimation of the parameters β0 through βk , and, practically speaking, gives the proba-
bility that an event described by the observed quantities x1, . . . , xk will be an MC. The logit
function, logit(p) = ln(p/(1−p)), is the logarithm of the odds (p/(1−p)), i.e., the chance
of a given probability of an outcome occurring. Thus, the logistic regression coefficients give
the change in the log odds of the outcome for a unit change in the predictor variable.

In practice, the best estimates of the parameters β0 through βk are obtained using the
method of maximum likelihood via an interactively reweighed least squares method (Hos-
mer and Lemeshow, 2000). In contrast to the more familiar least-squares approach, which
minimizes variation from the model, maximum likelihood finds the model equation with the
highest probability (i.e., likelihood) of explaining the outcome variable, given the predictor
variables. In the following analysis, we use the generalized linear model (GLM) imple-
mented in the statistical package R, which includes the logistic regression method described
above (Faraway, 2006).

To assess the quality of a particular statistical model, we apply the Akaike Information
criterion (AIC), which measures the relative goodness-of-fit (Akaike, 1974). It is based on
the idea of minimizing the amount of information lost when a particular model is used to
approximate reality. In general, the AIC can be defined as:

AIC = 2K − 2 ln(L), (2)

where K is the number of parameters in the statistical model and L is the maximized like-
lihood function for the model. The likelihood function expresses the probability of the
observed data as a function of the unknown parameters. Thus, the maximized likelihood
function involves the selection of those parameters that give the observed data the greatest
probability. Practically speaking, the “best” model for a set of predictor variables is the one
that minimizes the AIC value. Since AIC includes the number of parameters (i.e., predic-
tor variables), K , the AIC value is penalized for each parameter added; thus, parsimonious
models are encouraged. It is important to note that the AIC does not tell us which is the
correct model from a physical point of view, only the one that best matches the data. From
a different perspective, the AIC score allows us to discount models that perform poorly.

For our purposes, we will treat the AIC score as a defensible method for assessing
whether the presence or absence of MCs is dependent on a particular predictor variable,
which, in turn, allows us to argue in favor of or against one or more of the ideas that we
introduced earlier to explain the MC/ICME relationship.

One final potentially useful statistical tool to apply in our analysis is the variation inflation
factor (VIF). It is well known that some solar wind parameters display strong collinearity
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with one another, which, if both were included in the statistical model, would be mislead-
ing. Plasma-β and magnetic field strength are obvious examples. While we could perform
correlation tests for pairs of predictor variables, looking for large positive or negative corre-
lations, this approach has drawbacks. For example, it is possible that a strong linear depen-
dence exists between three or more variables, yet pairwise correlations between them are
small. Computing the VIF circumvents this problem by estimating the factor by which the
variance increases for each estimated coefficient βk . We define the VIF for the kth variable
to be:

VIFk = 1

1 − R2
k

, (3)

where R2
k is the multiple correlation between the kth variable and all other variables (Afifi,

Clark, and May, 2011). Thus, as Rk approaches 1, signaling the presence of collinearity, the
VIF becomes large. Typically, multicollinearity is considered high when VIF > 5.

Table 1 summarizes an initial logistic regression analysis of the Ulysses CMEs. The first
column lists the 13 predictor variables that were included. We note that two temperatures
are computed from the Ulysses ion instrument measurements, (Tmin and Tmax) which are
both reported to the SPDF. With no compelling reason to choose one over the other, at
least initially, we retain both. The last column (Pr(> |z|)), known as the “p-value,” gives
a measure of the significance of a particular predictor variable. Typically values <0.01
provide convincing evidence of the significance of a variable. However, we emphasize that
this is only statistical evidence and not proof of a causal relationship. Thus, employing a 5 %
threshold, we infer that plasma-β , width, O7/O6, and heliocentric distance are “parameters
of interest,” worthy of further scrutiny. Also note that high p-values do not prove the null
hypothesis, i.e., that the variable is not significant, they only tell us that our dataset coupled
with the analysis technique was not able to identify such a relationship. Of these, plasma-
β , width, and O7/O6 are most significant. The second column gives the best-fit coefficient
for each predictor variable, β̂k (where the ^ denotes the maximum likelihood estimate of
the kth variable). Thus, the likelihood of identifying an ICME as an MC depends strongly
on it having: i) a low plasma-β , ii) a large width, and iii) high O7/O6. Note that, at least
during this initial analysis, speed, density, α/P ratio, QFe, and latitude do not appear to
be significant. Although not as important for our study, we note that column three gives
the standard error of the estimated coefficients, and column four displays the ratios of the
estimated coefficients to their estimated standard error.

Next, we assess the effects on the AIC score of dropping any one predictor variable for the
model. Table 2 summarizes this. Again, column one lists each of the predictor variables. The
initial AIC score is given in the first cell of column four, with the remaining cells giving the
revised AIC score if that variable is dropped. Columns two, three, and five give the degrees
of freedom, deviance, and likelihood ratio test (LRT). The deviance is a “quality of fit”
statistic and essentially measures the deviation of the reduced model to the full model, while
the LRT gives a measure as to the statistical significance of the variable in the multivariate
model. For example, we conclude that dropping SSN, that is, the phase of the solar cycle,
reduces the AIC score modestly, while dropping the plasma-β raises it dramatically. Since
our objective is to lower the AIC score, this suggests that SSN is not a significant variable
but that plasma-β and width are.

Before culling parameters from our list of predictor variables based on AIC rankings, as
a check for collinearity, we estimated the VIFs for each variable. Not surprisingly, we found
VIFTmin = 10.3, since Tmin and Tmax are highly correlated. However, since neither Tmin nor
Tmax was found to be sufficiently significant, both were removed from the analysis.
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Table 1 Results of logistic regression analysis. Column one lists the predictor variables used in the statistical
model, column two (Estimate) gives the estimated value of the regression coefficient for each variable, column
three (Std. error) gives the standard error for these estimates, column four (z value) gives the results of the z

test, and column five (Pr(> |z|)) provides the p-values.

Predictor variable Estimate Std. error z value Pr(> |z|)

(Intercept) 0.6030 3.3528 0.180 0.8573

SSN −0.0046 0.0086 −0.537 0.5910

Plasma-β −2.9918 0.8938 −3.347 0.0008

Speed 0.0027 0.0043 0.622 0.5337

Width 1.5982 0.4878 3.276 0.0011

Field strength 0.1269 0.0740 1.715 0.0863

Proton density 0.0781 0.0778 1.004 0.3155

α/P ratio −15.0391 16.9151 −0.889 0.3740

Tmin 0.0000 0.0000 1.278 0.2013

Tmax −0.0000 0.0000 −1.694 0.0903

QFe 0.0290 0.1899 0.153 0.8786

O7/O6 2.3950 0.8686 2.757 0.0058

Heliocentric distance −0.8605 0.3765 −2.285 0.0223

Latitude −0.0173 0.0185 −0.932 0.3512

Table 2 Variation in AIC score when each predictor variable is dropped from the analysis. Column one lists
each predictor variable, column two (Df) gives the number of degrees of freedom, column three gives the
deviance, column four gives the AIC score, column five gives the results of the likelihood ratio test (i.e., the
deviance change), and column six gives the p-value.

Predictor variable Df Deviance AIC LRT Pr(Chi)

〈none〉 117.2 145.2

SSN 1 117.5 143.5 0.289 0.59059

Plasma-β 1 137.4 163.4 20.182 0.00001

Speed 1 117.6 143.6 0.391 0.53200

Width 1 128.9 154.9 11.642 0.00064

Field strength 1 120.4 146.4 3.138 0.07647

Proton density 1 118.2 144.2 0.987 0.32057

α/P ratio 1 118.1 144.1 0.826 0.36355

Tmin 1 118.8 144.8 1.572 0.20992

Tmax 1 120.0 146.0 2.716 0.09933

QFe 1 117.3 143.3 0.024 0.87615

O7/O6 1 125.8 151.8 8.576 0.00341

Heliocentric distance 1 123.2 149.2 5.971 0.01454

Latitude 1 118.2 144.2 0.911 0.33979

Rerunning the logistic regression with the new subset of predictor variables yielded the
results in Table 3: plasma-β , CME width, and O7/O6 remain the strongest variables, with
heliocentric distance the weakest. Importantly, these results strongly imply that the likeli-
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Table 3 Logistic regression analysis for subset of most significant predictor variables. See Table 1 for a
description of the column headings.

Predictor variable Estimate Std. error z value Pr(> |z|)

(Intercept) 0.4651 0.7744 0.601 0.5481

Plasma-β −2.9253 0.7473 −3.915 0.0001

Width 1.5000 0.4470 3.356 0.0008

O7/O6 2.4366 0.7385 3.299 0.0010

Heliocentric distance −0.3542 0.1799 −1.969 0.0490

Table 4 Variation in AIC score when each of the most significant predictor variables is dropped from the
analysis. See Table 2 for a description of the column headings.

Predictor variable Df Deviance AIC LRT Pr(Chi)

〈none〉 134.8 144.8

Plasma-β 1 166.4 174.4 31.536 0.00000

Width 1 147.3 155.3 12.505 0.00041

O7/O6 1 153.5 161.5 18.678 0.00002

Heliocentric distance 1 138.9 146.9 4.059 0.04395

hood of observing an MC increases with CME width and higher O7/O6, but decreases with
heliocentric distance and plasma-β .

For completeness, and as a complementary check, we repeated the exercise of dropping
each predictor variable from the statistical model and recomputed the AIC score. This is
shown in Table 4. Focusing on column four, this reinforces the result that, in decreasing
order of significance, plasma-β , O7/O6, width, and then heliocentric distance best predict
the presence of an MC.

2.2. Gaussian Mixture Model Analysis of Ulysses ICMEs

In the previous section we used logistic regression analysis to build a statistical model that
related continuous predictor variables to a known (at least subjectively) binary outcome
variable (MC or non-MC). However, a complementary question is whether the ICME pa-
rameters (i.e., the predictor variables) are clustered into subpopulations. Thus, whereas the
logistic regression analysis relied on our identification of the ICME as being either an MC
or a non-MC, clustering analysis attempts to find natural groups based only on the predic-
tor variables; i.e., it uses statistical inference derived from the entire population of events
without any prior knowledge of the sub-populations. Therefore, to address the question of
whether MCs are really a distinct class, we can attempt to identify distinct clusters and see
if they match with the events that were identified as either MCs or non-MCs in the Ulysses
ICME list by Du, Zuo, and Zhang (2010).

The approach we use here is known as the Gaussian mixture model (GMM) (Everitt
and Hand, 1981; McLachlan and Peel, 2000). We assume that N observed variables are
distributed according to a mixture of K components, where each component belongs to
some parametric family, each of which has a different set of parameters. Here, we further
assume that the families are Gaussian, being defined by their own mean and variance. That
is, each cluster is defined by a Gaussian distribution in the predictor variable parameter space
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Figure 4 ICME speed versus
plasma-β for Ulysses-observed
ICMEs. The CMEs are
color-coded according to the
three components identified by
the GMM analysis.

with a unique mean and variance. Computationally, we use the MCLUST routine developed
for the statistical package R, which relies on a Bayesian information criterion (BIC) score to
estimate the best clusters. (See also Press et al., 2007 for a discussion on implementing this
technique numerically.) BIC and AIC are similar but distinct criteria for model selection,
with BIC penalizing free parameters more strongly than AIC. While the number of clusters
in GMMs can be specified a priori, here, we allow the algorithm to minimize the BIC score
by varying the number of components from 1 through 9. For this analysis, we used a subset
of parameters listed in Table 1 (plasma-β , speed, width, and O7/O6). The results are shown
in Figures 4 and 5.

The GMM analysis found that the data were best fit by three components, as identified
in Figure 4. Two of the clusters (red and green) tend to have low plasma-β but are separated
by speed, whereas the third cluster (blue) has a larger plasma-β and more moderate speed.
Comparing these clusters with the events identified subjectively by Du, Zuo, and Zhang
(2010) to be either MCs or non-MCs (Figure 3) shows that the red/green clusters overlap
well with the MCs, while the blue cluster overlaps with the non-MCs. In fact, the fraction
of red/green events that were also MCs was 86 %, while the fraction of the blue events that
were also non-MCs was 68 %; both significantly larger than would be expected by chance.

In Figure 5, a scatter-plot matrix is shown, summarizing the relationship between these
three clusters and the parameters of the ICMEs. In addition to the relatively obvious cluster-
ing in plasma-β – speed space (column 1, row 2) already discussed in relation to Figure 4,
the ICMEs are also well separated in width – O7/O6 space (column 3, row 4). Specifically,
what distinguishes the fast MCs (green) is that they are also wider and have a lower O7/O6

ratio than the red component. Finally, we note that the dependence on CME width in the
likelihood of an event being an MC rather than a non-MC ICME cannot be discerned in
Figure 5. While this relationship is statistically significant, the difference between the mean
width of MCs (0.77 AU) and non-MC ICMEs (0.73 AU) is only 0.04 AU, and is clearly not
visible between these distributions.
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Figure 5 Scatter-plot matrix of plasma-β , speed (V ), width, and O7/O6 of the ICMEs observed by Ulysses.
Each panel is color-coded according to the three components identified by the GMM analysis.

3. Summary and Discussion

In this study, we have analyzed the properties of 181 ICMEs observed by the Ulysses space-
craft, in an attempt to understand the basic relationship between MCs and non-MCs. We
applied two statistical techniques, logistic regression and Gaussian mixture models, to pro-
vide a more rigorous assessment of five ideas proposed to resolve the relationship between
these two types of ejecta. Our results lead us to the conclusion that only ideas i) and iv) are
consistent with the observations. That is, that either (a) an observational selection effect, or
(b) the presence of two or more mechanisms is responsible for the MC/ICME relationship.

CME-CME interactions (idea ii)) cannot account for the presence of MCs and non-MCs.
Logistic regression analysis strongly suggests that the propensity for an event to be identified
as an MC is coupled to the width of the ejecta. Although we found only a modest difference
in the size of MCs and non-MCs (0.77 AU versus 0.73 AU, respectively), the result was
both statistically significant and in the wrong sense for CME-CME interactions to account
for the creation of non-MCs: MCs are likely to be broader than non-MCs. However, a basic
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prediction from the Burlaga et al. (2001) study was that MCs should be at least half the size
of non-MCs, since MC-MC interactions would be unlikely to produce narrower structures.
Of course, it is possible that such interactions may account for a small number of cases. In
fact, this may explain why our results apparently contradict those of Burlaga et al. (2001): In
their study, a small number of events (nine) were carefully chosen based on specific criteria.

Evolutionary processes (idea iii)), at least those envisaged through a Taylor-like relax-
ation process (Bellan, 2000), also cannot explain the relationship between MCs and non-
MCs. If it were true, we would expect a trend for more MCs to be identified with increasing
distance from the Sun. However, our analysis shows that exactly the opposite effect holds:
MCs are less likely to be identified with increasing distance from the Sun.

Finally, we cannot relegate the MC/non-MC relationship to a figment of our imagination
(idea v)). Clustering analysis suggests the existence of three distinct classes of ejecta, two of
which overlap strongly with the MCs identified by Du, Zuo, and Zhang (2010), and a third
which overlaps significantly with non-MCs.

Distinguishing between the remaining two ideas is challenging. First-principle models,
which inevitably produce a well-formed flux rope, tend to support the idea that a flux rope
is always present, and suggest that an ICME’s identification as MC or non-MC in the solar
wind must be related to where the observing spacecraft is located and its trajectory with re-
spect to the ICME. However, this can be easily countered by the fact that current global CME
models are highly idealized, and, by definition, must produce the simplest of structures. It is
conceivable that as the realism of the models improves, they will be able to generate more
and more complex structures – to the point that some events may be “complex” while others
are “simple.” It is also possible that the degree of complexity might vary spatially within a
single event.

An argument for or against a selection effect explanation could be resolved by geomet-
rical arguments. As we have noted, other studies (e.g., Cane, Richardson, and Wibberenz,
1997; Gopalswamy, 2006) suggest that MCs tend to be launched in longitude closer to cen-
tral meridian (as viewed by the observing spacecraft) than non-MCs. On the other hand,
Richardson and Cane (2011) found a weak tendency for the Ulysses-observed MC fraction
to increase away from the equator, at least up to mid-latitudes. However, the logistic regres-
sion analysis described here finds no statistical support for the MC fraction to depend on
latitude.

Ultimately, there is little to separate ideas i) and iv) at the location of Earth or Ulysses.
Like the proverbial blind men feeling different parts of an elephant, relying only on in-situ
measurements does not afford us the global view that we need to connect everything. Large-
scale MHD models should eventually be able to assist us, but, as we have lamented, they are
currently too idealized.

An intriguing result from the cluster analysis concerns the presence of three, not two
(MC, non-MC) populations of Ulysses ICMEs, with MCs being divided into slower events
with higher oxygen charge states, and faster, wider events with lower charge states. In par-
ticular, the inverse dependence of O7/O6 on MC speed appears to be contrary to previous
studies based on near-Earth observations (e.g., Richardson and Cane, 2004a) that indicate
at least a modest increase in O7/O6 with MC speed. We suggest that the two populations
of MCs arise principally from i) the Ulysses orbit, which extends to high latitudes; ii) the
tendency for faster ICMEs to be found at higher latitudes because of the latitude dependence
of the solar wind speed, especially around solar minimum when several of the MCs are ob-
served; and iii) the fact that higher charge states in ICMEs are confined to latitudes below
≈ 30−40◦. For example, Figure 6(a) shows average O7/O6 against ICME speed for the Du
et al. ICMEs with the symbol type indicating the three groups identified in our study. The
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Figure 6 O7/O6 versus (a) ICME speed, (b) latitude, and (c) latitude of those “green” ICMEs traveling
faster than 650 km s−1.

tendency for the fast (green) MCs to have lower O7/O6 than slower MCs is clearly evident.
However, the slower, red events do show evidence of an increase in O7/O6 with speed to
values that exceed those in the green events. Figure 6(b) shows O7/O6 versus ICME helio-
latitude, indicating that higher values (say >1) are observed at low latitudes, below ≈40◦.
A possible interpretation is that the high charge states arising from plasma heating during
CME formation and ejection are preferentially observed close to the location of the related
solar event and hence are not detected at higher latitudes (see, e.g., Lepri and Zurbuchen,
2004). Figure 6(c) shows only those “green” events with speeds >650 km s−1, illustrating
that they were predominantly observed at higher latitudes, where higher charge states are
more rarely observed. Thus, we suggest that the two populations of MCs indicated by the
cluster analysis correspond to lower latitude MCs that typically do not reach high speeds
but may have high ion charge states (red events), and a second population of faster ICMEs
observed at higher latitudes but which have lower charge states (green events).

This work naturally suggests several possible avenues for future studies. First, it would
be interesting to study the properties of the source locations for the “red” (slow and cool)
and “green” (fast and hot) types of MCs hinted at by the clustering analysis (Figure 4). Does
anything about their origin point to unique properties or processes? Second, how do the
in-situ composition/charge state properties of the two types of MCs differ? Richardson and
Cane (2004a), for example, noted that iron charge states tend to increase with magnetic cloud
speed near the Earth, and a similar dependence was found for Ulysses events (Richardson
and Cane, 2011). This, too, might hint at different origins. Third, do these results hold for
ICMEs observed by near-Earth spacecraft? We focused here on ICMEs observed by Ulysses
so that we could fold both latitude and heliocentric distance into our analysis; however, the
database of near-Earth events is considerably larger (Richardson and Cane, 2010). Fourth,
can ideas i) and iv) be distinguished from a larger and more systematic study of multi-
spacecraft ICMEs? In addition to events observed simultaneously by near-Earth spacecraft
(Geotail, Wind, and ACE) and Ulysses (see, e.g., Hammond et al., 1995; Riley et al., 2003;
Du, Wang, and Hu, 2007; Rodriguez et al., 2008; Richardson and Cane, 2011), events have
been measured by Helios 1 and 2 (see, e.g., Kallenrode et al., 1993; Cane, Richardson,
and Wibberenz, 1997; Burlaga, Behannon, and Klein, 1987) and STEREO A and B (see,
e.g., Liu et al., 2008). If combined, these may result in a sufficiently large and statistically
significant database from which the final two ideas can be distinguished.
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Riley, P., Linker, J.A., Lionello, R., Mikić, Z., Odstrcil, D., Hidalgo, M.A., Cid, C., Hu, Q., Lepping, R.P.,
Lynch, B.J., Rees, A.: 2004, Fitting flux ropes to a global MHD solution: A comparison of techniques.
J. Atmos. Solar-Terr. Phys. 66, 1321 – 1331.

Riley, P., Schatzman, C., Cane, H.V., Richardson, I.G., Gopalswamy, N.: 2006, On the rates of coronal mass
ejections: Remote solar and in situ observations. Astrophys. J. 647, 648 – 653. doi:10.1086/505383.
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Abstract. During an unusually massive filament eruption on 7 June 2011, SDO/AIA imaged
for the first time significant EUV emission around a magnetic reconnection region in the solar
corona. The reconnection occurred between magnetic fields of the laterally expanding CME
and a neighbouring active region. A pre-existing quasi-separatrix layer was activated in the
process. This scenario is supported by data-constrained numerical simulations of the eruption.
Observations show that dense cool filament plasma was re-directed and heated in situ, producing
coronal-temperature emission around the reconnection region. These results provide the first
direct observational evidence, supported by MHD simulations and magnetic modelling, that a
large-scale re-configuration of the coronal magnetic field takes place during solar eruptions via
the process of magnetic reconnection.

Keywords. MHD, instabilities, Sun: activity, magnetic fields, coronal mass ejections (CMEs),
filaments, methods: numerical, data analysis

A spectacular solar eruption occurred on 7 June 2011 observed by NASAs Solar Dy-
namic Observatory’s Atmospheric Imaging Assembly (SDO/AIA). The CME originated
in a complex of three adjacent active regions (ARs, see Figure 1) in the southwestern
quadrant and carried an unusually massive erupting filament in its core. We carried out a
multiwavelength analysis of the event. Using SDO/HMI data we computed the magnetic
topology, determining the locations of quasi separatrix layers in the three-AR complex.
We also carried out data-constrained MHD simulations of the eruption.

We found that the strong lateral expansion of the erupting magnetic structure led to
flux pile-up, current sheet formation/intensification, and magnetic reconnection along a
pre-existing quasi separatrix layer in the three-AR complex. The onset of reconnection
first became apparent in the SDO/AIA images when downward flowing dense, cool fila-
ment plasma originally contained within the erupting flux rope was re-directed towards
a neighbouring active region, tracing the change of large-scale magnetic connectivity.
Williams et al. (2013) estimated a lower limit of the electron density of the redirected
plasma to be 1010 cm−3, at least one order of magnitude larger than the typical coronal
density. As a result of this unusually high density around the reconnection region, direct
plasma heating took place there. The most prominent brightening was seen in the AIA
171 Å waveband (6.3 × 105 K).

These SDO observations provide one of the first direct imaging observations of mag-
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Figure 1. Observations and MHD numerical simulation of the magnetic configuration and the
eruption. (a) SDO/AIA 171 Å reverse colour scale image over a co-aligned SDO/HMI mag-
netic field map of the three neighbouring active regions on 3 June 2011 and (b) corresponding
magnetic configuration in the simulation. Black/white indicate negative/positive magnetic po-
larity, the pre-eruption magnetic flux rope in the rightmost active region is shown in gold.
(c) SDO/AIA 171 Å reversed-colour image and (d) a simulation snapshot during the CME
eruption on 7 June, by when the active regions have rotated close to the solar limb. The new
connections, formed by magnetic reconnection between the magnetic flux rope erupting from
AR 11226 and magnetic field lines of AR 11227, are indicated by white arrows. The inset in (c)
is a magnification of the in-situ heated bright reconnection region.

netic reconnection in the solar atmosphere. Furthermore, a combination of observations,
magnetic modelling, and MHD simulations (Figure 1) provide evidence that during the
expansion of a CME’s magnetic structure, instantaneous magnetic reconnection can oc-
cur with ambient magnetic field leading to large-scale restructuring. For more details see
van Driel-Gesztelyi et al. (2013).
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Abstract. We report observations of a filament eruption, two-ribbon flare, and coronal mass
ejection (CME) that occurred in Active Region NOAA 10898 on 6 July 2006. The filament was
located South of a strong sunspot that dominated the region. In the evolution leading up to
the eruption, and for some time after it, a counter-clockwise rotation of the sunspot of about
30 degrees was observed. We suggest that the rotation triggered the eruption by progressively
expanding the magnetic field above the filament. To test this scenario, we study the effect of
twisting the initially potential field overlying a pre-existing flux rope, using three-dimensional
zero–β MHD simulations. We consider a magnetic configuration whose photospheric flux distri-
bution and coronal structure is guided by the observations and a potential field extrapolation.
We find that the twisting leads to the expansion of the overlying field. As a consequence of the
progressively reduced magnetic tension, the flux rope quasi-statically adapts to the changed en-
vironmental field, rising slowly. Once the tension is sufficiently reduced, a distinct second phase
of evolution occurs where the flux rope enters an unstable regime characterized by a strong
acceleration. Our simulation thus suggests a new mechanism for the triggering of eruptions in
the vicinity of rotating sunspots.

Keywords. MHD, instabilities, Sun: activity, magnetic fields, sunspots, coronal mass ejections
(CMEs), filaments, methods: numerical, data analysis

1. Introduction

The eruption on 6 July 2006 in active region NOAA 10898 was a two-ribbon flare
accompanied by a filament eruption and a halo CME, the latter being most prominent
in the southwest quadrant and reaching a linear plane-of-sky velocity of ≈ 900 km s−1

(Temmer et al. 2008). The event was associated with an EIT wave, a type II burst, and
very distinct coronal dimming regions. The flare was of class M2.5/2N, located at the
heliographic position S9◦, W34◦. It was observed in soft X-rays (SXR) by GOES (peak
time at ≈ 08:37 UT) as well as in hard-X rays (HXR) with RHESSI, with the two highest
peaks of nonthermal HXR emission occurring during 08:20 – 08:24 UT.
The morphology and evolution of the bipolar active region in the days preceding the

eruption were studied using photospheric line-of-sight magnetograms obtained by the
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a)

b)

c)

Figure 1. (a) Representative MDI
longitudinal magnetic-field maps of
the sunspot evolution during 4 – 6
July 2006: The dashed yellow line
outlines the major axis of the sunspot
that was used to measure the sunspot
rotation. The images are all differ-
entially rotated to the first image
of the series, when the sunspot was
closer to disk centre. (b) Sunspot
rotation determined from the MDI
magnetic-field maps over the period
3 July 2006, 22:00 UT, to 7 July
2006, 8:00 UT, showing the orien-
tation of the sunspot’s major axis,
measured clockwise from solar East.
(c) Sunspot rotation rate in degrees
per day, determined as the tempo-
ral derivative of the rotation measure-
ments.

MDI instrument (Scherrer et al. 1995). The region consisted of a compact negative polar-
ity (the sunspot) surrounded by a dispersed positive polarity, most of which was extending
eastwards (Fig. 1a). The two polarities were surrounded by a large, “inverse C-shaped”
area of dispersed negative flux to the west of the region (Fig. 2a). The magnetic-flux mea-
surements indicate a mere 5% negative surplus flux in this major bipolar active region
of 2.1× 1022 Mx total flux and maximum-field strengths (negative:positive) in a roughly
10:1 ratio. The sequence in Fig. 1a shows that the sunspot is rotating counter-clockwise
during the considered period. The total rotation observed over the three days preceding
the eruption is about 30◦, with sunspot’s rotation rate of about 10◦ day−1 (Fig. 1b,c).

The flare and the filament eruption were observed in full-disk Hα filtergrams by the
Kanzelhöhe Observatory and, over a smaller field-of-view around the active region, by
the Hvar Observatory. These observations reveal that the filament consisted of a double
structure before and during the eruption. Significant rising motions of the filament could
be seen from about 08:23 UT on. The Hα flare started by the appearance of very weak
double-footpoint brightening at 08:15 UT. We also estimated the kinematics of the fil-
ament and the CME front from a time sequence of running-difference images obtained
from TRACE, EIT, and LASCO C2/C3 observations. We obtain that the coronal loops
overlying the filament started their slow rising phase at 08:15 UT, i.e., about five – ten
minutes before the filament. Similarly, the CME front reached its final, almost constant
velocity a few minutes before the filament. More details about the methods employed to
obtain the above results can be found in Török et al. (2013), hereafter Paper I. We refer
to that article and to the references therein for further details on the eruption.
Guo et al. (2010) suggested that the eruption was triggered by recurrent chromospheric

mass injection in the form of surges or jets into the filament channel. Here we propose
a different mechanism: Assuming that the filament was suspended in the corona by a
magnetic flux rope, we suggest that the continuous rotation of the sunspot led to a slow
expansion of the arcade-like magnetic field overlying the filament, i.e., to a continuous
weakening of its stabilizing tension, until a critical point was reached at which equilibrium
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Figure 2. (a) Full-disk MDI magnetogram on 6 July 2006, 07:59 UT. AR10898 is marked by
the white box. (b) PFSS magnetic field lines in the AR calculated for 6 July 2006, 06:04 UT,
overlaid on a synoptic MDI magnetogram. Pink (white) field lines depict open (closed) fields.
The outer contours of the filament, based on Hα data taken at 07:59 UT on 6 July 2006, are
outlined with black lines. (c) Magnetic configuration used in the simulation, after the initial
relaxation of the system, showing the core of the TD flux rope (orange field lines) and the
ambient potential field (green field lines). Bz(z = 0) is shown, with red (blue) corresponding to
positive (negative) values, and is saturated at 4%max(Bz) to depict weaker flux distributions.

could not be maintained and the flux rope erupted. We note that we do not claim that the
eruption was triggered exclusively by this mechanism. Filaments are often observed to
spiral into the periphery of sunspots (see,e.g., Green et al. 2007), and also in our case an
inspection of the TRACE and Hα images during the early phase of the eruption suggests
a possible magnetic connection between the western extension of the filament-carrying
core field and the sunspot area. Thus, the sunspot rotation may have added stress to this
field, thereby possibly contributing to drive it towards eruption. On the other hand, for
an injection of twist to occur, the core field must be rooted in the centre of the sunspot,
not just in its periphery, which is difficult to establish from observations. It appears
reasonable to assume that a clear connection between core field and sunspot centre is not
always present, and that the stressing of the overlying ambient field by sunspot rotation
may be more relevant for the destabilization of the system in such cases. In order to
test this scenario, we perform a three-dimensional (3D) MHD simulation in which we
twist the stabilizing potential field overlying a stable coronal flux rope. Differently from
previous works (e.g., Amari et al. 1996), the photospheric vortex motions we use do not
directly affect the flux rope, but solely the field surrounding it.

2. Numerical simulation setup

As in previously published simulations (e.g., Török, Kliem, and Titov 2004; Kliem,
Titov, and Török 2004), we integrate the β = 0 compressible ideal MHD equations,
ignoring the effects of thermal pressure and gravity, and we employ the coronal flux rope
model of Titov and Démoulin (1999), hereafter TD, to construct the initial magnetic
field. The main ingredient of the TD model is a current ring of major radius [R] and
minor radius [a] that is placed such that its symmetry axis is located at a depth [d]
below a photospheric plane. The outwardly directed Lorentz self-force (or “hoop force”)
of the ring is balanced by a potential field created by a pair of sub-photospheric point
sources ±q that are placed at the symmetry axis, at distances ±L from the ring centre.
The resulting coronal field consists of an arched and line-tied flux rope embedded in an
arcade-like potential field.
We normalize lengths by l = R − d and use a Cartesian grid discretizing the volume
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[−40, 40]× [−30, 30]× [0, 60], resolved by 307× 257× 156 points. The grid is nonuniform
in all directions, with an almost uniform resolution ∆ = 0.05 in the area mimicking the
active region. The top and lateral boundaries are closed, which is justified given the large
size of the simulation box. Below the photospheric plane, the tangential components of
the magnetic field [Bx,y] are extrapolated from the integration domain, and the normal
component [Bz] is set such that ∇ ·B = 0 in z = 0 at all times. The vertical velocities
are zero there at all times, and the mass density is fixed at its initial values.
Fig. 2b shows a coronal potential-field source-surface model (Schatten, Wilcox, and

Ness 1969, PFSS), obtained from a synoptic MDI magnetogram for Carrington Rotation
2045. It can be seen that the field lines rooted in the main polarity (the sunspot) form
a fan-like structure, which partly overlies the pre-eruption filament. In order to build an
initial magnetic configuration that resembles this coronal field and the underlying highly
asymmetric magnetic flux distribution (Sect. 1), we modify the standard TD model by re-
placing the pair of sub-photospheric point charges by an ensemble of ten sub-photospheric
sources. These are adjusted in order to mimic: the approximate flux balance between the
concentrated leading negative polarity and the dispersed following positive polarity; the
ratio of approximately 10:1 between the peak field strengths in the leading polarity and
the following polarity; the size ratio between these polarities; the presence of an “inverse
C-shaped” area of dispersed negative flux to the West of the leading polarity; the fan-like
shape of the coronal field rooted in the leading polarity. Since the model is still relatively
idealized, all these features can be matched only approximately. We then add a TD flux
rope, setting R = 2.75, a = 0.8, and d = 1.75. The position of the rope within the ambient
field is guided by the observed location of the filament (Fig. 2b), and its magnetic field
strength is chosen such that it is in approximate equilibrium with the ambient potential
field. We use an initial density distribution ρ0(x) = |B0 (x)|

2, corresponding to a uniform
initial Alfvén velocity. In order to obtain a numerical equilibrium as a starting point, we
first perform a numerical relaxation for 75 τa, after which the time is reset to zero.
In order to mimic the observed sunspot rotation, we then twist the main negative flux

concentration by imposing tangential velocities at the bottom boundary. They produce a
horizontal counterclockwise rotation, chosen such that the velocity vectors always point
along the contours of Bz(x, y, 0, t = 0), which assures that the distribution of Bz(x, y, 0, t)
is conserved to a very good approximation. The velocities are zero at the polarity centre,
located at (x, y, z) = (−2, 0, 0), and decrease towards its edge from their maximum value,
equal to 0.005 times the initial Alfvén velocity [va0]. The equations and parameters used
to compute the tangential velocities at each time are given in Paper I. The twist injected
by such motions is nearly uniform close to the polarity centre and decreases monotonically
towards its edge, such that it does not directly affect the flux rope field.

3. Results

The magnetic configuration resulting after the initial numerical relaxation is shown in
Fig. 2c and in Fig. 4a. The fan-structure inferred from the PFSS extrapolation is qualita-
tively well reproduced. The TD flux rope is stabilized by flux rooted towards the southern
edge of the main polarity, and the rope is inclined with respect to the vertical, which is
due to the asymmetry of the potential field surrounding it.

Figure 4a shows that electric currents are present in the ambient field volume. The
strongest current concentrations are located in the front of the flux rope and exhibit an
X-shaped pattern in the vertical cut shown. This pattern outlines the locations of quasi-
separatrix layers (QSL, see, e.g., Démoulin et al. 1996) that separate different connectivity
domains. The QSLs are present in the configuration from the very beginning and arise
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Figure 3. Logarithmic pre-
sentation of the velocity of
the axis apex of the TD
flux rope during the twisting
phase, as a function of time.
The dashed lines show linear
fits, obtained within the time
periods marked by the verti-
cal dotted lines of the same
color. Thick arrows mark dif-
ferent evolution phases de-
scribed in the text.

from the complexity of the potential field. Their presence is evident also in the left panel
of Fig. 4a: the green field lines show strong connectivity gradients in the northern part
of the main polarity and in the vicinity of the western flux rope footpoint. It has been
demonstrated that current concentrations form preferably at the locations of QSLs as a
system containing such structures is dynamically perturbed (see, e.g., Aulanier, Pariat,
and Démoulin 2005). In our case the perturbation results from the – relatively modest –
dynamics during the initial relaxation of the system.
After the relaxation, at t = 0, we start twisting the main negative polarity, and we

quantify the evolution of the TD flux rope by monitoring the velocity at the axis apex
of the rope (Fig. 3). Due to the pronounced fan-structure of the field rooted in the main
polarity, the photospheric twisting does not lead to the formation of a single twisted flux
tube that rises exactly in vertical direction above the TD rope, as it was the case earlier
studies (Amari et al. 1996; Török and Kliem 2003; Aulanier, Démoulin, and Grappin
2005). Rather, the twisting leads to a slow, global expansion of the fan-shaped field lines,
as shown in Fig. 4. Since we are mainly interested in the destabilization of the flux rope,
we did not study the detailed evolution of the large-scale field. We expect it to be very
similar to the one described in Santos, Büchner, and Otto (2011), since the active region
those authors simulated was also dominated by one main polarity, and the field rooted
therein had a very similar fan-shaped structure (cf. our Fig. 4 with their Fig.1).
Important for our purpose is the evolution of the arcade-like part of the initial potential

field that directly overlies the TD flux rope. Those field lines are directly affected only by
a fraction of the boundary flows and therefore get merely sheared (rather than twisted),
which still leads to their slow expansion. As a result, the TD rope starts to rise, adapting
to the successively decreasing magnetic tension of the overlying field (phase I in Fig. 3).
This initial phase of the evolution is depicted in Fig. 4b. Note that some of the flux at
the front of the expanding arcade reconnects at the QSL current layer, which can be
expected to aid the arcade expansion to some degree. As can be seen in Fig. 3, the TD
rope rises, after some initial adjustment, exponentially during this slow initial phase.
As the twisting continues, a transition to a rapid acceleration takes place after t ≈

100 τa, when the rise curve leaves the quasi-static regime. After the transition phase,
the TD rope again rises exponentially, but now with a significantly larger growth rate
than during the slow rise phase (phase II in Fig. 3). Such a slow (quasi-static) rise phase,
followed by a rapid acceleration, is a well-observed property of many filament eruptions
in the early evolution of CMEs (see, e.g., Schrijver et al. 2008, and references therein),
and is also seen for the event studied here (see also Paper I). The evolution of the TD
rope after t ≈ 100 τa can be associated with the development of the torus instability
(Kliem and Török 2006; Démoulin and Aulanier 2010), as has been shown under similar
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Figure 4. Magnetic configuration after initial relaxation (a), during slow rise phase (b), at
time of peak flux rope velocity (c), and during flux rope deceleration (d). The flux rope core is
depicted by orange field lines; ambient field lines are green. Bz(z = 0) is shown, with red (blue)
corresponding to positive (negative) values. Left panels use a view similar to the observations
(see paper I); right panels show a side view. The transparent grey-scales show a logarithmic
distribution of |j|/|B| in the plane x = 0, outlining the locations of strongest currents. The
sub-volume [−10, 16]× [−11, 11]× [0, 18] is used for all panels.

conditions in various simulations of erupting flux ropes (Török and Kliem 2007; Fan and
Gibson 2007; Schrijver et al. 2008; Aulanier et al. 2010; Török et al. 2011). The right
panels in Fig. 4 show that the trajectory of the flux rope is far from being vertical. Such
lateral eruptions have been reported frequently in both observations and simulations
(see, e.g., Williams et al. 2005; Panasenco et al. 2011; Yang et al. 2012), and are usually
attributed to an asymmetric structure of the field overlying the erupting core flux. We
believe that this causes the lateral rise also in our case.
As the eruption continues, the trajectory of the flux rope becomes increasingly hori-

zontal, resembling the so-called “roll effect” (Panasenco et al. 2011) and indicating that
the rope cannot overcome the tension of the large-scale overlying field. Moreover, as a
consequence of its increasing expansion, the flux rope strongly pushes against the QSL
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current layer, which results in reconnection between the front of the rope and the ambient
field. Eventually, the rope splits into two parts, similar to what has been found in sim-
ulations of confined eruptions (Amari and Luciani 1999; Török and Kliem 2005). These
two effects slow down the rise of the rope after t ≈ 175 τa and inhibit its full eruption,
i.e., the development of a CME in our simulation (phase III in Fig. 3).
Since QSLs can affect the evolution of an eruption, but are not expected to play a sig-

nificant role for its initiation, we did not investigate in detail whether or not QSLs were
present in the pre-eruption configuration of the 6 July 2006 event. The PFSS extrapola-
tion indicates the presence of a QSL to the North and the West of the main polarity (see
the field-line connectivities in Fig. 2b), but less clearly so to its South. Since we merely
aim to model the initiation of the eruption rather than its full evolution into a CME, we
refrained from further improving our model to obtain a configuration without a strong
QSL in front of the flux rope.

4. Summary and Conclusions

We presented a 3D MHD simulation that was designed to test a possible scenario for
the initiation and early evolution of the filament eruption and CME that occurred on 6
July 2006 in active region NOAA 10898. Our conjecture was that the slow rotation of
the sunspot that dominated the active region progressively reduced the tension of the
magnetic field overlying the pre-eruption filament, until the latter could not be stabilized
anymore and erupted, resulting in the CME. Using the TD coronal flux rope model as a
starting point, we constructed an initial magnetic field that resembles the photospheric
flux distribution and coronal magnetic field structure of the active region around the
time of the event. In particular, the highly asymmetric flux density and the resulting
overall fan-shape of the coronal magnetic field are well captured by the model, while the
approximative flux balance of the region is kept. We then mimicked the observed sunspot
rotation by imposing photospheric vortex flows localized at the main magnetic polarity
of the model. The flows were chosen such that they do not directly affect the flux rope.
As a result of this twisting, the field lines overlying the flux rope start to expand

and the rope undergoes a quasi-static adaptation to the changing surrounding field in
the simulation, which manifests in a slow rise phase. As the weakening of the overlying
field reaches an appropriate level, the torus instability sets in and rapidly accelerates the
rope upwards, leading to a second, fast rise phase and eruption. The asymmetry of the
ambient field leads to a markedly lateral eruption. This evolution in two phases resembles
the often observed slow rise phase and subsequent strong acceleration of filaments in the
course of their eruption. However, the presence of a QSL-related current layer in the
front of the erupting flux rope in the simulation results in magnetic reconnection which
eventually splits the rope before it can evolve into a CME, in contrast to the observations.
Although we are not able to follow the expansion of the flux rope beyond this phase, the
simulation successfully models the early phases of the eruption (the slow rise and the
initial rapid acceleration of the flux rope) in a setting that is qualitatively similar to the
observed magnetic configuration around the time of the eruption.

Our simulation thus demonstrates that the continuous expansion due to sunspot rota-
tion of the magnetic field that stabilizes the current-carrying core flux, i.e., the progressive
decrease of magnetic tension, can lead to filament eruptions and CMEs.
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Abstract We study a filament eruption, two-ribbon flare, and coronal mass ejection (CME)
that occurred in NOAA Active Region 10898 on 6 July 2006. The filament was located South
of a strong sunspot that dominated the region. In the evolution leading up to the eruption, and
for some time after it, a counter-clockwise rotation of the sunspot of about 30 degrees was
observed. We suggest that the rotation triggered the eruption by progressively expanding
the magnetic field above the filament. To test this scenario, we study the effect of twist-
ing the initially potential field overlying a pre-existing flux-rope, using three-dimensional
zero-β MHD simulations. We first consider a relatively simple and symmetric system, and
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then study a more complex and asymmetric magnetic configuration, whose photospheric-
flux distribution and coronal structure are guided by the observations and a potential field
extrapolation. In both cases, we find that the twisting leads to the expansion of the over-
lying field. As a consequence of the progressively reduced magnetic tension, the flux-rope
quasi-statically adapts to the changed environmental field, rising slowly. Once the tension is
sufficiently reduced, a distinct second phase of evolution occurs where the flux-rope enters
an unstable regime characterised by a strong acceleration. Our simulations thus suggest a
new mechanism for the triggering of eruptions in the vicinity of rotating sunspots.

Keywords Magnetic fields, corona · Active regions, models · Coronal mass ejections,
initiation and propagation · Sunspots, velocity

1. Introduction

Filament (or prominence) eruptions, flares, and coronal mass ejections (CMEs) are the three
large-scale eruptive events on the Sun. It has become clear in recent years that they are
not independent phenomena, but different observational manifestations of a more general
process, namely the sudden and violent disruption and dynamic reconfiguration of a lo-
calised volume of the coronal magnetic field (e.g. Forbes, 2000). Whether or not all three
phenomena occur together appears to depend mainly on the properties of the pre-eruptive
configuration. For example, CMEs can occur without a filament eruption (if no filament has
formed in the source region of the erupting flux prior to its eruption) and without signif-
icant flaring (if the magnetic field in the source region is too weak; e.g. Zirin, 1998) or,
in extreme cases, even without any low-coronal or chromospheric signature (Robbrecht,
Patsourakos, and Vourlidas, 2009). On the other hand, both flares and filament eruptions
are not always accompanied by a CME (if, for instance, the magnetic field above the
source region is too strong; see, e.g., Moore et al., 2001; Nindos and Andrews, 2004;
Török and Kliem, 2005). In large events such as the one studied in this article, however,
all three phenomena are observed almost always. Such events typically start with the slow
rise of a filament and/or overlying loops (e.g. Maričić et al., 2004; Schrijver et al., 2008;
Maričić, Vršnak, and Roša, 2009), which is often accompanied by weak pre-flare signa-
tures in EUV or X-rays (e.g. Maričić et al., 2004; Chifor et al., 2007). The slow rise is
followed by a rapid acceleration and a huge expansion of the eruptive structure, which is
then observed as a CME. The rapid acceleration has been found in most cases to be very
closely correlated with the flare impulsive phase (e.g. Kahler et al., 1988; Zhang et al., 2001;
Maričić et al., 2007; Temmer et al., 2008).

Although it is now widely accepted that solar eruptions are magnetically driven, the de-
tailed physical mechanisms that initiate and drive eruptions are still controversial. Accord-
ingly, a large number of theoretical models have been proposed in the past decades (for a
recent review see, e.g., Forbes, 2010). Virtually all of these models consider as pre-eruptive
configuration a sheared or twisted core field low in the corona, which stores the free mag-
netic energy required for eruption and is stabilised by the ambient coronal field. The choice
of such a configuration is supported by observations of active regions, which often dis-
play sheared structures (filaments and soft X-ray sigmoids) surrounded by less sheared, tall
loops. An eruption is triggered if the force balance between the core field and the ambient
field is destroyed, either by increasing the shear or twist in the core field or by weakening
the stabilizing restoring force of the ambient field (see, e.g., Aulanier et al., 2010).

One of the many mechanisms that has been suggested to trigger eruptions is the rotation
of sunspots. The idea was put forward by Stenflo (1969), who showed that the order of



CME Initiation by Sunspot Rotation 455

magnitude of the energy deposition into coronal structures by sunspot rotations is sufficient
to produce flaring activity (see also Kazachenko et al., 2009).

Sunspot rotations have been known for a long time – the first evidence, based on spec-
tral observations, was presented one century ago by Evershed (1910) – and since then they
have been the subject of numerous analyses. Still, measurements of sunspot rotation are not
straightforward, and, depending on the method employed, can give quite different results
(see, e.g., Min and Chae, 2009). Meticulous case studies (e.g. Zhang, Li, and Song, 2007;
Min and Chae, 2009; Yan et al., 2009), as well as detailed statistical analyses (e.g. Brown
et al., 2003; Yan and Qu, 2007; Zhang, Liu, and Zhang, 2008; Li and Zhang, 2009;
Suryanarayana, 2010) showed that sunspots can rotate significantly, up to several hun-
dreds of degrees over a period of a few days. Interestingly, sunspots do not necessarily
rotate as a rigid body: Brown et al. (2003) and Yan and Qu (2007) showed that the rota-
tion rate often changes with the distance from the sunspot centre. The rotation of sunspots
is commonly interpreted as an observational signature of the emergence of a flux-rope
through the photosphere (e.g. Gibson et al., 2004) or, more generally, as the transport of
helicity from the convection zone into the corona (see, e.g., Longcope and Welsch, 2000;
Tian and Alexander, 2006; Tian, Alexander, and Nightingale, 2008; Fan, 2009). On the other
hand, observations of strong sunspot rotation without signs of significant flux emergence
have been reported (e.g. Tian and Alexander, 2006, and references therein), suggesting that
intrinsic sunspot rotation of sub-photospheric origin exists. In such cases the rotation rate
tends to be smaller than for sunspot rotations associated with flux emergence (e.g. Zhu,
Alexander, and Tian, 2012).

A number of studies have shown a direct cause–consequence relationship between
higher-than-average sunspot rotation and enhanced eruptive activity. For example, Brown
et al. (2003), Hiremath and Suryanarayana (2003), Hiremath, Lovely, and Kariyappa (2006),
Tian and Alexander (2006), Yan and Qu (2007), Zhang, Liu, and Zhang (2008), Li and
Zhang (2009), Yan et al. (2009, 2012), and Suryanarayana (2010) reported an apparent
connection between rotating sunspots (with total rotation angles of up to 200◦ and more)
and eruptive events. In particular, Yan and Qu (2007) attributed eruptive activity in an ac-
tive region to different rotation speeds in different parts of a sunspot, whereas Yan, Qu,
and Kong (2008) found indications that active regions with sunspots rotating opposite to
the differential-rotation shear are characterised by high X-class-flare productivity. Romano,
Contarino, and Zuccarello (2005) reported a filament eruption that was apparently triggered
by photospheric vortex motions at both footpoints of the filament, without any sign of sig-
nificant flux emergence.

Besides purely observational studies of the relationship between sunspot rotation and
eruptive activity, some authors presented a combination of observations and modelling. For
example, Régnier and Canfield (2006) utilised multi-wavelength observations and modelling
of the coronal magnetic field of the highly flare-productive NOAA Active Region 8210
to show that slow sunspot rotations enabled flaring, whereas fast motions associated with
emerging flux did not result in any detectable flaring activity. Moreover, they also showed
that the deposition of magnetic energy by photospheric motions is correlated with the en-
ergy storage in the corona, which is then released by flaring. Similarly, Kazachenko et al.
(2009) analysed detailed observations of an M8 flare–CME event and the associated rotating
sunspot, and combined them in a minimum-current-corona model. They found that the ob-
served rotation of 34◦ over 40 hours led to a triplication of the energy content and flux-rope
self-helicity, sufficient to power the M8 flare.

Numerical MHD investigations of the relationship between sunspot rotation and eruptive
activity started with Barnes and Sturrock (1972), who modelled the coronal magnetic field of
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a rotating sunspot surrounded by a region of opposite polarity. They found that the rotation
causes an inflation of the magnetic field, and that its energy increases with the rotation angle
until, when the rotation angle exceeds ≈ 180◦, it becomes larger than that of the open-field
configuration with the same boundary conditions, presumably leading to an eruption.

MHD simulations of the formation and evolution of flux-ropes by twisting line-tied po-
tential fields have been widely performed since then. Calculations were done by either twist-
ing uniform fields in straight, cylindrically symmetric configurations (e.g. Mikic, Schnack,
and van Hoven, 1990; Galsgaard and Nordlund, 1997; Gerrard, Arber, and Hood, 2002;
Gerrard et al., 2003) or by twisting bipolar potential fields; the latter yielding arched
flux-ropes anchored at both ends in the same plane (e.g. Amari and Luciani, 1999;
Gerrard, Hood, and Brown, 2004). Most of these simulations focused on the helical kink
instability and its possible role in producing compact flares and confined eruptions. Klim-
chuk, Antiochos, and Norton (2000) studied the twisting of a bipole with emphasis on the
apparently uniform cross-section of coronal loops. Very recently, Santos, Büchner, and Otto
(2011) simulated the energy storage for the active region that was studied earlier by Régnier
and Canfield (2006). They imposed photospheric flows on an extrapolated potential field
and found the formation of pronounced electric currents at the locations of the observed
flare sites. The authors concluded that the main flare activity in the active region was caused
by the slow rotation of the sunspot that dominated the region.

However, none of the above studies were directly related to CMEs. Amari et al. (1996)
were the first to show that the formation and continuous twisting of an arched flux-rope in a
bipolar potential field can lead to a strong dynamic expansion of the rope, resembling what
is observed in CMEs. Later, Török and Kliem (2003) and Aulanier, Démoulin, and Grap-
pin (2005) extended this work by studying in detail the stability properties and dynamic
evolution of such a system. The underlying idea of these simulations is that slow photo-
spheric vortex motions can twist the core magnetic field in an active region up to the point
where equilibrium cannot be longer maintained, and the twisted core field, i.e. a flux-rope,
erupts (for the role of increasing twist in triggering a flux-rope eruption see also Chen, 1989;
Vršnak, 1990; Fan and Gibson, 2003; Isenberg and Forbes, 2007). What has not been studied
yet is whether a twisting of the field overlying an existing flux-rope can lead to the eruption
of the rope.

In this article, we present observations of a large solar eruption that took place in the
vicinity of a rotating sunspot. We suggest that the continuous rotation of the spot triggered
the eruption by successively weakening the stabilizing coronal field until the low-lying core
field erupted. We support our suggestion by MHD simulations that qualitatively model this
scenario.

The remaining part of this article is organised as follows: In Section 2 we describe the
observations, focusing on the initial evolution of the eruption and on the rotation of the
sunspot. In Section 3 we describe the numerical simulations, the results of which are pre-
sented in Section 4. We finally discuss our results in Section 5.

2. Observations

The eruption on 6 July 2006 in NOAA Active Region 10898 was a textbook two-ribbon flare
accompanied by a filament eruption and a halo CME, the latter being most prominent in the
southwest quadrant and reaching a linear plane-of-sky velocity of ≈900 km s−1 (Temmer
et al., 2008). The event was associated with an EIT wave, a type II burst, and very distinct
coronal dimming regions. The flare was of class M2.5/2N, located at the heliographic posi-
tion S9◦, W34◦. It was observed in soft X-rays (SXR) by GOES (peak time at ≈ 08:37 UT)
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Figure 1 Full-disk line-of-sight
SOHO/MDI magnetogram
recorded on 6 July 2006, 07:59
UT. The active region under
study is marked by the white box.

as well as in hard-X rays (HXR) with RHESSI, with the two highest peaks of nonthermal
HXR emission occurring during 08:20 – 08:24 UT.

The evolution of the active region in the days preceding the eruption, and in particular
the rotation of the leading sunspot, can be studied using its photospheric signatures. Pho-
tospheric line-of-sight magnetograms of the region were obtained by the MDI instrument
(Scherrer et al., 1995) onboard the Solar and Heliospheric Observatory (SOHO). The ac-
tive region was a bipolar region of Hale type β , consisting of a compact negative polarity
(the sunspot) that was surrounded by a dispersed positive polarity, most of which was ex-
tending eastwards (see Figure 1). The maximum of the magnetic-field flux density in the
sunspot was about nine times larger than in the dispersed positive polarity. The two polar-
ities were surrounded by a large, “inverse C-shaped” area of dispersed negative flux to the
west of the region.

We measured the magnetic flux of the concentrated leading (negative) and dispersed
following (positive) polarities using a (re-calibrated) SOHO/MDI synoptic map, which pre-
serves the resolution of the original observation. The map includes magnetic features close
to the time of their central meridian passage, when projection effects of the line-of-sight
magnetic fields are at minimum. The total magnetic flux (half of the total unsigned flux) was
found to be (2.1±0.2)×1022 Mx, with the two polarities nearly balanced [(2.0±0.2)×1022

and (−2.2 ± 0.2) × 1022 Mx for the positive and negative flux, respectively]. The error esti-
mates reflect the uncertainty in determining how much of the dispersed positive and negative
polarities belonged to the active region. The leading spot, including the penumbral area, had
a mean magnetic-field strength (magnetic-flux density over 2340 pixels) of 390 G, reaching
1820 G when a smaller, purely umbral, area was considered (240 pixels). However, since
the MDI response becomes non-linear in such a strong, and therefore dark, umbra, the core
field strength there was probably higher (≥ 2000 G) (see, e.g., Green et al., 2003). The pos-
itive dispersed plage had a much lower mean magnetic-field strength of about 50 ± 10 G,
depending on the extent of dispersed positive field measured (magnetic-flux density over
13 060 – 24 600 pixels). Positive flux concentrations (measured over 600 pixels) within the
plage had a characteristic field strength of 220 ± 20 G. In summary, magnetic-flux mea-
surements indicate a mere 5 % negative surplus flux in this major bipolar active region of
2.1×1022 Mx total flux and maximum-field strengths (negative : positive) in a roughly 10 : 1
ratio.
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Figure 2 (a) Representative
images of the sunspot evolution
during 4 – 6 July 2006: MDI
longitudinal magnetic-field maps
(left column); TRACE
white-light images (right
column). The TRACE image in
the bottom panels corresponds to
the time of the M2 flare (starting
in soft X-rays at 8:20 UT). The
dashed yellow line outlines the
major axis of the sunspot that
was used to measure the sunspot
rotation. The corresponding
SOHO/MDI movie is available in
the electronic version of the
article. (b) Sunspot rotation
determined from the MDI
magnetic-field maps over the
period 3 July 2006, 22:00 UT, to
7 July 2006, 8:00 UT, showing
the orientation of the sunspot’s
major axis, measured clockwise
from solar East. (c) Sunspot
rotation rate in degrees per day.

In Figure 2(a) we show snapshots of the sunspot evolution as observed by MDI and
the Transition Region and Coronal Explorer (TRACE: Handy et al., 1999), ranging from
two days before the eruption to one day after it. The images are all differentially rotated
to the first image of the series, when the sunspot was closer to disk centre. The sequence
shows that the sunspot is rotating counter-clockwise during the considered period (see the

http://dx.doi.org/10.1007/s11207-013-0269-9
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Figure 3 Hα filtergram sequence observed before and during the flare on 6 July 2006 by the Kanzelhöhe
(full disk) and Hvar (active region area) Observatories. An apparent double structure of the filament is visible
South of the sunspot. Contour levels of 100 G from an MDI magnetogram taken at 07:59 UT are added in the
top right panel, with white (black) lines corresponding to positive (negative) values.

Electronic Supplementary Material). From the evolution of the MDI magnetic-field maps, we
geometrically determined the major axis of the sunspot and followed its evolution in time.
In Figure 2(b) we plot the sunspot’s rotation angle over the period 3 July 2006, 22:00 UT,
to 7 July 2006, 8:00 UT. The total rotation observed over these three days is about 30◦. The
sunspot’s rotation rate, determined as the temporal derivative of the rotation measurements,
yields a mean value of about 10◦ day−1 during the considered time span (Figure 2(c)). For
comparison, we determined the rotation also from the TRACE white-light images and found
no significant differences.

The flare and the filament eruption were observed in full-disk Hα filtergrams by the
Kanzelhöhe Observatory and, over a smaller field-of-view around the active region, by the
Hvar Observatory (Figure 3). These observations reveal that the filament consisted of a dou-
ble structure before and during the eruption (for a similar case of such a double-structured
filament, see Liu et al., 2012). Significant rising motions of the filament could be seen from
about 08:23 UT on. The Hα flare started by the appearance of very weak double-footpoint
brightening at 08:15 UT.

http://dx.doi.org/10.1007/s11207-013-0269-9
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Figure 4 (a) TRACE
171 Å running-difference image
showing the erupting filament
and the overlying CME front.
Distances are measured at
crossings of the respective
leading edges (red solid lines)
with the dashed line, starting
from the point marked by [x].
(b) Distance–time plot showing
the kinematics of the filament
and the CME front for the entire
distance range. (c) Distance–time
plot for the distance range up to
1.8 R� . The distance between [x]
and the disk centre is added to all
TRACE and EIT data points.
(d) Velocity–time plot over the
distance range up to 1.8 R� . See
text for further details.

Figure 4(a) shows a running-difference image from TRACE 171 Å in which the erupt-
ing filament (the CME core) and the preceding CME front can be identified. From a time
sequence of similar images by TRACE, EIT, and LASCO C2/C3 we estimated the kinemat-
ics of the filament and the CME front, which are shown in Figure 4(b), (c). The distances
were measured in the plane of the sky, from disk centre in the LASCO images and from the
midpoint of the line connecting the pre-eruption filament footpoints in the TRACE and EIT
images. In order to approximately compensate for this discrepancy, we added to the TRACE
and EIT measurements the distance between this point and the disk centre, which corre-
sponds to ≈ 400 Mm. The resulting distances are plotted in Figure 4(b), (c), together with
spline-smoothed curves. We did not correct for foreshortening effects, as projection effects
only result in a multiplication factor and do not alter the profile of the derived kinematical
curves (see, e.g., Vršnak et al., 2007). Additionally, Figure 4(d) gives the velocity profiles
for the filament and the CME front, as derived from the first derivative of the distance–time
measurements and spline-smoothed curves. From these plots we obtain the result that the
coronal loops overlying the filament started their slow rising phase at 08:15 UT, i.e. about
five – ten minutes before the filament. Similarly, the CME front reached its final, almost
constant, velocity a few minutes before the filament.
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Various other aspects of the event (flare, CME, EIT wave, dimming) were studied by
Jiang et al. (2007), McIntosh et al. (2007), Attrill et al. (2008), Temmer et al. (2008), Mik-
lenic, Veronig, and Vršnak (2009), Veronig et al. (2010), and Guo et al. (2010a). We refer
to this work for further details as regards the eruption. Guo et al. (2010a) suggested that the
eruption was triggered by recurrent chromospheric mass injection in the form of surges or
jets into the filament channel. Here we propose a different mechanism, assuming that the fila-
ment was suspended in the corona by a magnetic flux-rope, a picture that is supported by var-
ious magnetic-field models of active regions containing filaments (e.g. Lionello et al., 2002;
van Ballegooijen, 2004; Guo et al., 2010b; Canou and Amari, 2010). We suggest that the
continuous rotation of the sunspot led to a slow expansion of the arcade-like magnetic field
overlying the filament (i.e. to a continuous weakening of its stabilizing tension), until a
critical point was reached at which equilibrium could not be maintained and the flux-rope
erupted. We note that we do not claim that the eruption was triggered exclusively by this
mechanism. Filaments are often observed to spiral into the periphery of sunspots (e.g. Green
et al., 2007), and also in our case an inspection of the TRACE and Hα images during the
early phase of the eruption suggests a possible magnetic connection between the western
extension of the filament-carrying core field and the sunspot area. Thus, the sunspot rotation
may have added stress to this field, thereby possibly contributing to drive it towards erup-
tion. On the other hand, for an injection of twist as suggested by the simulations mentioned
above to occur, the core field must be rooted in the centre of the sunspot, not just in its
periphery, which is difficult to establish from observations. It appears reasonable to assume
that a clear connection between core field and sunspot centre is not always present, and that
the stressing of the overlying ambient field by sunspot rotation may be more relevant for the
destabilisation of the system in such cases. In order to test this scenario, we perform a series
of three-dimensional (3D) MHD simulations, which are described in the following sections.

3. Numerical Simulations

The purpose of the numerical simulations presented in this article is to show that the rotation
of photospheric-flux concentrations can trigger the eruption of an initially stable flux-rope
that is embedded in their fields. Differently from previous work (e.g. Amari et al., 1996;
Török and Kliem, 2003; Aulanier, Démoulin, and Grappin, 2005), the photospheric vortex
motions do not directly affect the flux-rope in our simulations, but solely the field surround-
ing it.

The first simulation (hereafter run 1) involves a relatively simple magnetic configuration,
consisting of a flux-rope embedded in a bipolar potential field (see Figure 5(c)). The initially
potential field gets twisted at its photospheric-flux concentrations on both sides of the flux-
rope in the same manner. This simulation is very idealised with respect to the observations
presented in Section 2, in particular because both the initial magnetic configuration and the
imposed driving possess a high degree of symmetry.

We then consider a more complex initial magnetic field (hereafter run 2), which is chosen
such that it resembles the magnetic-field structure prior to the eruption described in Section 2
(see Figure 5(d)). As in run 1, this configuration contains a flux-rope embedded in a potential
field, but the latter is now constructed by a significantly larger number of sub-photospheric
sources, in order to mimic the main features of the observed photospheric flux distribution
and the extrapolated coronal magnetic field (see Figure 5(c)). Differently from run 1, only
one flux concentration is twisted in this case, as suggested by the observations. The purpose
of run 2 is to verify that the mechanism studied in run 1 also works in a highly asymmetric
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configuration. We do not attempt here to model the full eruption and evolution of the CME,
for reasons that are specified below.

To construct our magnetic configurations, we employ the coronal flux-rope model of
Titov and Démoulin (1999, hereafter TD). Its main ingredient is a current ring of major
radius [R] and minor radius [a] that is placed such that its symmetry axis is located at a
depth [d] below a photospheric plane. The outward-directed Lorentz self-force (or “hoop
force”) of the ring is balanced by a potential field created by a pair of sub-photospheric
point sources [±q] that are placed at the symmetry axis, at distances ±L from the ring
centre. The resulting coronal field consists of an arched and line-tied flux-rope embedded
in an arcade-like potential field. In order to create a shear component of the ambient field,
TD added a sub-photospheric line current to the system. Since the latter is not required for
equilibrium, we do not use it for our configurations (see also Roussev et al., 2003; Török
and Kliem, 2007).

Previous simulations (e.g. Török and Kliem, 2005; Schrijver et al., 2008) and analytical
calculations (Isenberg and Forbes, 2007) have shown that the TD flux-rope can be subject to
the ideal-MHD helical kink and torus instabilities. Therefore, we adjust the model param-
eters such that the flux-rope twist stays below the typical threshold of the kink instability
for the TD flux-rope (see Török, Kliem, and Titov, 2004). To inhibit the occurrence of the
torus instability in the initial configurations, we further adjust the locations and magnitude
of the potential field sources such that the field drops sufficiently slowly with height above
the flux-rope (see Kliem and Török, 2006; Török and Kliem, 2007; Fan and Gibson, 2007;
Aulanier et al., 2010). While this is a relatively easy task for the standard TD configuration
used in run 1, an extended parameter search was required for the complex configuration used
in run 2, until an appropriate numerical equilibrium to start with could be found.

3.1. Numerical Setup

As in our previous simulations of the TD model (e.g. Török, Kliem, and Titov, 2004; Kliem,
Titov, and Török, 2004), we integrate the β = 0 compressible ideal-MHD equations:

∂tρ = −∇ · (ρu), (1)

ρ∂tu = −ρ(u · ∇)u + j × B + ∇ · T , (2)

∂tB = ∇ × (u × B), (3)

where B, u, and ρ are the magnetic field, velocity, and mass density, respectively. The cur-
rent density is given by j = μ−1

0 ∇ × B. T denotes the viscous stress tensor, included to im-
prove numerical stability (Török and Kliem, 2003). We neglect thermal pressure and gravity,
which is justified for the low corona where the Lorentz force dominates.

The MHD equations are normalised by quantities derived from a characteristic length
[l] taken here to be the initial apex height of the axis of the TD current ring above the
photospheric plane [l = R−d], the maximum magnetic-field strength in the domain [B0 max],
and the Alfvén velocity [va0]. The Alfvén time is given by [τa = l/va0]. We use a Cartesian
grid of size [−40,40] × [−40,40] × [0,80] for run 1 and [−40,40] × [−30,30] × [0,60]
for run 2, resolved by 247 × 247 × 146 and 307 × 257 × 156 grid points, respectively. The
grids are non-uniform in all directions, with an almost uniform resolution � = 0.04 (run 1)
and � = 0.05 (run 2) in the box centre, where the TD flux-rope and the main polarities
are located. The plane z = 0 corresponds to the photosphere. The TD flux-rope is oriented
along the y-direction in all runs, with its positive-polarity footpoint rooted in the half-plane
y < 0. We employ a modified two-step Lax–Wendroff method for the integration, and we
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additionally stabilise the calculation by artificial smoothing of all integration variables (Sato
and Hayashi, 1979; Török and Kliem, 2003).

The boundary conditions are implemented in the ghost layers. The top and lateral bound-
aries are closed, which is justified given the large size of the simulation box. Below the
photospheric plane, the tangential velocities are imposed as described in Section 3.3. The
vertical velocities are zero there at all times, and the mass density is fixed at its initial values.
The latter condition is not consistent with the imposed vortex flows, but is chosen to ensure
numerical stability (see Török and Kliem, 2003). Since we use the β = 0 approximation,
and since the evolution is driven quasi-statically at the bottom plane, fixing the density in
z = −�z is tolerable. The tangential components of the magnetic field [Bx,y ] are extrapo-
lated from the integration domain, and the normal component [Bz] is set such that ∇ · B = 0
in z = 0 at all times (see Török and Kliem, 2003). Since our code does not ensure ∇ · B = 0
to rounding error in the rest of the domain, we use a diffusive ∇ · B cleaner (Keppens et al.,
2003), as well as Powell’s source-term method (Gombosi, Powell, and de Zeeuw, 1994), to
minimise unphysical effects resulting from ∇ · B errors.

3.2. Initial Conditions

The parameters of the TD equilibrium employed in run 1 are (in normalised units): R = 2.2,
a = 0.7, d = 1.2, L = 1.2, and q = 1.27. The magnetic axis of the TD flux-rope (which is
located above the geometrical axis of the current ring, see Valori et al., 2010) has an apex
height z = 1.09. The potential field connects two fully symmetric flux concentrations and
runs essentially perpendicular above the TD flux-rope. The apex of the central field line, i.e.
the field line connecting the centres of the potential-field polarities, is located at z = 3.40.
After the initial relaxation of the system (see below), these heights become z = 1.22 and
z = 3.62, respectively. Figures 5(c) and 6(a) show the configuration after the relaxation.

The magnetic configuration used in run 2 is a step towards a more realistic modelling
of the coronal field during the 6 July 2006 eruption. Figure 5(b) shows a coronal potential-
field source-surface (PFSS) model (Schatten, Wilcox, and Ness, 1969), obtained from a
synoptic MDI magnetogram for Carrington Rotation 2045, using the SolarSoft package pfss
provided by LMSAL (http://www.lmsal.com/~derosa/pfsspack/). It can be seen that the field
lines rooted in the main polarity (the sunspot) form a fan-like structure, which partly over-
lies the filament. We again consider a standard TD flux-rope, with R = 2.75, a = 0.8, and
d = 1.75, but now we use an ensemble of ten sub-photospheric sources (five point sources,
and five vertically oriented dipoles like the ones used by Török and Kliem, 2003) for the
construction of the ambient field, in order to resemble the main properties of the observed
photospheric flux distribution and the corresponding PFSS field. By adjusting the positions
and strengths of the sources, we tried to mimic the approximate flux balance between the
concentrated leading negative polarity and the dispersed following positive polarity, the ra-
tio of approximately 10:1 between the peak field strengths in the leading polarity and the
following polarity, the size ratio between these polarities, the presence of an “inverse C-
shaped” area of dispersed negative flux to the West of the leading polarity (see Section 2), as
well as the fan-like shape of the coronal field rooted in the leading polarity. The position of
the flux-rope within the ambient field is guided by the observed location of the filament (Fig-
ure 5(b)). Since the model is still relatively idealised, all of these features can be matched
only approximately. The resulting configuration (after initial relaxation) is shown in Fig-
ure 5(d) and in Figure 8(a) below. It can be seen that the TD flux-rope is stabilised by flux
rooted towards the southern edge of the main polarity. The rope is inclined with respect to
the vertical, which is due to the asymmetry of the potential field surrounding it.

http://www.lmsal.com/~derosa/pfsspack/
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Figure 5 (a) Same as Figure 1. (b) Magnetic-field lines in the active-region area (marked by the white square
in panel a) from a potential field source surface (PFSS) model that was calculated for 6 July 2006, 06:04 UT,
overlaid on a synoptic MDI magnetogram for the corresponding Carrington Rotation 2045. The model corona
is a spherical shell extending from 1.0 to 2.5 R�. Pink (white) field lines depict open (closed) fields. The outer
contours of the filament, based on Hα data taken at 07:59 UT on 6 July 2006, are outlined with black lines.
For better illustration, the area is rotated to disk centre. (c), (d): Top view on the magnetic configurations
used in runs 1 and 2, respectively, after the initial relaxation of the system (see Section 3 for details). The
core of the TD flux-rope is shown by orange field lines, green field lines depict the ambient potential field.
Bz is shown in the bottom plane, where red (blue) colours corresponds to positive (negative) values. The
colour scale in panel d) is saturated at about 4 % of the maximum Bz , in order to depict also weaker flux
distributions.

In contrast to the configuration used in run 1, the magnetic field in run 2 is dominated by
one main polarity. Rather than closing down to an equally strong polarity of opposite sign,
the flux emanating from the main polarity now spreads out in all directions, resembling a
so-called fan–spine configuration (e.g. Pariat, Antiochos, and DeVore, 2009; Masson et al.,
2009; Török et al., 2009). Note that this flux does not contain fully open field lines, as was
presumably the case during the 6 July 2006 eruption (see Figure 5(b)). This is due to the fact
that the flux distribution shown in Figure 5(d) is fully surrounded by weak positive flux in
the model (imposed to mimic the isolated “inverse C-shaped” weak negative polarity to the
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Figure 6 Magnetic-field lines outlining the evolution of the TD flux-rope (orange) and the twisted overlying
field (green) for run 1, at t = 0,204,239,244τA , respectively; panel (a) shows the system after the initial
numerical relaxation. The normal component of the magnetic field [Bz] is shown at the bottom plane z = 0,
with red (blue) corresponding to positive (negative) values. The transparent grey-scale shows the logarithmic
distribution of the current densities divided by the magnetic field strength [|J|/|B|] in the plane x = 0. The
sub-volume [−8.5,8.5] × [−8,8] × [0,16] is shown in all panels. An animation of this figure is available in
the electronic version of this article.

West of the main polarity), so that the positive flux in the total simulation domain exceeds
the negative flux shown in Figure 5(b). Note that this “total” flux ratio shall not be confused
with the flux ratio between the main polarity and the dispersed positive polarity to its East,
which is approximately balanced in the model, in line with the observations.

As in Amari et al. (1996), Török and Kliem (2003) and Aulanier, Démoulin, and Grappin
(2005), we use an initial density distribution ρ0(x) = |B0(x)|2 corresponding to a uniform
initial Alfvén velocity. For the configuration used in run 2 we also ran a calculation with
ρ0(x) = |B0(x)|3/2, i.e. with a more realistic Alfvén velocity that decreases with distance
from the flux concentrations. We found that the evolution was qualitatively equivalent, but
somewhat less dynamic.

http://dx.doi.org/10.1007/s11207-013-0269-9
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In order to obtain a numerical equilibrium as a starting point of the twisting phase, we
first performed a numerical relaxation of the two configurations used. This is done for 54τa

for the system used in run 1, and for 75τa for the system used in run 2, after which the time
is reset to zero in both cases.

3.3. Photospheric Driving

The velocity field used to twist the potential fields is prescribed in the plane z = −�z and lo-
cated at their main flux concentrations. It produces a horizontal counter-clockwise rotation,
chosen such that the velocity vectors always point along the contours of Bz(x, y,0, t = 0),
which ensures that the distribution of Bz(x, y,0, t) is conserved to a very good approxima-
tion. The flows are given by

ux,y(x, y,−�z, t) = v0f (t)∇⊥{
ζ
[
B0z(x, y,0,0)

]}
, (4)

uz(x, y,−�z, t) = 0, (5)

with ∇⊥ := (∂y,−∂x). A smooth function

ζ = B2
z exp

((
B2

z − B2
zmax

)
/δB2

)
, (6)

chosen as by Amari et al. (1996), defines the vortex profile. The parameter δB determines the
vortex width (see Figure 3 in Aulanier, Démoulin, and Grappin, 2005). We use δB = 0.7 for
run 1 and δB = 2 for run 2. The parameter v0 determines the maximum driving velocity. We
choose v0 = 0.005vA for both runs to ensure that the driving is slow compared to the Alfvén
velocity. The velocities are zero at the polarity centre and decrease towards its edge from
their maximum value to zero (see Figure 2 in Török and Kliem, 2003). The twist injected
by such motions is nearly uniform close to the polarity centre and decreases monotonically
towards its edge (see Figure 10 below and Figure 9 in Török and Kliem, 2003). The polarity
centres are located at (±1.2,0,0) for the configuration used in run 1 and the vortex flows
are applied at both flux concentrations. In run 2, we twist the potential field only in the main
negative polarity, the centre of which is located at (−2,0,0). The function f (t) describes
the temporal profile of the imposed twisting. The twisting phase starts with a linear ramp
(0 ≤ t ≤ tr ) from f (0) = 0 to f (tr ) = 1, which is then held fixed. If a final relaxation phase
is added, f (t) is analogously linearly reduced to zero and held fixed. In all simulations in
this article tr = 10τa .

In contrast to the symmetric configuration used in run 1, where most of the flux emanat-
ing from the main polarities arches over the flux-rope, the flux that initially stabilises the
rope in run 2 is concentrated towards the southern edge of the polarity, where the imposed
vortex velocities are relatively small. In order to obtain the eruption of the TD rope within a
reasonable computational time in run 2, we therefore use a δB that is larger than in run 1.

4. Simulation Results

4.1. Run 1

We first consider the more idealised and symmetric case, in which the vortices are applied
at both photospheric polarities of the potential field. As a result of the imposed motions, the
field lines rooted in the polarities become increasingly twisted and a relatively wide twisted
flux-tube is formed, which expands and rises with increasing velocity (Figure 6).
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Figure 7 Kinematics of the TD flux-rope (thick blue lines) and of the overlying twisted flux-tube (solid red
lines) during the twisting phase in run 1. (a) Height of the axis apex as a function of time. The initial heights
are 1.22 for the TD rope and 3.62 for the twisted flux-tube. (b) Logarithmic presentation of the corresponding
vertical velocities. The dashed lines show linear fits, obtained within the time periods marked by the vertical
dotted lines of the same colour.

Detailed descriptions on the evolution of such twisted fields have been given by Amari
et al. (1996), Török and Kliem (2003), and Aulanier, Démoulin, and Grappin (2005). Since
here we are merely interested in how the rising flux affects the stability of the TD flux-rope,
we only note that the rise follows the exponential behaviour found in this earlier work. This
is shown in Figure 7, where the kinematics of the two flux systems (the twisted flux-tube
and the TD flux-rope) are followed in time by tracking the position of the respective central
field-line apex. The exponential rise phase of the twisted flux-tube, preceded by a slower
transition, can be clearly seen between t ≈ 80τa and t ≈ 180τa .

The slow rise of the flux-tube successively weakens the stabilizing magnetic tension on
the TD rope, so that the latter starts to ascend as well. As can be seen in Figure 7(b), the
rise of the TD rope also follows an exponential behaviour up to t ≈ 130τa . While its growth
rate is slightly larger than for the twisted flux-tube, its velocity remains about one order
of magnitude smaller. In order to check that this slow exponential rise of the TD rope is
indeed an adaptation to the changing ambient field, rather than a slowly growing instability,
we performed a relaxation run by ramping down the photospheric driving velocities to zero
between t = 100τa and t = 110τa and following the evolution of the system until t = 181τa .
Both the twisted flux-tube and the TD rope relax towards a numerical equilibrium in this run,
without any indication of instability or eruption. Hence, during its slow rise phase until t ≈
130τa , the TD rope experiences a quasi-static evolution along a sequence of approximately
force-free equilibria, generated by the slowly changing boundary conditions (in particular,
the changing tangential components of the magnetic field at the bottom plane).

Starting at t ≈ 130τa , the TD rope undergoes a successively growing acceleration which
ends in a rapid exponential acceleration phase between t ≈ 220τa and t ≈ 250τa that is
characterised by a growth rate significantly larger than during the quasi-static phase (see
also the bottom panels of Figure 6). The rope finally reaches a maximum velocity of 0.45va0

at t = 252τa , after which it starts to decelerate. Such a slow rise phase, followed by a rapid
acceleration, is a well-observed property of many filament eruptions in the early evolution
of CMEs (see, e.g., Schrijver et al., 2008, and references therein), and is also seen for the
event studied in this article (see Figure 4(d)). The evolution of the TD rope after t ≈ 130τa

can be associated with the development of the torus instability (Bateman, 1978; Kliem and
Török, 2006; Démoulin and Aulanier, 2010), as has been shown under similar conditions in
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various simulations of erupting flux-ropes (Török and Kliem, 2007; Fan and Gibson, 2007;
Schrijver et al., 2008; Aulanier et al., 2010; Török et al., 2011).

During the transition of the TD rope to the torus-unstable regime, the overlying twisted
flux-tube continues its slow exponential rise at almost the same growth rate for about 100
Alfvén times, which excludes the possibility that the additional acceleration of the TD rope
after t ≈ 130τa is due to an adaptation to the evolving environment field. At t ≈ 230τa , how-
ever, the rise speed of the TD rope begins to exceed the rise speed of the flux-tube, and the
latter gets significantly accelerated from below by the strongly expanding rope. The over-
taking of the twisted flux-tube by the faster TD rope, and the resulting interaction between
the two, is reminiscent of the so-called CME cannibalism phenomenon (e.g. Gopalswamy
et al., 2001; Lugaz, Manchester, and Gombosi, 2005). The investigation of this interaction
is, however, beyond the scope of the present article, so that we stopped the simulation at this
point.

Run 1 shows that the rotation of the footpoints of a flux system overlying a stable flux-
rope can lead to the eruption of the rope, by progressively lowering the threshold for the
torus instability. We suggest that this mechanism may have been at the origin of the CME
event described in Section 2.

The numerical experiment presented here has a high degree of symmetry, with respect to
both the initial magnetic-field configuration and the driving photospheric motions. A practi-
cally identical result is obtained if only one of the polarities of the overlying field is twisted,
as long as the driving velocity is clearly sub-Alfvénic. In particular, we found that twisting
only one flux concentration does not significantly affect the rise direction of the TD rope,
indicating that slow asymmetric twisting does not necessarily lead to a non-radial rise of the
erupting flux-rope if the overlying field is symmetric. A more general case, which exhibits
a strongly non-radial rise, is presented in the following section.

4.2. Run 2

We now consider a much less symmetric initial condition for the magnetic field, together
with a driving that is applied to one polarity only. The configuration is still idealised, but
closer to the observations (see Sections 2 and 3.2). The purpose of run 2 is to verify that the
CME initiation mechanism suggested in Section 4.1 can work also in a more realistic and
general setting.

The fan-like structure of the ambient field makes it difficult to follow its evolution during
the twisting phase using a single point as a tracer of the whole three-dimensional structure,
as was done for run 1. We therefore follow here only the apex of the TD rope axis in time.
The inclination of the rope makes it complicated to find the exact position of the axis apex,
so we determined it only approximately. Consequently, the trajectories presented in Figure 9
below are somewhat less precise than for run 1.

Figure 8(a) shows that electric currents are formed in the ambient field volume during
the initial relaxation of the system. The strongest current concentrations are located in the
front of the flux-rope and exhibit an X-shaped pattern in the vertical cut shown. This pat-
tern outlines the locations of quasi-separatrix layers (QSLs: e.g. Priest and Forbes, 1992;
Démoulin et al., 1996) that separate different flux systems. The QSLs are present in the
configuration from the very beginning and arise from the complexity of the potential
field (see Section 3.2). Their presence is evident also in the left panel of Figure 8(a):
the green field lines show strong connectivity gradients in the northern part of the main
polarity and in the vicinity of the western flux-rope footpoint. It has been demonstrated
that current concentrations form preferably at the locations of QSLs and other structural
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Figure 8 Snapshots of run 2 at times t = 0, 90, 174, 211τa , respectively, showing the same features as in
Figure 5(d). The system is shown after the initial relaxation (a), during the slow rise phase (b), at the time
of the peak flux-rope velocity (c), and during the deceleration of the flux-rope (d). The left panels use a
view similar to the observations presented in Section 2, the right panels show a side view. The transparent
grey-scale in the right panels depicts the logarithmic distribution of |j|/|B| in the plane x = 0, outlining the
locations of strong current concentrations. The sub-volume [−10,16] × [−11,11] × [0,18] is used for all
panels. An animation of this figure is available in the electronic version of this article.

features like null points, separatrix surfaces, and separators, if a system containing such
structures is dynamically perturbed (e.g. Baum and Bratenahl, 1980; Lau and Finn, 1990;
Aulanier, Pariat, and Démoulin, 2005). In our case the perturbation results from the – rela-
tively modest – dynamics during the initial relaxation of the system.

http://dx.doi.org/10.1007/s11207-013-0269-9
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Figure 9 Kinematics of the TD flux-rope in run 2. (a) Red lines show the distances of the axis apex from
its initial position, (x0, y0, z0) = (0.075,0,1.076), for all three spatial dimensions as a function of time. The
solid line shows x − x0, the dashed one y − y0, and the dotted one z − z0. The thick blue line shows the
total deviation from the initial position. (b) Logarithmic presentation of the total velocity of the axis apex as
a function of time (solid blue line). As in Figure 7, the dashed lines show linear fits obtained for the time
periods marked by dotted lines of the same colour.

After the relaxation, at t = 0, we start twisting the main negative polarity. Due to the
pronounced fan-structure of the field rooted in the main polarity, the photospheric twisting
does not lead to the formation of a single twisted flux tube that rises exactly in vertical
direction above the TD rope, as was the case in run 1. Rather, the twisting leads to a slow,
global expansion of the fan-shaped field lines (see Figure 8 and the corresponding online
animations). Since we are mainly interested in the destabilisation of the flux-rope, we did
not study the detailed evolution of the large-scale field. We expect it to be very similar
to the one described by Santos, Büchner, and Otto (2011), since the active region those
authors simulated was also dominated by one main polarity (sunspot), and the field rooted
therein had a very similar fan-shaped structure (compare, for example, our Figure 8 with
their Figure 1).

Important for our purpose is the evolution of the arcade-like part of the initial potential
field that directly overlies the TD flux-rope. Those field lines are directly affected only by a
fraction of the boundary flows and therefore get merely sheared (rather than twisted), which
still leads to their slow expansion. As was the case for run 1, the TD rope starts to expand as
well, adapting to the successively decreasing magnetic tension of the overlying field. This
initial phase of the evolution is depicted in Figure 8b. Note that some of the flux at the front
of the expanding arcade reconnects at the QSL current layer (see the online animation),
which can be expected to aid the arcade expansion to some degree. As in run 1, the TD rope
rises, after some initial adjustment, exponentially during this slow initial phase (Figure 9).

As the twisting continues, a transition to a rapid acceleration takes place, which can be
seen in Figure 9b after t ≈ 100τa , when the rise curve leaves the quasi-static regime. After
the transition phase, the TD rope again rises exponentially, but now with a significantly
larger growth rate than during the slow rise phase. As for run 1, we attribute this transition
and rapid acceleration to the occurrence of the torus instability.

The right panels in Figure 8 show that the trajectory of the flux-rope is far from
being vertical. As can be seen in Figure 9, the rope axis has reached an inclination
of about 45 degrees at the time of its peak rise velocity. Such lateral eruptions have
been reported frequently in both observations and simulations (Williams et al., 2005;
Aulanier et al., 2010; Bi et al., 2011; Panasenco et al., 2011; Zuccarello et al., 2012;
Yang et al., 2012, and references therein), and are usually attributed to an asymmetric
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structure of the field overlying the erupting core flux. We believe that this causes the lat-
eral rise also in our case, in particular since we found that asymmetric twisting of a sym-
metric configuration does not lead to a non-vertical trajectory of the flux-rope (see Sec-
tion 4.1). We note that such a lateral rise during the very early phase of a CME is dif-
ferent from the often observed deflection of CMEs at coronal holes, where the ejecta is
channelled by the structure of the coronal field at larger heights (Kahler, Akiyama, and
Gopalswamy, 2012, and references therein). As the eruption continues, the trajectory of
the flux-rope becomes increasingly horizontal, resembling the so-called “roll effect” (e.g.
Panasenco et al., 2011) and indicating that the rope cannot overcome the tension of the
large-scale overlying field. Moreover, as a consequence of its increasing expansion, the flux-
rope strongly pushes against the QSL current layer, which results in reconnection between
the front of the rope and the ambient field. Eventually, the rope splits into two parts, simi-
lar to what has been found in simulations of confined eruptions (Amari and Luciani, 1999;
Török and Kliem, 2005). These two effects – which both are not present in run 1 – slow
down the rise of the rope after t ≈ 175τa and inhibit its full eruption (i.e. the development
of a CME) in our simulation.

Since QSLs can affect the evolution of an eruption, but are not expected to play a sig-
nificant role for its initiation, we did not investigate in detail whether or not QSLs were
present in the pre-eruption configuration of the 6 July 2006 event. The PFSS extrapolation
indicates their presence to the North and the West of the main polarity (see the field-line
connectivities in Figure 5(b), but less clearly so to its South. The possible absence of a QSL
in front of the erupting core field in the real event is in line with the “smooth” evolution
of the observed CME, while in our simulation the coherence of the flux-rope is destroyed
before it can evolve into a full eruption. Also, the real large-scale field was probably less
confining than our model field: the PFSS extrapolation indicates the presence of open field
lines, which are fully absent in our simulation. Since, as stated earlier, we merely aim to
model the initiation of the eruption rather than its full evolution into a CME, we refrained
from further improving our model to obtain a configuration without a strong QSL in front
of the flux-rope and with more open flux.

As for run 1, we check how the system evolves when the twisting is stopped before the
flux-rope erupts. When the vortex flows are ramped down to zero during t = (35 – 45)τa –
corresponding to an effective twisting time of 35τa – no eruptive behaviour is seen in the
subsequent evolution for almost 300τa , after which we stopped the calculation. However,
the system does not fully relax to a numerical equilibrium as it was the case for the simpler
configuration (see Section 4.1). Rather, the flux-rope continues to rise very slowly, with
velocities smaller than 10−3va0. This indicates that the system has entered a meta-stable
state, which is possibly supported by continuous slow reconnection at the QSL current layer
due to numerical diffusion, so that it can be expected that the rope would finally erupt if
the integration were continued sufficiently long. When somewhat more twisting is applied,
the system behaves as in the continuously driven configuration, i.e. a phase of slow rise is
followed by a transition to rapid acceleration and the final eruption of the flux-rope, except
that the evolution leading up to the eruption takes the longer the less twist is imposed. For
example, for an effective twisting period of 45τa , the rapid acceleration of the rope sets in
at ≈265τa , significantly later than in the continuously driven system.

While it is tempting to quantitatively compare the amount of rotation in the simulation
with the observed sunspot rotation, we think that such a comparison can be misleading,
since the amount of rotation required for eruption will depend on parameters that have not
been studied here and are not available from the observations (see Section 5: Summary and
Discussion). Moreover, a quantitative comparison is not straightforward, since the model
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Figure 10 Rotation profile for
run 2 as a function of distance
from the vortex centre; shown at
t = 100τa , approximately when
the transition from slow to fast
rise sets in (see Figure 9(b)).

rotation is highly non-uniform (Figure 10), while in the observed case a rigid rotation of the
spot was measured (Figure 2). For example, at t ≈ 100τa , when the transition from slow to
fast rise starts in the continuously driven simulation, the field lines rooted very close to the
main polarity centre have rotated by about 200◦. However, those field lines do not overlie
the TD flux-rope directly, rather they connect to the positive polarity region located to the
East of the rope (see Figures 5d and 8) and should therefore not significantly influence
the rope’s stability. On the other hand, the arcade-like field lines that are located directly
above the rope are rooted at a distance of r ≈ 0.4 from the polarity centre, towards its
southern edge. As can be seen in Figure 10, the flux surface containing these field lines is
rotated by a much smaller amount, about 40◦ at t = 100τa . For the run with an effective
twisting time of t = 45τa mentioned above, the imposed total rotation at this flux surface is
even smaller, slightly below 20◦. These values are similar to the observed sunspot rotation,
but, in addition to the reasons given above, such a comparison should be taken with care.
While the expansion of the field lines located directly above the TD flux-rope presumably
depends mainly on the driving imposed at their footpoints, it is also influenced to some
degree by the expansion of higher-lying fields which, in turn, depends on the (significantly
larger) amount of rotation closer to the polarity centre. Moreover, the values obtained from
the model refer to an overlying field that is initially potential (except for the QSL-related
current layers), while the real overlying field may have already contained some stress at the
onset of detectable rotational motions. Finally, as discussed at the end of the Introduction,
the sunspot rotation may have injected stress also directly into the filament. In both cases,
presumably less rotation as suggested by the model would have been required to trigger the
eruption.

In summary, the simulation successfully models the early phases of the eruption (the slow
rise and the initial rapid acceleration of the flux-rope) in a setting that is qualitatively similar
to the observed configuration of the active region around the time of the CME described in
Section 2. Hence, the CME-initiation mechanism described in run 1 can work also in more
complex and less symmetric configurations.

5. Summary and Discussion

We analyse a filament eruption, two-ribbon flare, and CME that occurred in NOAA Active
Region 10898 on 6 July 2006. The filament was located South of a strong sunspot that
dominated the region. In the evolution leading up to the eruption, and for some time after it,
a counter-clockwise rotation of the sunspot of about 30◦ was observed. Similar events, which
occurred close to a dominant rotating sunspot, were presented by, e.g., Tian and Alexander
(2006) and Régnier and Canfield (2006). The triggering of such eruptions is commonly
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attributed to the injection of twist (or helicity) beyond a certain threshold by the sunspot
rotation (e.g. Török and Kliem, 2003). However, while filaments are frequently observed to
spiral into the periphery of main sunspots, the erupting core flux may not always be rooted
in the spot itself. Here we suggest that the continuous expansion due to sunspot rotation of
the magnetic field that stabilises the current-carrying core flux, i.e. the successive decrease
of magnetic tension, can also lead to filament eruptions and CMEs in such configurations.

We support this scenario by MHD simulations, in which a potential field overlying and
stabilizing a pre-existing flux-rope is slowly twisted at its photospheric-flux concentra-
tion(s). The flux-rope is not anchored in these concentrations and is therefore not twisted.
In a first configuration, the rope is initially kept in equilibrium by a field rooted in two
“sunspots” of opposite polarity that are located at opposite sides of the rope. The twisting
of the flux concentrations reproduces the known behaviour of twisted bipolar fields (see,
e.g., Amari et al., 1996): a twisted flux tube is generated that expands and rises at an ex-
ponentially increasing rate. As a consequence, the magnetic tension of the field above the
pre-existing flux-rope is successively weakened. The rope undergoes a quasi-static adap-
tation to the changing surrounding field, which is manifested in a slow rise phase. As the
weakening of the overlying field reaches an appropriate level, the torus instability sets in and
rapidly accelerates the rope upwards, leading to a second, fast rise phase and eruption. This
evolution in two phases resembles the often-observed slow rise phase and subsequent strong
acceleration of filaments in the course of their eruption (see Figure 4, as well as Schrijver
et al., 2008, and references therein). Eventually, since the flux-rope erupts faster than the
twisted flux-tube rises, the rope catches up and starts to interact with the flux-tube, at which
point we stop the simulation.

As a step towards more realistic configurations, we consider a second setup in which the
initial ambient field surrounding the flux-rope is created by an ensemble of sub-photospheric
sources that qualitatively reproduce the photospheric flux distribution and magnetic-field
structure of the active region around the time of the 6 July 2006 event. In particular, the
highly asymmetric flux density and the resulting overall fan shape of the active-region field
are recovered, while the approximative flux balance of the region is kept. The rotation of
the dominant negative polarity (mimicking the observed sunspot rotation) leads to the same
qualitative behaviour as in the much more symmetric configuration: after a slow rise phase
resembling the quasi-static adaptation of the flux-rope to the expanding ambient field, the
rope undergoes a second, strong acceleration phase. In this case, the asymmetry of the ambi-
ent field leads to a markedly lateral eruption. However, in contrast to the first configuration,
the presence of a QSL-related current layer in the front of the erupting flux-rope leads to
reconnection which eventually splits the rope before it can evolve into a CME. Although we
are not able to follow the expansion of the flux-rope beyond this phase, we can assert the
effectiveness of the proposed mechanism in triggering an eruption also in this more realistic
case.

The proposed mechanism requires the presence of a flux-rope in the corona prior to the
onset of the twisting motions, which is in line with the relatively small observed rotation
of about 30◦ in our event. Far larger rotations appear to be required to produce a flux-rope
that can be driven beyond the threshold of instability by such small additional rotation (e.g.
Török and Kliem, 2003; Aulanier, Démoulin, and Grappin, 2005; Yan et al., 2012). It can
be expected that the amount of rotation required to initiate the eruption of a pre-existing
flux-rope by rotating its overlying field depends on two main parameters: i) the “distance”
of the flux-rope from an unstable state and ii) the “effectiveness” of the rotation in reducing
the stabilisation by the overlying field. For example, it will take a longer time for a low-lying
flux-rope to slowly rise to the critical height required for the onset of the torus instability
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than it does for a rope that is already close to this height. Also, the required rotation will
be larger if mostly high-arching field lines, rather than field lines located directly above
the rope, are twisted. Thus, the amount of rotation required for eruption appears to depend
strongly on the details of the configuration. A proper assessment of this question demands
an extensive parametric study that is beyond the scope of this article. Here we merely aim
to provide proof-of-concept simulations that illustrate the physical mechanism.

In summary, the main result of our study is that the rotation of sunspots can substantially
weaken the magnetic tension of the field in active regions, in particular in cases where the
sunspot dominates the region. This can lead to the triggering of eruptions in the vicinity of
the spot, even if the erupting core flux (the filament) is not anchored in it. The mechanism
that we suggest provides an alternative to the common scenario in which eruptions in the
vicinity of rotating sunspots are triggered by the direct injection of twist into the erupting
core flux.
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ABSTRACT

A sequence of apparently coupled eruptions was observed on 2010 August 1–2 by Solar Dynamics Observatory
and STEREO. The eruptions were closely synchronized with one another, even though some of them occurred
at widely separated locations. In an attempt to identify a plausible reason for such synchronization, we study
the large-scale structure of the background magnetic configuration. The coronal field was computed from the
photospheric magnetic field observed at the appropriate time period by using the potential field source-surface
model. We investigate the resulting field structure by analyzing the so-called squashing factor calculated at the
photospheric and source-surface boundaries, as well as at different coronal cross-sections. Using this information
as a guide, we determine the underlying structural skeleton of the configuration, including separatrix and quasi-
separatrix surfaces. Our analysis reveals, in particular, several pseudo-streamers in the regions where the eruptions
occurred. Of special interest to us are the magnetic null points and separators associated with the pseudo-streamers.
We propose that magnetic reconnection triggered along these separators by the first eruption likely played a key
role in establishing the assumed link between the sequential eruptions. The present work substantiates our recent
simplified magnetohydrodynamic model of sympathetic eruptions and provides a guide for further deeper study of
these phenomena. Several important implications of our results for the S-web model of the slow solar wind are also
addressed.

Key words: magnetic reconnection – solar wind – Sun: coronal mass ejections (CMEs) – Sun: flares –
Sun: magnetic topology

Online-only material: color figures

1. INTRODUCTION

Coronal mass ejections (CMEs) are spectacular solar phe-
nomena that have been intensely studied over more than
40 years. Being the main driver of space weather disturbances
near the Earth, they are part of a more general eruption process,
often including filament eruptions and flares. Although it is now
understood that these phenomena are due to a local destabiliza-
tion of the coronal magnetic field, many basic questions on the
physics of CMEs are still under study (e.g., Forbes 2000, 2010).
Accordingly, theoretical and numerical investigations of CME
initiation and evolution have so far focused mainly on single
eruptions.

However, there also exist multiple eruptions occurring within
a relatively short period of time and at different, often widely
separated, locations. In the largest events, the respective source
regions can cover a full hemisphere (so-called global CMEs;
e.g., Zhukov & Veselovsky 2007), so that such events naturally
produce large heliospheric disturbances. While it has been
argued whether or not the temporal correlation of multiple
eruptions is coincidental (e.g., Biesecker & Thompson 2000),
both statistical investigations (e.g., Moon et al. 2002; Wheatland
& Craig 2006) and detailed case studies (e.g., Wang et al. 2001;
Jiang et al. 2011; Yang et al. 2012; Shen et al. 2012) indicate
that there are causal connections between them.3 We accept this
fact as a starting point of our study and will henceforth call such
eruptions sympathetic or linked.

The physical mechanisms of these connections, however,
have yet to be unveiled. In earlier works they have been related,

3 We do not distinguish here between sympathetic flares and sympathetic
CMEs, since typically both are part of the same eruption process.

for instance, to destabilization by chromospheric large-scale
waves (Ramsey & Smith 1966) or large-scale properties of
convective flows (Bumba & Klvana 1993). More recent research
suggests that the mechanisms linking sympathetic eruptions
act in the corona and involve its magnetic field structure.
For example, one proposed mechanism relies on perturbations
propagating along field lines between the source regions of
eruptions (e.g., Jiang et al. 2008), while another appeals to
changes in the background field due to reconnection (Liu et al.
2009; Zuccarello et al. 2009; Jiang et al. 2011; Shen et al.
2012). Yet such explanations were often based on qualitative
and sometimes rather speculative considerations.

The high-cadence, full-disk observations by Solar Dynamics
Observatory (SDO), along with studies of the large-scale coro-
nal magnetic field, now provide us the opportunity to substan-
tially increase our understanding of such eruptions. The event
under study attracted considerable attention in the solar com-
munity and beyond. It involved an entire hemisphere of the Sun,
consisted of several flares and six filament eruptions and CMEs,
and triggered a geomagnetic storm on August 3 (Harrison et al.
2012). A detailed account of all eruptions and their precursors
can be found in Schrijver & Title (2011). Here, we restrict our-
selves to the main five eruptions, whose connections we aim
to explain in the present study. Using a combination of SDO
data and analysis of field line connectivity for the 2010 August
1–2 eruptions, Schrijver & Title (2011) found evidence that all
involved source regions were connected by structural features
such as separatrix surfaces, separators, and quasi-separatrix lay-
ers (QSLs; Priest & Démoulin 1995; Démoulin et al. 1996;
Titov et al. 2002). We have recently performed a simpli-
fied magnetohydrodynamic (MHD) simulation of a subset of
these eruptions (Török et al. 2011), in which two successive
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Figure 1. Sympathetic CMEs on 2010 August 1 with the main eruptions numbered in the order of their occurrence, primed numbers indicate near-simultaneous events;
(a)–(c) eruptions 1, 2, and 3 as seen by STEREO-A 304 Å at 02:56, 09:16, and 22:06 UT (left to right); (d) eruption 3′ observed by SDO/AIA 304 Å at 21:30 UT;
(e) eruption 2′ captured by the COR2 coronagraph on board STEREO-A at 08:54 UT; (f) synoptic MDI magnetogram and contours (green) of the pre-eruption filaments
that were visible in Hα, the yellow line indicates the location of the active-region filament 2′ prior eruption.

(A color version of this figure is available in the online journal.)

eruptions were initiated by reconnection at a separator high in
the corona. Thus, this work strongly supports the idea that the
structural features can indeed play a key role in generating linked
eruptions.

While these new results are very encouraging, further research
is needed. First, our simulation used only a simplified magnetic
configuration and addressed just a subset of the complex
sequence of CMEs on 2010 August 1–2. Second, the findings
by Schrijver & Title (2011), being of a general nature, did
not explain the exact role of structural features in connecting
individual eruptions. We show here that a comprehensive
structural analysis of the magnetic environment in which such
eruptions occur allows one to get deeper insights into the
relationship between linked eruptions.

Figure 1 shows that the sequence of eruptions started with a
CME following the eruption of the small filament 1. About
6 hr later, the large quiescent filament 2 erupted, almost
simultaneously with a C-class flare and fast CME originating
in active-region NOAA 11092 (whose polarity inversion line is
denoted by 2′) to the east of filament 1. After another 12 hr, the
large quiescent filament 3 erupted, again almost simultaneously
with a large filament eruption (denoted by 3′) that was observed
above the eastern limb. All of the large filament eruptions
evolved into separate CMEs. Interestingly, while a filament was
present along 2′, it did not erupt as part of the CME (Liu et al.
2010).

Our topological analysis of the large-scale background coro-
nal field, which we describe in detail in Section 3, reveals that,
first, all of the erupting filaments were located prior to their

eruption below so-called pseudo-streamers (e.g., Hundhausen
1972; Wang et al. 2007). A pseudo-streamer is morphologically
similar to a helmet streamer but, in contrast to it, divides coronal
holes of the same rather than opposite polarity and contains two
lobes of closed magnetic flux below its cusp to produce a �-type
structure. These structures are quite common in the corona (e.g.,
Eselevich et al. 1999) and are often observed to harbor filaments
in their lobes (Panasenco & Velli 2010). As the latter authors
pointed out, an eruption in one lobe of a pseudo-streamer is of-
ten followed by an eruption in the other lobe shortly thereafter,
indicating that these structures are prone to producing linked
eruptions.

Second, as suggested by Török et al. (2011), the eruptions
2 and 3, which originated below one pseudo-streamer, were
apparently triggered by eruption 1 that occurred outside the
pseudo-streamer. Third, as also suggested in that study, the fact
that filament 2 erupted before filament 3, although it was located
further from eruption 1 than filament 3, can be explained by the
topological properties of the pseudo-streamer.

These three conclusions are strongly supported by our analy-
sis in Sections 3 and 4 and indicate the central role that pseudo-
streamers may play in many linked eruptions. We further de-
velop this concept and generalize it in Section 4, arguing that
the order of all our eruptions, including those of filaments 2′ and
3′, is not coincidental but causal. It is essentially predetermined
by the overall magnetic topology of the ensemble of pseudo-
streamers that were involved into the eruptions. We compre-
hensively investigate this topology in the framework of the po-
tential field source-surface (PFSS; Altschuler & Newkirk 1969;
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Schatten et al. 1969) model (Section 2.1), using new techniques
for the structural analysis of magnetic fields (Section 2.2).

Being of a general character, our findings on magnetic
topology of pseudo-streamers have a broader impact than was
initially anticipated for this study. In particular, they also provide
important implications for the problem of the origin of the slow
solar wind, which was recently addressed in the framework of
the so-called S-web model (Antiochos et al. 2007; Antiochos
et al. 2011; Linker et al. 2011) and whose aspects have already
been discussed in a number of papers (Titov et al. 2011; Wang
et al. 2012; Crooker et al. 2012). We address the implications of
our new results for the S-web model in Section 5 and summarize
our work in Section 6.

Although solar magnetic fields obtained from PFSS and MHD
models often qualitatively match each other, at least if the
latter are based only on line-of-sight magnetograms (Riley et al.
2006), it remains an open question whether the magnetic field
topology, as understood in mathematical terms, is in both cases
the same. Section 3.3 makes it clear that this question indeed
requires a special study, which is already on the way and will
be described in the part II of a series of papers. In that part, we
will repeat our analysis of the magnetic structure for the global
solar MHD model derived from the same magnetogram as used
in the present PFSS model. We will also compare the results
of our analysis for both these models and, additionally, extend
the discussion of these results, which we start in Section 4, in
relation to observations.

2. INVESTIGATION METHODS

2.1. PFSS Model

As a boundary condition for our PFSS model, we used the
magnetic data that were derived from a Solar and Heliospheric
Observatory/MDI synoptic map of the radial field Br for
Carrington rotation 2099 (2010 July 13–August 9) using the
Level 1.8.2 calibration. We processed the synoptic map, first,
by interpolating it to a uniform latitude–longitude mesh with
a resolution of 0.◦5. The polar magnetic field was fitted in
the new map with a geometrical specification to reduce noise
in the poorly observed polar regions. Second, we smoothed
the resulting Br by applying a diffusion operator such that its
nonuniform diffusion coefficient was smaller in the active region
and larger everywhere else. Finally, we interpolated the obtained
Br distribution from the uniform grid to a nonuniform one
that has a higher and lesser resolution, respectively, inside and
outside the eruptive region. This region is spread in longitude
and latitude approximately from 45◦ to 180◦ and from −20◦ to
65◦, respectively, with the resolution ranging from 0.◦37 × 0.◦37
in this region to 2.◦6 × 1.◦8 outside (see Figure 2(a)).

The spherical source surface, at which the scalar magnetic
potential is set to be constant, is chosen at r = 2.5 R�, where
R� is the solar radius. For such a PFSS model, we have
computed the photospheric map of coronal holes on a uniform
grid with an angular cell size of 0.◦125, which is much smaller
than the smallest grid cell for the computed field itself. The
result is shown in Figure 2(b) together with the source-surface
distribution of the squashing factor Q, which will be discussed
below. The three coronal holes of negative polarity that are
located in the eruptive region are distinctly disconnected from
each other and from the negative northern polar coronal hole.
As will become clear later, the presence of these coronal holes
in the eruptive region is crucial for understanding both the

underlying magnetic topology and the plausible casual link that
this topology sets up between the erupting filaments.

2.2. Techniques for Analyzing Magnetic Structure

Magnetic configurations can generally have both separatrix
surfaces and QSLs. To comprehensively analyze the structure of
our configuration, it is necessary to determine all such structural
features, whose complete set we call the structural skeleton of
the configuration. We fulfill this task in two steps: first, we
identify the footprints of the corresponding (quasi)-separatrix
surfaces at the photosphere and source surface by calculating
the distributions of the squashing factor Q of elemental magnetic
flux tubes (Titov et al. 2002; Titov 2007); these footprints are
simply high-Q lines of the calculated distributions. Second,
using the found footprints as a guide, we trace a number of
field lines that best represent these surfaces.

For the calculation of Q we use its definition in spherical
coordinates (Titov 2007; Titov et al. 2008). By construction, the
Q factor has the same value at the conjugate footpoints, so it
can be used as a marker for field lines. In other words, despite
being originally defined at the boundary surfaces only, the Q
factor can be extended into the volume by simply transporting
its defined values along the field lines according to the equation

B · ∇Q = 0,

where B is a given coronal magnetic field and Q is an unknown
function of space coordinates. This equation can be solved in
many different ways depending on the desirable accuracy and
efficiency of the computation. We will describe our methods for
extending Q in the volume in a future article together with other
techniques for investigating (quasi-)separatrix surfaces, while
here we would like to outline a few relevant considerations.

The extension of Q in the volume makes it possible to
determine the structural skeleton as a set of high-Q layers.
They can intersect each other in a rather complicated way,
especially low in the corona. With increasing height, however,
the intersections become simpler, which particularly helps our
goal of studying the large-scale structure. Determining the Q
distribution at a given cut plane, similar as done before in other
works (Aulanier et al. 2005; Titov et al. 2008; Pariat & Démoulin
2012; Savcheva et al. 2012a, 2012b), is also helpful for analyzing
complex structures. We calculate Q distributions at cut planes,
extending the method that Pariat & Démoulin (2012) described
for configurations with plane boundaries to the case of spherical
boundaries. The high-Q lines in such distributions visualize the
cuts of the structural skeleton by those planes. As will be shown
below (Figure 9), this kind of visualization becomes particularly
useful if the colors corresponding to low values of Q (� 102)
are chosen to be transparent.

We also find it useful to apply this transparency technique to
the photospheric and source-surface Q distributions, particularly
if one uses in addition a special color coding that takes into
account the local sign of the normal field Br at the boundary.
The function that facilitates this color coding is called signed
log Q or simply slogQ and defined as (Titov et al. 2011)

slogQ ≡ sign(Br ) log[Q/2 + (Q2/4 − 1)1/2]. (1)

Using a symmetric blue–white–red palette in combination
with the above transparency mask, we make visible in slogQ
distributions only high-Q lines, colored either in blue or red in
negative or positive polarities, respectively. The resulting maps
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Figure 2. Map of Br (a) used as a photospheric boundary condition for our PFSS model of the 2010 August 1–2 magnetic field and map of slogQ for this model
at the source surface (b) with superimposed (semi-transparent) photospheric map of coronal holes (shaded either in dark red (Br > 0) or dark blue (Br < 0) and
outlined in yellow). Thin (green) lines represent the photospheric polarity inversion line, whose thick segments designate the location of the filaments, part of which
are numbered in the order they erupted. Yellow balloons indicate the coronal holes involved in the eruptions; cyan balloons indicate source-surface footprints of the
separatrix curtains of these pseudo-streamers.

(A color version of this figure is available in the online journal.)
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provide a compact and powerful representation of the structural
skeleton at the boundaries, as evident from our illustrations
below.

Since our magnetic field is potential, Q acquires high values
only in three cases: either the corresponding field lines scatter
from localized inhomogeneities of the field nearby its null points
or minimum points (Titov et al. 2009) or touch the so-called bald
patches (BPs), which are certain segments of the photospheric
polarity inversion line (Seehafer 1986; Titov et al. 1993).
To make the whole analysis comprehensive, we separately
determine the location of all such relevant features and then
relate them to the high-Q lines at the boundaries by tracing a
number of field lines that pass through these features. The pattern
of high-Q lines determined at spherical surfaces of different
radii provides us with estimates of the regions in which the
magnetic nulls and minima can be present. Using then standard
numeric algorithms (see, e.g., Press et al. 2007), both these
features are found as local minima of B2 that is defined between
the grid points in these regions by cubic spline interpolation.
Calculation of the matrix of magnetic field gradients [∇B] and
its eigenvectors at the found nulls and minima allows us to
determine the local (quasi-)separatrix structure, which is further
used to initialize tracing of the respective (quasi-)separatrix field
lines. For tracing generalized (quasi-)separators (see Section 3),
which connect a pair of any of the above three features (i.e.,
nulls, minima, or BP points), we use a technique that is
based on similar principles as described earlier for classical
null–null separators by Close et al. (2004) and Haynes &
Parnell (2010).

3. ANALYSIS OF THE MAGNETIC STRUCTURE

3.1. Coronal Holes versus High-Q Lines at the Boundaries

As mentioned in Section 2.1, the eruptive region contains
three coronal holes of negative polarity that are distinctly
disconnected at the photospheric level by positive parasitic
polarities. With increasing height, however, these coronal holes
start to expand and subsequently merge with each other and
with the main body of the northern polar coronal hole. Being
fully open at the source surface, the magnetic fluxes of these
coronal holes still remain separated by the so-called separatrix
curtains (SCs; Titov et al. 2011). As will become clear below,
the SCs are simply vertical separatrix surfaces that originate at
null points of the magnetic field low in the corona. At the source
surface, their footprints appear as arcs joined at both ends to
the null line of the magnetic field, so that the corresponding
junction points divide the null line into several segments. Taken
in different combinations, such segments and footprints of SCs
form several closed contours. The contours encompass the
fluxes corresponding to the coronal holes that are disconnected
at the photospheric level from each other and from the like-
polarity coronal holes at the poles. This fact clearly manifests
itself on our source-surface slogQ map that is superimposed in
Figure 2(b) on top of the photospheric coronal holes’ map.
The figure indicates, in particular, that the high-Q line of
the footprint SC2 (SC3) and the null-line segment to which the
footprint adjoins encompass the CH2 (CH3) flux. Similarly, the
source-surface footprints SC1 and SC2 and two short null-line
segments to which the footprints adjoin encompass the CH1 flux.

It should be noted, however, that some of the source-surface
high-Q lines do not represent the footprints of SCs, but rather
the footprints of QSLs that stem at the photosphere from narrow
open-field corridors connecting spaced parts of otherwise single

coronal holes. The high-Q lines of QSLs usually appear less
sharp than those of SC footprints (see Figure 2(b)). The indicated
QSL footprints can easily be related to certain open-field
corridors in the northern polar coronal hole. If one traces down
several field lines from the paths that go across these high-Q
lines, the photospheric footpoints of these field lines will sweep
along the respective open-field corridors, as predicted earlier by
Antiochos et al. (2007). However, a similar procedure in the case
of the SCs would give a very different result, which becomes
clear after analyzing the magnetic topology low in the corona
near the indicated coronal holes.

As a first step in this analysis, let us consider the coronal-hole
maps and slogQ distribution, both defined at the photospheric
level and superimposed onto each other as shown in Figure 3.
The pattern of high-Q lines here is more complicated than at
the source surface, as expected. Nevertheless, in the region of
interest, it prominently reveals three high-Q lines (red), which
are identified after inspection as photospheric footprints of the
above-mentioned SCs. They traverse along parasitic polarities
and separate the indicated coronal holes in a similar manner as
their source-surface counterparts. Note also that these footprints
and nearby filaments are locally co-aligned, and at least five of
these filaments were eruptive.

Figure 4 shows the described distributions of slogQ and Br
in three dimensions and a few field lines that produce loop-
arcade structures above the filaments. The loops of arcades are
rooted with one footpoint at the positive parasitic polarities that
disconnect our three coronal holes either from each other (CH1
from CH2) or (CH1 and CH3) from the northern coronal hole.
Thus, these arcades form in pairs the twin magnetic field lobes
of the three pseudo-streamers embedded between the indicated
coronal holes. We also see here that four of the five filaments
(all the numbered ones, except for 2′, in Figures 3 and 4) were
initially located inside such lobes.

3.2. Separatrix Structure of Pseudo-streamers

Of particular interest to us is the question on how the
pseudo-streamer lobes are bounded in our configuration by
separatrix surfaces of the magnetic field. It turns out that these
surfaces originate either at the null points or at the BPs, both
mentioned already in Section 2.2 in connection with high-Q
lines. Following Priest & Titov (1996), we will use the terms
“fan surface” and “spine line” to designate, respectively, two-
dimensional and one-dimensional separatrix structures that are
related to a null point. They are defined through the eigenvectors
of the matrix of magnetic field gradients at this point in the
following way. The fan separatrix surface is woven from the
field lines that start at the null point in the plane spanned
on the eigenvectors, whose eigenvalues are of the same sign.
The spine line is a separatrix field line that reaches the null point
along the remaining third eigenvector. For a potential field, the
spine line is always perpendicular to the fan surface.

In accordance with the recent analytical model of pseudo-
streamers (Titov et al. 2011), the boundaries of our pseudo-
streamers are composed of three types of separatrix surfaces, two
of which are the fan surfaces of some coronal null points, while
the third one is a BP separatrix surface. The fans of the first type
have a curtain-like shape, whose field lines emanate from a null
point, called henceforth basic one. We have already discussed
these surfaces above as SCs in connection with boundary high-Q
lines. They contain both closed and open field lines and extend
from the photosphere to the source surface, as shown in Figures 5
and 6.
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Figure 3. Map of slogQ for our PFSS model at the photosphere with superimposed (semi-transparent) photospheric map of coronal holes and the photospheric polarity
inversion line, both shown in the same way as in Figure 2. Yellow balloons indicate the coronal holes of the pseudo-streamers involved in the eruptions; cyan balloons
indicate photospheric footprints of the separatrix curtains of these pseudo-streamers.

(A color version of this figure is available in the online journal.)

The fans of the second type are associated with other nulls
and include only closed field lines. Each of these fans bounds
the closed flux of the parasitic polarity in a given pseudo-
streamer only at one flank and forms a half-dome-like surface,
whose edge is located in the middle of the pseudo-streamer
and coincides exactly with the spine line of the basic null point
(see Figure 7). The second half-dome is formed in all our three
pseudo-streamers by the third type of separatrix surfaces that
originate in BPs at the opposite flanks of pseudo-streamers. In
fact, in our third pseudo-streamer even both separatrix half-
domes are due to the presence of BPs (Figure 8).

3.3. Field Line Topology of Separatrix Curtains

Consider now in more detail the field line topology in all
our three pseudo-streamers, starting from the two neighboring
separatrix curtains SC1 and SC2 (see Figures 5 and 6). The
field lines in each of these curtains fan out from its own basic
null point that is located between two adjacent coronal holes
of like polarity and above the respective parasitic polarity. The
footprints of SCs, which are discussed in Section 3.1, can be
viewed then as photospheric or source-surface images of single
null points N1 and N2 due to their mapping along closed or open,
respectively, field lines.

Within a given SC, such a mapping is continuous everywhere
except for few special field lines, called separators, where the
mapping suffers a jump. This jump takes place whenever a
mapping field line hits a null point (like N1-2 and N1-3 in

Figure 5, or a BP, like BP1 in both Figures 5 and 6). To
distinguish these separators from other field lines, we have
plotted them thicker in these and further similar figures.

In addition to the mentioned closed separators, there are also
two open ones for each of the curtains. These open separators
connect the null N1 (or N2) to a pair of null points belonging
to the source-surface null line. The latter is simply the helmet
streamer cusp, from which the heliospheric current sheet arises.
Each of these pairs of nulls also coincides with the end points
of the source-surface footprints of SCs.

Note, however, that any null line of the magnetic field is a
topologically unstable feature that can exist only under very
special conditions. We think, therefore, that the source-surface
null line is most likely an artifact inherent only in the employed
PFSS model. If passing from PFSS to MHD model, such a
null line must turn at radii close to 2.5 R� into a feature
that has a substantially different magnetic topology. Thus, the
indicated topological linkages have yet to be refined, using a
more realistic than PFSS model of the solar corona. We will do
that in our next paper II, while here we proceed the analysis,
assuming that our findings on open separators are approximately
correct.

3.4. Field Line Topology of Separatrix Half-domes

Consider now in more detail the topology of separatrix
domes (Figure 7), starting from the pseudo-streamers that are
embedded between CH1, CH2, and the northern polar coronal
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Figure 4. slogQ distributions are mapped on the photospheric and source-surface globes with a varying opacity such that the low-Q areas (Q � 300) appear to be fully
transparent. The photospheric slogQ map is superimposed on the respective gray-scale Br distribution with the coronal holes shaded in light magenta. Green tubes
depict the major filaments prior to the onset of sympathetic eruptions and several field lines (brown) indicate the pseudo-streamer lobes enclosing these filaments.
Open field lines (colored in pink) start in the middle of the coronal holes closest to the pseudo-streamers. The vector triad in the lower right-hand corner indicates the
angle orientation of the Cartesian system that is rigidly bound to the Sun center with the z-axis directed to the north pole.

(A color version of this figure is available in the online journal.)

hole. The eastern half-domes (on the left) are combined in one
simply connected surface, because they originate in one small
bald patch BP1 located at the border of an active region near the
filament 2′. Spreading out from BP1, the field lines extremely
diverge within this surface at the nulls N1 and N2 and hit the
photosphere near the indicated coronal holes. Two of these field
lines (red and thick), however, go instead straight to N1 and N2
and so, as discussed above, are generalized separators belonging
to SC1 and SC2, respectively.

In contrast to the eastern half-domes, the western ones (on
the right) do not merge with each other and have different
originations. The half-dome covering filaments 2 and 3 is simply
a fan surface of an extra null point N1-2 that is located far to the
west from the basic null N1. These two nulls are connected by
an ordinary separator, which belongs to both this half-dome and
the curtain SC1.

It is somewhat surprising, but the half-dome covering filament
1 appears to be a quasi-separatrix surface that originates at
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Figure 5. Field line topology of the separatrix curtain SC1 of pseudo-streamer 1 (embedded between the northern polar coronal hole and CH1). The thickest lines
represent separators, of which the red ones are closed field lines connecting the null point N1 either to the bald patch BP1 or another nulls N1-2 or N1-3, while the cyan
ones are open field lines connecting N1 to the null line of the source surface. Magenta lines are the spine field lines of the nulls; the yellow lines are the separatrix field
lines that emanate from the nulls N1-2 and N1-3 along the fan eigenvectors that are complementary to the separator ones; several field lines (white dashed) belonging
to the boundary of CH1 are also shown. The maps at the photosphere and source surface and their color coding are the same as in Figure 4.

(A color version of this figure is available in the online journal.)

a magnetic minimum point M2-1 lying very close to the
photosphere. The field line (red and thick) that passes through
and connect M2-1 to the basic null N2 is a quasi-separator. The
field direction remains unchanged after passing this line through
the minimum M2-1, as opposed to a genuine null point, where the
field direction would change to the opposite. A similar behavior
of the field at M2-1 would also occur if it were a degenerate null
point, whose one eigenvalue identically equals zero (Titov et al.
2011). We regard this possibility as highly unlikely here, but we
cannot fully exclude it, relying only on our numerical study as
an approximation of nature.

The existence of the null N1-3 in the first of the two discussed
pseudo-streamers brings an extra complexity into the structure.

Figures 5 and 7 show that, similarly to N1-2, the null N1-3 is
connected via an additional separator to the basic null N1. This
implies that the fan surface of N1-3 is also a half-dome such
that its edge coincides with the spine line of the null N1. We
did not plot this half-dome in Figure 7 to avoid cluttering the
image with too many lines, but it is very similar to the plotted
half-dome that originates in the null N1-2.

The third pseudo-streamer, which is embedded between
CH3 and the northern polar coronal hole, has the topology as
analogous as the one of the two others considered above (see
Figure 8). The main difference is only that both half-domes
originate here at bald patches BP2 and BP3, which are located
at the opposite flanks of the pseudo-streamer. In this respect,
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Figure 6. Field line topology of the separatrix curtain SC2 of pseudo-streamer 2 (embedded between the coronal holes CH1 and CH2). The field line styles are the same
as in Figure 5, except that the thin yellow lines represent separatrix field lines associated with small-scale photospheric polarity regions. The maps at the photosphere
and source surface and their color coding are the same as in Figure 4.

(A color version of this figure is available in the online journal.)

the structure is the same as the one used before for initializing
our MHD model of sympathetic eruptions (Török et al. 2011).
It is important that these simulations have demonstrated that the
generalized separators connecting such BPs and null points are
physically similar to the ordinary separators. They both appear
to be preferred sites for the formation of current sheets and
reconnection of magnetic fluxes.

3.5. Field Line Topology versus High-Q Lines in the Cut Planes

A complementary way to study the structure of a pseudo-
streamer is to consider its cross-sectional Q distributions and
analyze their variation in response to changing location of the
cut plane. As one can anticipate from the above analysis, the
simplest pattern of high-Q lines appears to occur in the cut plane
across the very middle of pseudo-streamers, where the basic null
point is located. The corresponding high-Q lines form there a
�-type intersection such that the vertical line and arc in the
symbol � represent, respectively, the discussed SCs and domes.

The shape of separatrix domes at this place essentially follows
the path of the spine line associated with the respective basic
null point. Above such a dome, the SC separates the open fields
of two adjacent coronal holes and observationally corresponds
to the stalk of the pseudo-streamer.

However, with shifting the cut plane from the middle to the
flanks of pseudo-streamers, the pattern of high-Q lines gets
more complicated. In particular, the above high-Q arc can split
into several lines, each of which corresponds to a separate half-
dome, except for the uppermost line. The latter asymmetrically
rises on one side from the curtain up to the source surface
and, touching it, forms a cusp. This line determines the border
between closed and open fields, since it is nothing else than
an intersection line of the cut plane with the separatrix surface
of the helmet streamer. Figure 9 illustrates such a structure
in a particular cut plane; it also shows schematically how the
cross-sectional pattern varies along the pseudo-streamer. Only
three cases where the cut plane passes at the photospheric
level outside CH1 and CH2 are shown in this figure, while the
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Figure 7. Field line topology of the separatrix domes of pseudo-streamers 1 and 2, one of which is embedded between the northern polar coronal hole and CH1 and
the other between the coronal holes CH1 and CH2. The field line styles are the same as in Figures 5 and 6, except that the thin yellow lines represent separatrix field
lines starting either at the bald patch BP1 or in the fan plane of the null point N1-2; a similar separatrix dome associated with the null N1-3 is not shown. The same
style is used for the field lines of the quasi-separatrix surface originated at the magnetic minimum point M2-1. The maps at the photosphere and source surface and
their color coding are the same as in Figures 4–6.

(A color version of this figure is available in the online journal.)

remaining cases can be reproduced analogously from the above
analysis.

3.6. Concluding Remarks

So far, we have only fully described the structural skeleton of
the first pseudo-streamer, including the separatrix curtain SC1
and respective half-domes with their separators. As concerned
with the other two pseudo-streamers, we still have not touched
on several separators depicted in Figures 6 and 8 with yellow

and orange thin lines. These separators are due to “scattering”
of the SC field lines on small photospheric flux concentrations
of negative polarity. Such scattering occurs at BPs or null points
to yield additional half-domes, whose edges coincide with the
spine lines of the basic nulls N2 or N3. The existence of these
features, however, can vary depending on the resolution and
smoothing of the used magnetic data, so we ignore them in our
study, focusing only on stable structural features that are due to
large-scale properties of the configuration.
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Figure 8. Field line topology of the separatrix curtain (cyan) and dome (yellow) of pseudo-streamer 3 (embedded between the northern polar CH and CH3). The field
line styles are the same as in Figures 5–7, except that the thin orange lines represent the separatrix field lines that are associated with the bald patches and null points
of small-scale photospheric polarity regions. The maps at the photosphere and source surface and their color coding are the same as in Figures 4–7.

(A color version of this figure is available in the online journal.)

One also has to remember that the described structure might
be distorted in reality by the field of filaments whenever they
are present inside pseudo-streamer lobes. Note, however, that
such filaments reside prior to eruption in the middle of the lobes
along photospheric polarity inversion lines. So possible intense
currents of the filaments are located relatively far from the found
separatrix domes and curtains and hence the contribution of
such currents to the total field must be small at these places
compared to the background potential field. Therefore, we think
that at large length scales our PFSS model is accurate enough
to describe the structure of the real pseudo-streamers with the
filaments inside the lobes.

4. MAGNETIC TOPOLOGY AS A CAUSAL LINK
IN SYMPATHETIC CMEs

We have studied in Section 3 how SCs and half-domes
originate in a given pseudo-streamer at magnetic null points
and/or BPs and how they intersect each other along separator
field lines. These results are of importance for unveiling a
causal link in the sequential eruption of filaments, in which the
magnetic topology and reconnection likely played a key role.
Indeed, according to the present state of knowledge (Priest &
Forbes 2000), a perturbation in the neighborhood of a separator
line generally creates along it a current sheet, across which
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Figure 9. Field line topology of the separatrix curtain SC1 in relation to the log Q distribution in a cut plane across the pseudo-streamer 1 (a). This distribution is plotted
by using a yellow palette, whose opacity linearly decreases with log Q in the range from 2.5 to 0.3 down to a complete transparency; the maps at the photosphere, their
color coding, and the field line styles are the same as in Figure 5. Dashed (cyan) curves highlight the high-Q lines that represent the intersection lines of the cut plane
with SC1, helmet-streamer separatrix surface, and two separatrix domes. Such a structure is shown also schematically for this cut and two others in panels (b)–(d),
respectively, where the open-field regions are shaded in gray; the extra two cuts are made successively further eastward from the middle of the pseudo-streamer.

(A color version of this figure is available in the online journal.)

magnetic fluxes subsequently reconnect in an amount depending
on the form and strength of the perturbation. As demonstrated
above, each of our pseudo-streamers contains several separators,
all of which are connected to a basic null point. A perturbation
in its neighborhood is expected then to cause reconnection
along each of these separators, resulting ultimately in a flux
redistribution between adjacent topological regions.

It follows from our analysis that these regions are simply the
volumes bounded by various parts of the SC, half-domes, and

separatrix surface of the helmet streamer. Unfortunately, such a
complex topological partition of the volume makes it difficult to
foresee all the details of the response of our pseudo-streamers to
different MHD perturbations. It is clear, however, that eventually
such perturbations will change the magnetic fluxes in the lobes
and consequently the stability conditions for the filaments within
them. The latter in turn can influence the order of eruption of
the filaments, which was recently demonstrated in our simple
MHD model of sympathetic eruptions (Török et al. 2011).

12



The Astrophysical Journal, 759:70 (17pp), 2012 November 1 Titov et al.

In this model, a pseudo-streamer similar to the one that stems
from the basic null N1 played a key role in guiding the
eruptions of the magnetic flux ropes, analogous to our filaments
2 and 3. Thus, our present topological analysis of the potential
background field further substantiates the model.

Let us put now the results of that model into the context of
our present analysis in order to explain the observed sequence
of the 2010 August 1–2 CMEs. For simplicity, we restrict
our consideration to the reconnection processes that occur
in the vicinity of the basic nulls of the pseudo-streamers,
where we expect the greatest perturbation to occur during the
onset of eruptions. As shown above, all separatrix half-domes
merge there and form together with the SC a simple �-type
intersection. Such a separatrix structure implies that, irrespective
of the form of the external perturbation, the reconnection
triggered there will be of the interchange type (e.g., Fisk 2005).
It will exchange the fluxes between the lobes and coronal holes
in such a way that the sum of the fluxes in both the two lobes
and the two coronal holes remains unchanged. In other words,
the diagonally opposite lobes and coronal holes form conjugate
pairs, so that the flux in one pair increases by the same amount
that it decreases in the other pair.

To facilitate further discussion, we label the pseudo-streamers
by the numeric label of their basic null; similarly, we label the
lobes by the label of their embedded filament. Note, first, that
erupting filament 1 resides initially in pseudo-streamer 2, which
is located south of pseudo-streamer 1 (see Figure 7). Therefore,
the rise of filament 1 perturbs the southern side of pseudo-
streamer 1 and eventually triggers interchange reconnection
between the fluxes of coronal hole CH1 and lobe 2. This
reconnection reduces the flux in lobe 2, thereby removing
the field lines that overlie and stabilize filament 2, eventually
causing it to erupt (i.e., the second eruption). On the other
hand, this same interchange reconnection causes the flux in
lobe 3 to increase, adding field lines that overlie filament 3,
thus further stabilizing it. However, later in time, after erupting
filament 2 has risen to a sufficient height, a vertical current sheet
forms in its wake, providing a site for interchange reconnection
between the fluxes of lobe 3 and the northern polar coronal
hole. This second reconnection eventually reduces the flux in
lobe 3, removing field lines that overlie and stabilize filament 3,
eventually causing filament 3 to erupt (i.e., the third eruption).

This scenario is consistent with that proposed for the sequen-
tial eruption of filaments 1–3 in our idealized model (Török et al.
2011). There is one difference though: our present PFSS model
reveals that filament 1 was also located inside a pseudo-streamer,
which is pseudo-streamer 2 in our notation. The presence of this
pseudo-streamer, however, merely facilitates the eruption of fil-
ament 1, because its overlying field becomes open at a very low
height. So this new feature fits nicely with our earlier proposed
mechanism.

The present analysis suggests possible explanations also for
the eruptions 2′ and 3′. According to Figures 5–7, filament 2′
passes above bald patch BP1, which is connected by two sepa-
rators to the basic null points N1 and N2. As discussed above,
the rise of filaments 1 and 2 is expected to activate these sep-
arators, forming current sheets along them, and subsequently
triggering reconnection. Around the location of BP1, this recon-
nection may have been of the tether-cutting type (Moore et al.
2001), reducing the confinement of the active-region core field
and eventually unleashing its eruption. This explanation is in
agreement with the fact that SDO/AIA observed several bright-
enings in the active region before the CME occurred. There was

a particularly strong brightening at ∼06:36 UT below and above
filament 2′, very close to the bald patch BP1 (see the inset in
Figure 10). This brightening occurred after filament 2 had
already started to rise, implying the above activation of the
separator and subsequent reconnection in the vicinity of bald
patch BP1. We note that Liu et al. (2010) also associated the
pre-eruption brightening at ∼06:36 UT to tether-cutting recon-
nection, triggered, however, by photospheric converging flows
rather than separator activation. It appears indeed possible that
both processes played a role. We will make a more detailed com-
parison of our topological analysis with observations in Paper II.

The location of pseudo-streamers 1 and 3 indicates that the
eruptions 2 and 2′ should produce a significant perturbation
of the northern side of pseudo-streamer 3. This should lead
to interchange reconnection between lobe 3′ and the northern
polar coronal hole, reducing the magnetic flux in this lobe
and eventually causing filament 3′ to erupt, in a similar way
as described for filament 2. Note also that filament 3′ rises
above bald patch BP3, which is connected by a separator
to the basic null N3 (see Figure 8). As discussed above for
eruption 2′, resulting tether-cutting reconnection may trigger
the destabilization of filament 3′, in tandem with the indicated
flux reduction in the lobe 3′ caused by interchange reconnection.

This concludes the extended scenario for the sympathetic
eruptions under study. Figure 10 summarizes it, presenting
all the topological features that are relevant for this scenario.
In particular, it depicts the closed separators (red thick lines)
that form a long chain that traverses through all three pseudo-
streamers. As described above, such a separator chain likely
sets up a global coupling between eruptions occurring at widely
separated locations. Figuratively speaking, this separator chain
plays the role of a “safety fuse” in which a single eruption at
one end of the chain triggers along it a sequence of the observed
electromagnetic explosions.

Additional global coupling between pseudo-streamers and
eruptions might also be provided by the open separators (thick
cyan lines in Figure 10), which connect the basic nulls of
the pseudo-streamers to the cusp of the helmet streamer. This
coupling, however, has yet to be verified. It requires a more
advanced model than the PFSS model used in the present study.
We plan to use an MHD model for this purpose in the next step
of our study.

The proposed explanation of the assumed causal link in the
observed sympathetic eruptions is of substantial heuristic value.
It is particularly useful as a guide for setting up and analyzing
further numerical studies of these eruptions. In combination with
our structural analysis, more detailed numerical simulations of
CMEs in this configuration are needed to prove the existence of
such a link and to deepen its understanding.

5. IMPLICATIONS FOR THE S-WEB MODEL

The structural analysis of pseudo-streamers that we have
described has important implications not only for sympathetic
CMEs but also for the slow solar wind. The recent S-web
model (Antiochos et al. 2011; Linker et al. 2011) has sparked
substantial interest in the community (Crooker et al. 2012; Wang
et al. 2012). Unfortunately, several important issues related to
this model are not well understood. Since the results obtained
above relate to the S-web model, we will use this opportunity
to clarify these issues.

The first issue relates to the concept of coronal-hole con-
nectivity. Some confusion has arisen because the connectivity
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Figure 10. Chain of separators and spine lines in all three pseudo-streamers that were involved in the 2010 August 1–2 sympathetic CMEs. The white dashed line
is the null magnetic field line of the source surface—together with the open separator field lines (cyan), it provides a global coupling between all three null points of
the pseudo-streamer separatrix curtains. The inset shows a zoomed region near BP1, where a strong pre-flare brightening (indicated by yellow blob) was observed by
SDO/AIA at ∼06:36 UT shortly after which eruption 2′ started.

(A color version of this figure is available in the online journal.)

of coronal holes has been interpreted in two different senses.
We can consider coronal holes either as two-dimensional re-
gions at the photosphere or as three-dimensional regions in the
corona. Though coronal holes of like polarity are always con-
nected when considered as three-dimensional regions, it is im-
portant to note that they can be disconnected in the photosphere
when considered as two-dimensional regions (Titov et al. 2011).
In this case, they merge at some height in the corona via a field
line separatrix structure that observationally manifests itself as
a pseudo-streamer.

The pseudo-streamers we described above (see Figures 5–8)
illustrate this fact conclusively. All these cases were charac-
terized by disconnected coronal holes CH1, CH2, and CH3
(Figure 2), each of which merges with an adjacent coronal

hole at the height of the basic null point of the correspond-
ing pseudo-streamer. At heights where the magnetic field be-
comes completely open, the corresponding separatrix curtains
SC1, SC2, and SC3 serve as interfaces between the holes. Note
also that their footprints appear at the source surface as very
sharp high-Q lines, whose ends are joined to the null line of the
magnetic field (Section 3.1).

Of course, this does not exclude the possibility for different
parts of photospheric open-field regions to be connected with
each other through narrow corridors. Several examples of such
corridors are also seen in our northern polar coronal hole
(Figure 2). They imply the appearance of QSLs in the open
field, as proposed first by Antiochos et al. (2007), and whose
transformation into SCs and back to QSLs has been described
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Figure 11. Structure of magnetic field lines near parasitic polarity regions A, B, and C embedded into the northern coronal hole (a) and location of their footprints A′,
B′, and C′ at the source surface (b), where a (semi-transparent) slogQ distribution is also displayed. The high-Q lines encircled by dashed (yellow) lines correspond
to the footprints of QSLs that originate in the photospheric open-field corridors adjacent to these polarities.

(A color version of this figure is available in the online journal.)

at length by Titov et al. (2011). As already pointed out in
Section 3.1, such QSLs appear at the source surface as high-
Q lines with a smooth distribution of Q across their widths
(Figure 2(b)). Just as in the case of SCs, these high-Q lines are
joined at both ends to the null line of the magnetic field.

Thus, in both the case of truly disconnected and connected
coronal holes, interpreted as two-dimensional photospheric
regions, their mapping to the source surface connects to the
null line of the helmet streamer. This is in contrast to the
interpretation of Crooker et al. (2012), who regarded this
property of the field line mapping as evidence of the connectivity
of coronal holes at the photospheric level. Moreover, we think
that the V-shaped coronal hole they interpreted as connected in
the photosphere is actually disconnected, as our earlier study of
the same case indicates in the framework of the global MHD
model (Titov et al. 2011). This particular example shows that
when coronal holes are connected in three dimensions it does not
necessarily imply that they are connected in the photosphere too.

It remains to be studied how numerous the above open-
field QSLs are, compared to SCs, in magnetic configurations
with a realistically high resolution. Note that by definition
they both belong to the S-web. In the slogQ-distribution at the
source surface, the S-web appears as a network of high-Q arcs
connected to the null line of the helmet streamer (Figure 2(b)).
The width in latitude of the S-web at this surface is a well-
defined quantity, because its value is uniquely related to the
open photospheric flux that is (nearly) disconnected from the
main bodies of the polar coronal holes. It is unlikely that this
flux, and hence the width of the corresponding S-web, will
significantly change if one further increases the resolution of
the input magnetic data and the corresponding PFSS model.

This conclusion is in contrast with the statement of Wang
et al. (2012) that the S-web will extend to the polar region if one
resolves its small parasitic polarities. Each such polarity will,
indeed, bring additional (quasi-)separatrix structures into the
open-field regions. However, in contrast to the SCs of pseudo-
streamers, these structures will, first, have a much smaller
angular size and, second, will not criss-cross the S-web, but

rather stay mostly isolated from it. Since the quasi-separatrix
structures arising from parasitic polarities in polar coronal holes
have different geometrical sizes and structural properties, their
physical properties are also likely to be different. Therefore,
they have not been included into the definition of the S-web
(Antiochos et al. 2011), regardless of the fact that the polar
plumes associated with these parasitic polarities might appear
similar to pseudo-streamers observationally.

To clearly make this point, Figure 11 shows what happens
around three small parasitic polarities (A, B, and C) embedded
into the northern coronal hole. Panel (a) depicts three sets of
open field lines that start very close to the oval high-Q lines
bordering the closed magnetic flux of these polarities. Panel (b)
shows their source-surface footpoints A′, B′, and C′, indicating
that such field lines hit the boundary far away from the null line.
Thus, their behavior indeed differs from that of the field lines
belonging to the SCs we described previously.

In particular, as stated above, for polarities that are far from
the main border of their surrounding coronal hole, such as A,
their signature at the source surface A′ is completely isolated
from the S-web. Polarities B and C, however, are much closer
to the coronal-hole border; they are detached from it by only
a relatively narrow open-field corridor. As expected, the field
lines starting in these corridors form QSLs whose footprints
at the source surface adjoin on each side of their respective
footprints B′ and C′ (as shown in Figure 2(b)). The high-Q lines
resulting from these merged QSLs would appear, at first sight, to
form arcs whose ends join the null line of the helmet streamer.
However, we would argue that these “arcs” do not genuinely
belong to the S-web because these segments have rather low
values of log Q (� 1.5). In summary, we have argued that the
addition of small parasitic polarities in polar coronal holes would
not contribute to the S-web significantly, if at all. We intend
to test this conjecture in future work by explicitly calculating
the contribution of parasitic polarities in high-resolution PFSS
models.

These considerations help us to predict how our S-web will
change with increasing resolution of the input magnetic data
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and the corresponding PFSS model. First, increased resolution
will cause additional fragmentation of the disconnected coronal
holes, while leaving their total magnetic flux approximately
unchanged. Our analysis suggests that this will increase the
number of cells and high-Q lines in the S-web, but will not
substantially increase its width in latitude at the source surface.

Depending on the strength of the parasitic polarities intro-
duced when going to higher resolution, and their positions in
coronal holes, the separatrix structure enclosing these polarities
can be of two types. First, it can be just a single BP separatrix
surface, as in our examples shown in Figure 11. This structure
contains no null points in the corona, but nevertheless it com-
pletely separates the closed flux of the parasitic polarity from
the surrounding magnetic field (Bungey et al. 1996; Müller &
Antiochos 2008). Second, it can also be a more familiar struc-
ture with a dome-like fan surface and spine line across both
coming out from a single null point and surrounded by QSLs
(Masson et al. 2009).

These two types of separatrix structures are similar in that
their (quasi)-separatrix field lines do not fan out in the open-field
region as much as they do in pseudo-streamers. The perturbation
of such a structure due to local flux emergence or photospheric
motion causes formation of a current sheet and reconnection,
both localized in a small region near the corresponding BPs or
null points. This process can be considered as a mechanism for
producing coronal plumes or “anemone” jets in polar coronal
holes (Moreno-Insertis et al. 2008; Müller & Antiochos 2008;
Pariat et al. 2010).

The pseudo-streamers are structurally very different. As
shown above, they contain several separators, two of which are
open, while the others are closed. An emergence, submergence,
and/or displacement of photospheric flux concentrations in the
lobes of pseudo-streamers, and in their surrounding, must lead
to the formation of current sheets along the separators closest
to the source of the perturbations. Since current sheets form
along the entire length of separators, the related reconnection
processes proceed similarly (Parnell et al. 2010). This indicates
that reconnection in pseudo-streamers and coronal plumes
might have quite different characteristics, which additionally
substantiates the original definition of the S-web.

The open separators are lines at which the open and closed
magnetic fields become in contact with each other. They appear
to be the longest separators in the pseudo-streamers, so most
of the interchange reconnection must occur along them. How
does it proceed in the presence of multiple closed separators, all
connected together with the basic nulls of the pseudo-streamers?
This question is of particular importance for understanding the
physics of pseudo-streamers and has never been investigated
before, because their topological structure was unknown. The
answer to this fundamental question is crucial to determine
if the S-web model can explain the origin of the slow solar
wind. Therefore, it ought to be the focus of the future studies,
with special emphasis on the processes that occur both at open
separators and the QSLs associated with open-field corridors.

The plasma sheets of pseudo-streamers, as observed in the
white-light corona, are composed of fine ray-like structures
that are presumed to be formed by interchange reconnection
at the streamer cusp (Wang et al. 2012). Such an explanation is
consistent with our discussion of open separators, except that in
our scenario reconnection occurs along the entire length of these
separators rather than just at the mentioned cusp points (which
are the footpoints of our open separators at the source surface). In
light of our present analysis, the observed ray-like structures are

likely a part of the S-web. For structural features (like separators)
to be visible, they have to not only be present, but also perturbed
sufficiently (e.g., by waves or photospheric motions). Therefore,
at any moment in time, only a small fraction of the S-web might
be visible in white light.

It should also be emphasized that the S-web model does
not assume a priori that reconnection in pseudo-streamers
generates the slow wind in the form of plasma blobs, as it
does in helmet streamers (Wang et al. 2012). In fact, we
expect that this process must be so different here that it
will directly affect the observational properties of the pseudo-
streamers. Indeed, in contrast to the helmet streamers, the
reconnection in the pseudo-streamers has to occur not in the
plasma sheet itself but rather at its edges, where the above
open separators are located. Consequently, the pseudo-streamer
material must be replenished, at least in part, by the plasma
that flows out from those edges. This process has likely to
occur in a sporadic fashion, namely, each time when the
interchange reconnection takes place between open and closed
fields. As a result, the respective reconnection outflows have to
be modulated accordingly to produce in the pseudo-streamers
the mentioned above ray-like rather than blob-like structures.
This consideration shows that, irrespective of its relevance to
the problem of the origin of the slow solar wind, the question on
how the interchange reconnection modifies the properties of the
wind flow in the pseudo-streamers deserves very close attention
in the future studies.

6. SUMMARY

We have studied the large-scale topology of the coronal
magnetic field determined in the framework of a PFSS model
for the time period 2010 August 1–2, when a sequence of
sympathetic CMEs occurred. First, this model was computed
from the observed data of the photospheric magnetic field.
Second, we have calculated high-resolution distributions of
the squashing factor Q at the photospheric and source-surface
boundaries and at several cut planes across the regions where
the CMEs started. Third, we have developed a special technique
for tracing (quasi-)separatrix field lines that pass through the
high-Q lines of such distributions. These tools allowed us to
fulfill a comprehensive analysis of the magnetic field structure.

Of particular interest to us were large-scale separatrix surfaces
that divide the coronal volume into topologically distinct regions
in which the erupting filaments originated. We have found
that four of these five filaments were initially located in the
lobes of three pseudo-streamers. Such lobes are obtained as
a result of intersection of curtain-like and dome-like separatrix
surfaces of the coronal magnetic field. The SC is a fan separatrix
surface associated with a null point that is called basic one and
located at a certain height in the corona between two adjacent
coronal holes of like polarity. Such a curtain is formed by open
and closed field lines fanning out from the basic null point. The
dome separatrix surfaces are made of two half-domes joined
with each other along the spine line of this null point. The half-
domes are formed by the field lines that also fan out either from
a BP or another null point, which both are located at the flanks
of the pseudo-streamer.

In the middle cross-section passing through the basic null of a
pseudo-streamer, these separatrix surfaces intersect to produce a
�-type shape in which the vertical line and arc represent the SC
and adjoint half-domes, respectively. Above the half-domes in
this cross-section, the curtain separates adjacent coronal holes
of like polarity and observationally corresponds to the stalk of
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pseudo-streamers. At heights below the basic null of the pseudo-
streamer, the coronal holes become disconnected by closed
magnetic fields rooted in parasitic polarities and separated by the
distance equal to the local width of the separatrix half-domes.

The separatrix surfaces of the pseudo-streamers in the August
1–2 events are located relatively far from the pre-eruption
positions of the filaments, so that their contributions to the total
field and hence their influence on these surfaces must be small.
Therefore, our source-surface model should be sufficiently
accurate to reproduce the large-scale structure of real pseudo-
streamers with filaments inside.

The indicated SCs intersect half-domes along closed separa-
tor field lines, or simply separators, that pass through the null
points or BPs at the flanks of the pseudo-streamers. In addition,
these curtains intersect the helmet-streamer separatrix surface
twice along open separator field lines, which connect the basic
nulls of the pseudo-streamers to streamer-cusp points. Invoking
our recent MHD model of sympathetic eruptions (Török et al.
2011), we argue that magnetic reconnection at both these types
of separators is likely a key process in sympathetic eruptions,
because it controls how magnetic fluxes are redistributed be-
tween the lobes of pseudo-streamers during eruptions. It has
been demonstrated here that the configuration which harbored
the first three erupting filaments had a similar magnetic topol-
ogy as was assumed in that model. Thus, the present topological
analysis of the PFSS background field substantiates the previous
assumptions on the initial configuration in Török et al. (2011).

Here, we proceeded with a generalization of this earlier pro-
posed scenario, by noticing, first, that the indicated separators
in our configuration form a huge chain that traverses through
all three pseudo-streamers involved in the eruptions. We have
qualitatively explained how a single eruption at one end of such
a separator chain can trigger a whole sequence of eruptions.

We have also discussed the implications of our obtained re-
sults for the S-web model of the slow solar wind by empha-
sizing those issues that have not been well understood so far.
First, we have demonstrated how the pseudo-streamer struc-
ture accommodates disconnection and merging of two coro-
nal holes, respectively, below and above the basic nulls of the
pseudo-streamers. Second, we have explained the differences
in magnetic topology between pseudo-streamers and separatrix
structures enclosing small parasitic polarities in the polar coro-
nal holes and discussed why such structures were not included
in the original definition of the S-web. Third, we have empha-
sized that the sources of the slow solar wind most likely reside
both at the separators of pseudo-streamers and QSLs originated
in narrow photospheric corridors of the open magnetic field.
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The Challenge in Making Models of Fast CMEs
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Abstract. It has been a challenge to explain theoretically how fast CMEs (exceeding ∼ 1,000km/s) occur. Our numerical
models suggest that it is not easy to release enough magnetic energy impulsively from an active region. We have been studying
CME models that are constrained by observed magnetic �elds, with realistic coronal plasma density and temperature pro�les,
as derived from thermodynamic models of the corona. We �nd that to get fast CMEs, the important parameters are the
magnetic energy density, the magnetic �eld drop-off index, and the Alfvén speed pro�le in active regions. We describe how
we energize active regions, and how we subsequently initiate CMEs via �ux cancellation. We contrast CMEs from idealized
zero-beta models with more sophisticated models based on thermodynamic solutions.
Keywords: Coronal Mass Ejections, Solar Corona, Magnetohydrodynamics (MHD)
PACS: 96.60.P-, 96.60.ph, 96.60.qf, 95.30.Qd

INTRODUCTION
It has been dif�cult to develop successful models of fast
coronal mass ejections (CMEs). By fast CMEs we mean
those whose speed signi�cantly exceeds the ambient so-
lar wind speed (i.e., exceeding ∼ 1,000km/s). In order
to explain fast CMEs, we need to demonstrate that a sig-
ni�cant fraction of the magnetic energy in an active re-
gion can be converted into kinetic energy to accelerate
the CME, produce a shock wave low in the corona, open
overlying closed magnetic �eld lines, and accelerate en-
ergetic particles. Our numerical models suggest that it is
not easy to release enough magnetic energy impulsively
for these purposes. This has to be done using realistic pa-
rameters (magnetic �eld strength, coronal density, active
region size, solar wind, and global �eld model). It is de-
sirable to use self-consistent CME initiation mechanisms
(e.g., photospheric shearing �ows, �ux cancellation, �ux
emergence), rather than starting from con�gurations that
are initially out of equilibrium.

To understand CMEs theoretically it is helpful to ide-
alize the problem to the simplest possible con�guration
that retains the essential characteristics of CMEs. This
is a dif�cult task, since this simpli�cation might com-
promise the very goal of getting a fast CME. The pho-
tospheric magnetic �eld that is used in models is typ-
ically smoothed because simulations with large Alfvén
speed and high-resolution meshes are computationally
challenging. This smoothing tends to reduce the size of
the photospheric �eld. In our experience, models with
overly smoothed �elds do not tend to produce fast CMEs.
The smoothing process reduces the magnetic energy den-
sity in the active region and the magnitude of the Alfvén
speed in the corona, and it is likely that these reductions
may lower the speed of CMEs.

The plasma density can also affect the speed of CMEs
(presumably via the Alfvén speed). Therefore, the mod-
els need to have a realistic density pro�le, requiring an
accurate energy equation in the model, and a reason-
able coronal heating model. With a sophisticated energy
equation [1], we are able to model the cold, dense promi-
nences that frequently erupt together with the CME. As
we describe below, the mass trapped in the prominence
may affect the speed of the CME, requiring an accurate
model of the lower corona and chromosphere.

Finally, the magnetic �eld overlying the active region
may affect how the CME is con�ned and the nature of
the eruption. Since this �eld arises from distant magnetic
�eld sources, a global model whose scale is much larger
than the source active region may be required to properly
model the CME.

It is apparent that all these aforementioned considera-
tions make the modeling of fast CMEs dif�cult. This may
be the reason that models have generally not been able to
produce fast CMEs.

AN IDEALIZED MODEL
We illustrate our methodology by developing an ideal-
ized model of a CME that was observed on 12 May
1997. We have studied this event for many years. Even
though this CME occurred in the SOHO era, it is still
relevant today, simply because it is not very well under-
stood yet. The halo CME originated in a “simple” small
bipolar active region (AR 8038) at N21◦W08◦, and was
accompanied by a C1.3 �are at 04:42UT. The projected
CME speed was ∼ 250km/s; the estimated actual CME
speed was∼ 600km/s. This CME has been described by
Plunkett et al. [2] (LASCO); Thompson et al. [3] (EIT
waves); Webb et al. [4] (interplanetary magnetic cloud);
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Idealized Model of the 12 May 1997 Photospheric Magnetic Field Br
MDI Synoptic Map Model v1 Model v2

50250-25-50

Br [Gauss]

FIGURE 1. The two idealized models of the 12 May 1997
photospheric magnetic �eld, compared to the SOHO/MDI
magnetogram.

Ambastha and Mathew [5] (�ux cancellation); Gopal-
swamy and Kaiser [6] (Type II radio); Attrill et al. [7]
(coronal dimmings); and Crooker and Webb [8] (inter-
change reconnection).

Despite the fact that this was not a fast CME, it is
an excellent case to study for the following reason. Our
simulations of the pre-eruption corona with a thermo-
dynamic model reproduce several characteristics of the
observations, including signatures in EUV and X-ray
emission (coronal hole morphology, quiet Sun and active
region emission, sigmoid). Furthermore, our simulated
eruptions also match the observations, including promi-
nence formation, dimming regions in EUV and X-rays,
post-�are loops, and EIT waves. Nevertheless, all our at-
tempts to simulate this CME produce an eruption that is
less energetic than the observed CME.

A procedure for developing a simpli�ed model using
a global sun-centered dipole and a sub-surface bipole to
represent the active region (AR) was described by Titov
et al. [9]. We adopt a similar procedure, matching the
observed AR �ux (∼ 5× 1021Mx) and the total global
�ux (∼ 4.3× 1022Mx). The resulting global dipole has
Br = 2.8G at the poles.

We are studying two versions of the model: v1 has a
smoother version of the magnetogram with Br(max) =
50G in the AR; v2 has less smoothing with Br(max) =
180G. The idea is to determine if the reduction of pho-
tospheric magnetic �eld by smoothing reduces the speed
of the CME. Both models match the observed AR mag-
netic �ux. Figure 1 shows the models compared to the
photospheric �eld observed with the SOHO/MDI mag-
netogram.

The simulations are performed with our spherical 3D
resistive MHD code, using a semi-implicit technique to
overcome the time step limit imposed by the Alfvén
speed, and a fully implicit scheme to advance the resis-
tive, viscous, and thermal conduction terms [10, 11]. In
the transverse direction, the smallest cells (in the AR)
have a size of 2,300km (690km) for a medium (high)
resolution mesh. In the vertical direction, for the thermo-
dynamic model, the smallest cells have a size of 220km
(60km) for a medium (high) resolution mesh. The resis-
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FIGURE 2. The �eld drop-off index (vertically above the
neutral line) for the high-resolution MDI data and for Models
v1 and v2.

tivity is chosen to be uniform, with a Lundquist number
S= 106.

Kliem and Török [12] have described how the drop-
off of the poloidal component of the potential �eld that
con�nes a �ux rope affects its stability. Assuming that
locally Bpol = B0(h/h0)−n, where h = r − R� is the
height above the photosphere, the local drop-off index is
n=−d(lnBpol)/d(lnh). A heuristic condition for stabil-
ity is: when n � 1.5 above the �ux rope, the rope erupts
more easily; when n � 1.5, the rope tends to be sta-
ble [12]. Démoulin and Aulanier [13] consider the criti-
cal value to be closer to 1.1–1.3. Török and Kliem [14]
have investigated the effect of n on the speed of CMEs.
Fields that fall off rapidly with height (larger n) are eas-
ier to disrupt, and may produce faster CMEs. An exam-
ple is a quadrupolar con�guration, as exempli�ed by the
Breakout Model [15]. Figure 2 compares n for the high-
resolution MDI magnetogram, and for Models v1 and
v2 (using a PFSS model). It can be seen that Model v2
matches n of the high-resolution data, whereas Model v1
has a lower n. This is an indication that Model v1 may
have been smoothed too much and may have dif�culty
producing fast CMEs, consistent with our preliminary re-
sults. Full con�rmation will require a detailed compari-
son of models v1 and v2 (work in progress).

ACTIVE REGION ENERGIZATION AND
CME TRIGGERING

We brie�y describe how we typically energize the active
region in our model, and how we trigger the eruption.
We start with a potential �eld, and energize the AR by
emerging transverse magnetic �eld along the polarity
inversion line (PIL), speci�ed via a boundary condition
at r = R� on the transverse electric �eld, Et = ∇tΦ.
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FIGURE 3. The potential Φ used to energize the AR by
emerging transverse magnetic �eld along the PIL (green).

The potential Φ is chosen to change sign across the
PIL; see Fig. 3. Since Et is the gradient of a scalar, this
electric �eld does not change Br in the photosphere. We
�nd that the transverse magnetic �eld emerged by this
process introduces shear at the neutral line. The magnetic
energy in the active region is raised signi�cantly above
the potential �eld energy.

After the energization is complete, the eruption is trig-
gered by applying �ux cancellation at the PIL. There
is evidence that �ux cancellation preceded the 12 May
1997 CME [5], and may have been its trigger. MDI mag-
netograms show clear evidence of cancellation of �ux at
the PIL. This �ux cancellation is speci�ed by imposing
converging �ows at r = R�, together with photospheric
diffusion [e.g., 16, 17, 18]. Figure 4 shows a typical ex-
ample of the �ow used. In its early stages, �ux cancella-
tion converts the highly sheared �eld along the PIL into
a �lament. We have found these techniques to be a very
�exible way to energize and trigger CMEs.

ZERO BETA AND THERMODYNAMIC
MODELS

The full thermodynamic model with an improved en-
ergy equation is very costly to run, since it requires
high-resolution meshes and small time steps. A “zero-
beta” model, in which gravity and pressure forces are ne-
glected, is a useful approximation. In this model, the en-
ergy equation is not solved (since p = 0). The zero-beta
model is numerically more ef�cient, and is frequently
used for the rapid investigation of stability. It is important
to note that the coronal density pro�le ρ(x) can be cho-
sen freely in this model. This choice affects the Alfvén
speed pro�le. In general, it is dif�cult to choose a real-
istic ρ pro�le, especially when the magnetic �eld varies
over a large range (as is the case for global simulations
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FIGURE 4. Flow applied at r = R� that converges towards
the PIL (green), resulting in cancellation of �ux. This fre-
quently triggers the initiation of a CME. The contours show
the photospheric resistivity.

with high resolution in active regions). That is a primary
reason to use a thermodynamic model in which ρ is de-
termined self-consistently. We have found that the choice
of ρ(x) can dramatically in�uence the assessment of a
fast CME model.

We studied the energization and eruption of Model
v1 using the zero-beta and thermodynamic models. We
found that when an arbitrary, though reasonable, density
pro�le was speci�ed in the zero-beta model, the CME
reached a certain speed. When we repeated this case us-
ing a density pro�le that was derived from the thermo-
dynamic model (which is more realistic), the CME speed
was signi�cantly different. The case with the “fake” den-
sity pro�le was appreciably more energetic. (It turned out
to have a higher coronal Alfvén speed.) This ought to be
a cautionary tale for users of zero-beta models.

Furthermore, we noticed that the thermodynamic
model generally gave less energetic eruptions for the
same conditions (energization and �ux cancellation), as
illustrated in Fig. 5. The thermodynamic model has a
smaller burst of kinetic energy, and a correspondingly
more gradual release of magnetic energy, than the zero-
beta model. (In this case the zero-beta model used the ρ
pro�le from the thermodynamic model to make the com-
parison as similar as possible.) In the thermodynamic
model, the lower �eld lines in the erupting �lament ap-
pear to be trapped by the dense plasma in the chromo-
sphere/low corona, in contrast to the zero-beta model, as
seen in Figure 6. The thermodynamic model shows the
self-consistent formation of a prominence (cool, dense
material) in the �lament channel, an exciting develop-
ment in its own right. Since the physics in the thermo-
dynamic model is more accurate, conclusions about the
speed of CMEs based on the zero-beta model need to be
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Zero Beta vs. Full Thermodynamic Cases
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FIGURE 5. The magnetic and kinetic energy for zero-beta
and a full thermodynamic simulations. The kinetic energy for
the thermodynamic case is that above the initial value.

Full Thermodynamic Model
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FIGURE 6. The evolution of selected �eld lines for zero-beta
and full thermodynamic simulations.

made carefully.

CONCLUSIONS
It is apparent that models of fast CMEs do not come
easily. Although our analysis is not complete, there are
strong indications that magnetograms of active regions

used in models must not be smoothed too much, to max-
imize the chances of getting a fast CME. It appears to
be necessary for the models to maintain high Alfvén
speeds. The presence of a large �eld drop-off index low
in the corona also helps. Zero-beta models are very use-
ful, but need to be used carefully when making con-
clusions about the speed of CMEs. Full thermodynamic
models offer promise to model the formation of promi-
nences and their eruption within CMEs.
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ABSTRACT

It has recently been noted that solar eruptions can be associated with the contraction of coronal loops that are not
involved in magnetic reconnection processes. In this paper, we investigate five coronal eruptions originating from
four sigmoidal active regions, using high-cadence, high-resolution narrowband EUV images obtained by the Solar
Dynamic Observatory (SDO). The magnitudes of the flares associated with the eruptions range from GOES class
B to class X. Owing to the high-sensitivity and broad temperature coverage of the Atmospheric Imaging Assembly
(AIA) on board SDO, we are able to identify both the contracting and erupting components of the eruptions: the
former is observed in cold AIA channels as the contracting coronal loops overlying the elbows of the sigmoid, and
the latter is preferentially observed in warm/hot AIA channels as an expanding bubble originating from the center
of the sigmoid. The initiation of eruption always precedes the contraction, and in the energetically mild events (B-
and C-flares), it also precedes the increase in GOES soft X-ray fluxes. In the more energetic events, the eruption
is simultaneous with the impulsive phase of the nonthermal hard X-ray emission. These observations confirm that
loop contraction is an integrated process in eruptions with partially opened arcades. The consequence of contraction
is a new equilibrium with reduced magnetic energy, as the contracting loops never regain their original positions.
The contracting process is a direct consequence of flare energy release, as evidenced by the strong correlation of
the maximal contracting speed, and strong anti-correlation of the time delay of contraction relative to expansion,
with the peak soft X-ray flux. This is also implied by the relationship between contraction and expansion, i.e., their
timing and speed.

Key words: Sun: coronal mass ejections (CMEs) – Sun: flares

Online-only material: animation, color figures

1. INTRODUCTION

It is generally regarded that solar eruptions are due to a
disruption of the force balance between the upward magnetic
pressure force and the downward magnetic tension force. Since
the eruption can only derive its energy from the free energy
stored in the coronal magnetic field (Forbes 2000), “the coronal
field lines must contract in such a way as to reduce the magnetic
energy

∫
V B2/8π” (Hudson 2000, p. L75). The contraction must

be associated with the reduction of the magnetic tension force
for each individual loop-like field line undergoing contraction,
as its footpoints are effectively anchored in the photosphere.
Eventually, a new force balance would be achieved between the
magnetic pressure and tension force after the energy release.
From an alternative viewpoint, the average magnetic pressure
B2/8π must decrease over the relevant volume V across the
time duration of the eruption. V can be roughly regarded as the
flaring region, primarily in which magnetic energy is converted
into other forms of energies. The contraction process, termed
“magnetic implosion” by Hudson (2000), is very similar to the
shrinkage of post-flare loops (Forbes & Acton 1996), except
that loop shrinkage is driven by temporarily enhanced magnetic
tension force at the cusp of the newly reconnected field lines,
whereas loop contraction is driven by reduced magnetic pressure
in the flaring region. Additionally, with newly reconnected loops
piling up above older ones, the post-flare arcade as a whole often
expands, rather than shrinks, with time.

Hudson (2000, p. L75) concluded that “a magnetic implosion
must occur simultaneously with the energy release,” based on

no assumption about the energy release process itself. However,
the detailed timing and location of loop contraction might
provide diagnostic information on the eruption mechanism. For
example, when the reconnection-favorable flux emerges inside
a filament channel (Figure 1(a); adapted from Chen & Shibata
2000), it cancels the small magnetic loops below the flux rope,
which results in a decrease of the local magnetic pressure. The
whole dipolar magnetic structure must contract correspondingly.
Meanwhile, plasmas on both sides of the polarity-inversion
line (PIL) would move inward to form a current sheet below
the flux rope and the subsequent evolution could follow the
paradigm of the standard flare model (e.g., Kopp & Pneuman
1976). In that case, overlying coronal loops could be observed to
initially contract and then erupt. In a different scenario, a twisted
flux rope confined by potential-like magnetic fields is found to
be energetically favorable to “rupture” through the overlying
arcade via ideal-MHD processes (Figure 1(b); adapted from
Sturrock et al. 2001). This is clearly demonstrated in MHD
simulations by Gibson & Fan (2006) and Rachmeler et al.
(2009), in which overlying loops can be seen to be pushed
upward and aside as the flux rope kinks and expands, and
after the rope ruptures through the arcade, overlying loops
on both sides quickly contract toward the core region, due to
the reduction of the magnetic pressure in the core field with
the escape of the flux rope. In particular for this scenario
(Figure 1(b)), one would expect to see both the expanding flux
rope and the contracting overlying loops during the eruption
as long as the arcade is only partially opened. Although both
scenarios involve a pre-existing flux rope, they can supposedly
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Table 1
List of Events

Date AR Location Hale GOES vmax
c vmax

e Δt

(km s−1)a (km s−1)b (min)c

2010 Aug 1 11092 N13E21 α/β C3.2 −51 83 9.0
2010 Sep 3 11105 N19W23 β/− B2.8 −12 94 34.6
2011 Feb 13 11158 S19W03 β/β M6.6 −195 538 1.8
2011 Feb 15 11158 S21W21 βγ/βγ X2.2 −320 401 2.4
2011 Jun 21 11236 N17W19 βγ/βγ C7.7 −57 90 12.4

Notes.
a Maximum contracting speed.
b Maximum expanding speed.
c Time delay of contraction relative to expansion.

(a) (b)

Figure 1. CME models relevant to magnetic implosion. (a) Schematic diagram
of the emerging flux triggering mechanism for CMEs (adapted from Chen &
Shibata 2000). The emerging flux inside the filament channel cancels the pre-
existing loops, which results in the in situ decrease of the magnetic pressure.
Magnetized plasmas are driven inward to form a current sheet beneath the flux
rope. (b) Schematic sketch showing that in the three-dimensional space a twisted
flux rope can rupture the overlying magnetic arcade and erupt by pushing the
magnetic arcade aside (adapted from Sturrock et al. 2001). With the escape
of the flux rope, the arcade field undergoes contraction due to the decreased
magnetic pressure in the core field.

also accommodate those models in which the flux rope forms
immediately prior to (e.g., Moore et al. 2001), or during the
course of (e.g., Antiochos et al. 1999), the eruption.

Corresponding to the aforementioned models (Figure 1),
our previous observational studies also suggest two different
scenarios, i.e., (1) the bunch of coronal loops undergoing
contraction later becomes the front of the eruptive structure
(Liu et al. 2009b) and (2) the contracting loops are distinct
from the eruptive structure (Liu & Wang 2009, 2010). The role
of contraction in the eruption, however, has been unclear in
both scenarios. For Scenario 1, the event reported by Liu et al.
(2009b) remains unique in the literature; as for Scenario 2, the
eruptive structure is not easy to detect before its appearance
as a coronal mass ejection (CME) in the coronagraph, unless
there is dense filament material serving as the tracer (Liu &
Wang 2009). In some cases, its slow ascension and expansion
during the early stage might manifest as the gradual inflation of
overlying coronal loops (Liu et al. 2010b). Only with the advent
of the Solar Dynamic Observatory (SDO; Pesnell et al. 2012),
which provides a continuous and wide temperature coverage, is
the eruptive structure itself more frequently identified beneath
the coronagraph height as a hot, diffuse plasmoid (e.g., Liu et al.
2010c; Cheng et al. 2011).

Here in a further investigation of Scenario 2, we identify
both the erupting and contracting components using SDO data,
and hence for the first time we are able to study in detail

their relationship as well as the implication for the eruption
mechanism and the associated energy release process. In the
rest of this paper, we present in Section 2 the results of
our investigation on five flares (Table 1) observed by the
Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) on
board SDO, and we make concluding statements in Section 3.

2. OBSERVATION

2.1. Overview

In addition to the symbiosis of the erupting and contracting
components, the five flares studied here all occurred in sigmoidal
active regions (Figure 2), which had a sinusoidal shape in
the warm AIA channels such as 211 Å (dominated by Fe xiv,
log T = 6.3) and 335 Å (dominated by Fe xvii, log T = 6.4)
or hot channels like 94 Å (dominated by Fe xviii, log T =
6.8). Upon close inspection, one can see that two groups of
J-shaped loops, which are oppositely oriented with respect to
each other, collectively have a sinusoidal appearance (Figure 2).
In cold channels such as 171 Å (dominated by Fe ix and Fe x,
log T = 5.8) and 193 Å (dominated by Fe xii, log T = 6.1),
these regions were dominated by large-scale loops arched over
the elbows of the hot sigmoid, suggesting that the highly sheared
core field is restrained by the potential-like overlying field.
Since nonpotential (sheared or twisted) fields are reservoirs of
magnetic free energy, it is not surprising that sigmoidal regions
are significantly more likely to be eruptive than non-sigmoidal
regions (Hudson et al. 1998; Canfield et al. 1999; Glover et al.
2000), and are deemed to be one of the most important precursor
structures for solar eruptions.

Of the five flares, both the M6.6 flare on 2011 February 13 and
the X2.2 flare two days later on February 15 occurred in the same
AR 11158. One can see that on February 13, when it was still
classified as a β-region, AR 11158 was only a “rudimentary”
sigmoid compared with its status on February 15. The hot loops
in AIA 94 Å in the center of the active region, however, were
already highly sheared, taking the similar east–west orientation
as the major PIL along which the two bipolar regions interacted
and major flares took place (see Beauregard et al. 2012 for
details).

Utilizing the newly released vector magnetograms with
the 0.′′5 pixel size for AR 11158 (Hoeksema et al. 2012)
obtained by the Helioseismic and Magnetic Imager (HMI;
Scherrer et al. 2012) on board SDO, we constructed the non-
linear force-free field (NLFFF) model using the “weighted
optimization” method (Wiegelmann 2004) after preprocessing
the photospheric boundary to best suit the force-free condition
(Wiegelmann et al. 2006). NLFFF extrapolation using the vec-
tor magnetogram at about 16:00 UT on 2011 February 13
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Figure 2. Pre-flare configuration for the five flares studied. Left column: line-of-sight magnetograms obtained by the Helioseismic and Magnetic Imager (HMI) on
board SDO. Middle and right columns: corresponding EUV images in the cold and warm/hot AIA channels, respectively, showing the sigmoidal morphology and
structure. For AR 11158 (third and fourth rows), we use HMI vector magnetograms to construct nonlinear force-free field (NLFFF; see the text for details). The
extrapolated field lines are color coded according to the intensity of vertical currents on the surface.

(A color version of this figure is available in the online journal.)
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Figure 3. AIA 94 Å difference images, displaying the formation of an S-shaped loop via tether-cutting from two J-shaped loops and its subsequent transformation into
a blowing-out bubble marked by an arrow in panel (f). Panel (d) shows the slit through which the space–time diagram in Figure 5(c) is obtained.

(A color version of this figure is available in the online journal.)
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Figure 4. Stereoscopic reconstruction of the contracting loop overlying the northern elbow of the sigmoid. The height information of the loop, which is color coded, is
obtained by pairing AIA 193 Å and EUVI-B 195 Å images. Panel (a) shows the slit through which the space–time diagram in Figure 5(b) is obtained. The expanding
bubble is also visible in both view points, associated with coronal dimming in AIA 193 Å.

(A color version of this figure is available in the online journal.)
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Figure 5. Temporal evolution of the contracting loop and the expanding bubble
seen through the slits, in relation to the X-ray emission. Numbers indicate
speeds of various features in km s−1. The vertical line marks the transition of
the exploding bubble from a slow- to a fast-rise phase.

(A color version of this figure is available in the online journal.)

indeed shows highly sheared field lines near the flaring PIL
and potential-like field lines overlying it, similar in morphol-
ogy to the hot and cold coronal loops, respectively (Figure 2).
NLFFF extrapolation using the vector magnetogram at about
01:00 UT on February 15 gives a similar result. The extrapo-
lated field lines are color coded according to the intensity of
vertical currents on the surface. Field lines whose footpoints are
associated with strong current densities (>0.02 A m−2) are in
red. The footpoints of these red field lines are cospatial with the
four footpoint-like flare brightenings in AIA 94 Å images (Liu
et al. 2012; Wang et al. 2012).

2.2. 2010 August 1 Event

The eruption in the sigmoidal region NOAA AR 11093
on 2010 August 1 conformed to the classical “sigmoid-to-
arcade” transformation (e.g., Moore et al. 2001), i.e., prior to
the eruption, the sigmoidal structure consisted of two opposite
bundles of J-shaped loops, and after the eruption, it appeared
as a conventional post-flare arcade. The evolution in between
the two states was revealed in detail for the first time by AIA
observations (Liu et al. 2010c). In the AIA 94 Å difference
images (Figure 3), one can see that an S-shaped loop started
to glow at about 06:40 UT, about 1 hr before the flare onset.
As its glowing was preceded by a heating episode in the core
region (Figure 3(a)), the topological reconfiguration resulting
in the formation of the continuous S-shaped loop was very
likely due to the tether-cutting reconnection (Moore et al.
2001). The S-shaped loop remained in quasi-equilibrium in the
lower corona for about 50 minutes, with the central dipped
portion rising quasi-statically. During this interval, there was
a weak enhancement in GOES soft X-rays (SXRs), whose
source, however, was located at the southeast limb according

(a) (b) (c)

(d) (e) (f)

Figure 6. AIA observation of the 2010 September 3 B-flare. Top panels show original 171 Å images and bottom panels show the corresponding difference images.
The expanding bubble is indicated by arrows.
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Figure 7. Temporal evolution of the contracting loop and the expanding bubble
in relation to the X-ray emission. The space–time diagrams are obtained by
stacking image slices cut by the slits shown in Figure 6. The vertical line marks
the transition of the exploding bubble from a slow- to a fast-rise phase.

(A color version of this figure is available in the online journal.)

to RHESSI observations (see Figure 3 in Liu et al. 2010c). At
about 07:30 UT, about 10 minutes prior to the onset of the C3.2
flare, the speed increased to tens of kilometers per second, as the
S-shaped loop sped up its transformation into an arch-shaped
loop, which eventually led to a CME.

During the eruption, a group of coronal loops overlying the
northern elbow of the sigmoid was observed to contract in cold
AIA channels such as 171 and 193 Å. The contraction was also
visible in EUV images taken by the Extreme-UltraViolet Im-
ager (EUVI; Wuelser et al. 2004) on board the “Behind” satel-
lite of the Solar Terrestrial Relations Observatory (STEREO-B).
The viewing angle was separated by about 70◦ between SDO
and STEREO-B. By pairing EUVI with AIA images, we are
able to derive the three-dimensional location of the loop un-
dergoing contraction via a triangulation technique called tie
point (Inhester 2006), which is implemented in an SSW routine,
SCC_MEASURE, by W. Thompson. From the difference images
(Figure 4) one can see both the contracting loop, whose height
is color coded, and the expanding bubble, which is associated
with coronal dimming in AIA 193 Å. With stereoscopic views,
it becomes clear that the contraction is not simply a projection
effect due to the loops being pushed aside by the expanding
bubble.

We place slits across both the contracting loops (Figure 4(a))
and the expanding bubble (Figure 3(d)). By stacking the resul-
tant image cut over time, we obtain space–time diagrams for a
series of AIA 193 and 94 Å images at 12 s cadence (Figures 5(b)
and (c)). Note that to increase the signal-to-noise ratio, we in-
tegrate over the width of the slit (10 pixels), and that to reveal
the diffuse, expanding bubble, we carry out base differencing
to make the 94 Å space–time diagram, whereas original 193 Å
images are used for the contracting loops which are more clearly

1

2

1

2

(a) (b) (c)

(d) (e) (f)

Figure 8. AIA observation of the 2011 February 13 M flare. Top panels show 171 Å difference images and bottom panels 211 Å difference images. An animation of
211 Å images as well as corresponding difference images is available in the online version of the journal.

(Animation of this figure is available in the online journal.)
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Figure 9. Temporal evolution of the contracting loop and the expanding bubble
in relation to the X-ray emission. The space–time diagrams are obtained by
stacking image slices cut by the slits as shown in Figure 8. The vertical line
marks the beginning of the explosion.

(A color version of this figure is available in the online journal.)

defined in EUV. From Figure 5(c), one can see that the bubble
initially rose slowly by ∼30 km s−1, and then transitioned into
a phase of fast rise by ∼80 km s−1 at about 07:38 UT. The
height–time profile is piecewise-linear fitted although the tran-
sition is smooth and there seems to be continuous acceleration.

The transition time is approximately coincident with the flare
onset in terms of the GOES 1–8 Å flux. A very diffuse erupting
feature can also be marginally seen in the 193 Å space–time
diagram, whose speed is similar to the bubble in 94 Å. The con-
traction of the overlying loops slightly lagged behind the rising
of the bubble, and there was a similar transition from slow to
fast contraction, slightly lagging behind the speed transition of
the bubble by less than three minutes. It is worth noting that the
apparently upward-moving feature in the wake of contraction
was due to flows along the northern elbow of the sigmoid, not
to the recovery of the contracting loops.

2.3. 2010 September 3 Event

In the 2010 September 3 event, both the contracting loops
and expanding bubble were visible in the 171 Å channel. But
the diffuse bubble can only be seen in the difference images
(bottom panels in Figure 6, marked by arrows). The contracting
loops were located to the east of the bubble, overlying the eastern
elbow of the sigmoid (top panels in Figure 6). Similar to the 2010
August 1 event, in the wake of the bubble erupting, obvious
coronal dimming can be seen in the cold AIA channels such
as 171 and 193 Å. The dynamics of the bubble can also be
characterized by a slow-rise followed by a fast-rise phase, the
transition of which coincided with the gradual increase of the
GOES 1–8 Å flux (Figure 7). The bubble shows a deceleration
signature after 14:48 UT. The loop contraction lagged behind
the transition time at about 14:44 UT by about 10 minutes.

2.4. 2011 February 13 Event

The 2011 February 13 M6.6 flare was associated with
irreversible changes in the photospheric magnetic field (Liu
et al. 2012). Using high-resolution and high-precision Hinode
vector magnetograms and line-of-sight HMI magnetograms,
Liu et al. (2012) found that the field change mainly took
place in a compact region lying in the center of the sigmoid,
where the strength of the horizontal field increased significantly
across the time duration of the flare. Moreover, the near-
surface field became more stressed and inclined toward the
surface while the coronal field became more potential. An
intriguing observation is that the current system derived from
the extrapolated coronal field above the region with an enhanced
horizontal field underwent an apparent downward collapse in the
wake of the sigmoid eruption. Liu et al. (2012) concluded that
these results are a superimposed effect of both the tether-cutting
reconnection producing the flare and the magnetic implosion
resulting from the energy release.

Coronal EUV observations agree with the above conclusion
drawn from photospheric field measurements regarding mag-
netic implosion. At the onset of the impulsive phase, two arch-
shaped loops originating from the center of the sigmoid were
observed to expand outward in 211 Å in different directions
(bottom panels of Figure 8) but at similar projected speeds
(Figures 9(d) and (e)), while coronal loops overlying both el-
bows of the sigmoid were observed to contract (top panels of
Figure 8), with the loops overlying the eastern elbow contracting
much faster (Figures 9(b) and (c)). For this relatively energetic
event, the eruption only preceded the contraction by tens of sec-
onds, and the contracting speed becomes as fast as 200 km s−1.
In the wake of the contraction, loops overlying the eastern elbow
underwent oscillation for several cycles (marked by rectangles
in Figure 9), similar to the events studied by Liu & Wang (2010),
Gosain (2012), and Kallunki & Pohjolainen (2012). Beyond the
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Figure 10. Snapshots of the full-disk AIA 211 Å images (top panels) and the corresponding difference images (bottom panels). In the difference images, a diffuse
front can be seen propagating outward from the active region of interest.

(A color version of this figure is available in the online journal.)

expanding loops, one can also see in the animation of the AIA
211 Å difference images (accompanying Figure 8) a diffuse oval
front with enhanced intensity propagating outward, well sepa-
rated from the expanding loops. This oval structure has been
identified in MHD simulations as a shell of return currents sur-
rounding the flux rope (Aulanier et al. 2010; Schrijver et al.
2011). From Figure 10 one can see that the front was prop-
agating anisotropically, apparently restrained by nearby active
regions and the coronal hole in the southern polar region.

2.5. 2011 February 15 Event

The 2011 February 15 X2.2 flare in AR 11158 is the first
X-class flare of the current solar cycle, hence it has generated
a lot of interests and has been intensively studied. Kosovichev
(2011) reported that the flare produced a powerful “Sunquake”
event due to its impact on the photosphere. Wang et al.
(2012) reported a rapid, irreversible change of the photospheric
magnetic field associated with the flare. Beauregard et al. (2012)
studied the shear flows along the PIL as well as the white-light
flare emission. Schrijver et al. (2011) investigated the coronal
transients associated with the flare. In particular, Schrijver et al.
(2011, p. 167) observed “expanding loops from a flux-rope-
like structure over the shearing PIL between the central δ-spot
groups of AR 11158, developing a propagating coronal front
(“EIT wave”), and eventually forming the CME moving into
the inner heliosphere.” Here the expanding loops are identified
as the erupting component.

The active region as seen in the AIA 171 Å channel was
dominated by two groups of potential-like loops overlying the
elbows of the forward S-shaped sigmoid as seen in the hot
AIA channels (Figure 2). Both groups of potential-like loops
were observed to contract during the X2.2 flare. In each group,
loops underwent contraction successively with those located at
lower altitudes starting to contract first, presumably due to the
limited propagation speed of the Alfvén wave (see also Liu &
Wang 2010; Gosain 2012), whereas loops at higher altitudes
had a faster contraction speed (Figures 12(b) and (c)). These
contracting/collapsing features were also independently noted
by Schrijver et al. (2011), Gosain (2012), and Sun et al. (2012)
using different approaches but with similar interpretation, in
agreement with Liu & Wang (2009).

Immediately prior to the loop contraction, a bubble (marked
by red arcs in the middle panels of Figure 11) can be best
seen to originate from the core of the sigmoid and to expand
northeastward in the 211 Å channel and southwestward in the
94 Å channel (bottom panels of Figure 11; marked by red arcs).
A transition from a slow- to fast-rise phase can still be marginally
seen in the 211 Å channel. But the duration of the slow-rise
phase was very short, lasting for only about two minutes.
The transition time at about 01:50 UT still preceded the loop
contraction by about three minutes. The commencement of
the bubble expansion at about 01:48 UT was concurrent with
the onset of the nonthermal hard X-ray (HXR) emission at
35–100 keV. This expanding bubble was also closely associated
with “an expanding intensity front propagating away from the
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Figure 11. AIA observation of the 2011 February 15 X-flare. From the top, middle, to bottom panels, we show the 171, 211, and 94 difference images, respectively.
The expanding bubble is highlighted by red arcs.

(A color version of this figure is available in the online journal.)

flaring region seen on the disk, and the leading edge of the
intensity signature of the CME propagating outward from the
Sun into the heliosphere,” as identified by Schrijver et al. (2011,
p. 181). These three distinct features are suggested to be different
observational aspects of the eruption of a flux rope (Schrijver
et al. 2011). Similar to the February 13 event, in the wake of the
contraction, loops overlying both elbows underwent oscillation
(see Figure 12, also see Liu & Wang 2010; Gosain 2012;
Kallunki & Pohjolainen 2012).

2.6. 2011 June 21 Event

In the 2011 June 21 event, the group of coronal loops
overlying the eastern elbow of the sigmoid was observed to

contract in the 171 Å channel (top panels in Figure 13). At the
same time, a bubble originating from the center of the sigmoid
was observed to expand eastward in the 94 Å channel (bottom
panels in Figure 13). Both the contraction and the expansion
occurred prior to the C7.7 flare. The transition time of the
bubble from a relatively slow- to a fast-rise phase was roughly
coincident with the onset of the flare (Figure 14).

3. DISCUSSION AND CONCLUSION

We have investigated four sigmoidal active regions, in which
five eruptions with signatures of magnetic implosion occurred.
The magnitudes of the flares associated with the eruptions
span almost the whole flare “spectrum,” from GOES class B
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Figure 12. Temporal evolution of the contracting loop and the expanding bubble
in relation to the X-ray emission. The space–time diagrams are obtained by
stacking image slices cut by the slits as shown in Figure 11. The vertical line
marks the beginning of the explosion.

(A color version of this figure is available in the online journal.)

to X. In all of the flares studied, there are both contracting and
erupting components: the former is only observed in cold EUV
channels and the latter is preferentially visible in warm/hot
EUV channels. This is because the contracting component is
composed of large-scale, potential-like coronal loops overlying
the elbows of the sigmoid, while the erupting component is
associated with newly reconnected flux tubes originating from
the center of the sigmoid (cf. Liu et al. 2010c; Aulanier et al.
2010; Schrijver et al. 2011). Several important aspects of these
observations are discussed as follows.

1. Consequence of loop contraction. The overlying loops un-
dergoing contraction never regain their pre-flare positions,
which implies a new equilibrium with reduced magnetic
energy as the eruption is powered by magnetic energy. One
may argue that the apparent contraction of coronal loops
could be a projection effect, i.e., the loop plane tilts due to
the flare impulse. But in that case, one would expect the
restoration of the loops once the flare impulse has passed
away. In observations, however, the contracting loops may
oscillate about a lower height (e.g., Figure 9; see also Liu &
Wang 2010), but never reach the original heights after the
eruption. Thus, the contraction within the loop plane must
make a significant contribution.

2. Correlation between contraction and eruption. The con-
traction speed seems to depend on the intensity/magnitude
of the eruption. From Figure 15, one can see that despite
this very small sample size, the peak GOES SXR flux as a
proxy of the flare magnitude is linearly correlated very well
with the measured maximal contraction speed in the log–log
plot, although not so well with the maximal erupting speed.
Unlike contracting loops which are clearly defined, how-
ever, the measurement of the erupting speed involves larger
uncertainties as the front of the expanding bubble tends to
get more and more diluted and eventually overwhelmed by
the background during propagation, thereby leading to un-
derestimation of its speed. One more caveat to keep in mind
is that these speeds are not necessarily measured at the time
of the peak SXR flux.

3. Timing. The eruption precedes the contraction in all of
the flares studied, thus establishing loop contraction as a
consequence of eruption. There is also a trend that the
more energetic the eruption, the smaller the time delay of
the loop contraction relative to the onset of the expansion of
the erupting component, which is demonstrated in Figure 15
as a strong anti-correlation between the time delay and the
peak GOES SXR flux in the log–log plot. This time delay
is presumably determined by the expansion speed of the
erupting component. In addition, in the relatively weak
B- and C-flares, the initiation of the erupting component
precedes the increase in GOES SXR fluxes, but in the
stronger M- and X-flares, it is concurrent with the increase
in nonthermal HXR fluxes. This may lend support to Lin
(2004), who concluded that CMEs are better correlated
with flares if there is more free energy available to drive
the eruption. However, since the CME progenitor, i.e., the
expanding bubble, forms before the flare onset as the weak
events clearly demonstrate, the CME must be independent
of the conventionally defined flare, or, the flare is only a
byproduct of the CME, unless the eruption mechanism for
the weak events is different from that for the energetic ones.

4. Asymmetry of contraction. The two groups of coronal
loops overlying the elbows of the sigmoid often contract
asymmetrically, i.e., not only do they contract at different
speeds but either group could show little sign of contraction,
which depends on the detailed interaction between the
core field and the arcade field, including, presumably, their
relative strength and the spatial distribution of the decay
index of the restraining field (Kliem & Török 2006; Liu et al.
2009a, 2010a). For the 2010 August 1 event in particular,
Liu et al. (2010c) concluded that the majority of the flare
loops were formed by the reconnection of the stretched legs
of the less sheared loops overlying the southern elbow and
the center of the sigmoid, based on the reconnection rate
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Figure 13. AIA observation of the 2011 June 21 C-flare. The top panels show the 171 Å difference images and the bottom panels the 94 Å difference images.
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Figure 14. Temporal evolution of the contracting loops and the expanding
bubble in relation to the X-ray emission. The space–time diagrams are obtained
by stacking image slices cut by the slits as shown in Figure 13. The vertical line
marks the transition of the exploding bubble from a slow- to a fast-rise phase.

(A color version of this figure is available in the online journal.)
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Figure 15. Correlation of the maximal contraction/expansion speed, V, and the
time delay of contraction relative to expansion, Δt , with the flare magnitude in
terms of the peak GOES 1–8 Å flux. The confidence level of the linear correlation
coefficient, cc, of log(V ) and logΔt with log(F ) is given in the brackets.

(A color version of this figure is available in the online journal.)

inferred from the Hα ribbon motion. The eruption therefore
left most loops overlying the northern elbow unopened.
This explains why only these loops underwent obvious
contraction. The intensity/magnitude of the eruption could
be another relevant factor as among the events studied
only those greater than M class show contraction of loops
overlying both elbows of the sigmoid.

5. Implication for eruption mechanism. As the contracting
component is distinct from the erupting component, we
conclude that these eruptions conform to the “rupture
model” in which the arcade field is partially opened
(Sturrock et al. 2001; Figure 1(b)). We can further exclude
the breakout model because the coronal loops undergoing
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contraction are arched over, rather than located to the side
of, the sheared core field. The loop contraction in the latter
occasion results from reconnection at the magnetic null
above the central lobe in the breakout model.

In conclusion, these observations substantiate that loop con-
traction is an integrated process in eruptions of sigmoidal active
regions in which the restraining arcade field is only partially
opened, consistent with theoretical expectations. The conse-
quence of loop contraction is a new equilibrium of the coronal
field with reduced magnetic energy, and the process itself is a
result of the flare energy release, as evidenced by the strong
correlation of the maximal contracting speed, and strong anti-
correlation of the time delay of contraction relative to expansion,
with the peak SXR flux.
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ABSTRACT

We describe a new MHD model for the propagation of interplanetary coronal mass ejections (ICMEs) in the solar
wind. Accurately following the propagation of ICMEs is important for determining space weather conditions. Our
model solves the MHD equations in spherical coordinates from a lower boundary above the critical point to Earth
and beyond. On this spherical surface, we prescribe the magnetic field, velocity, density, and temperature calculated
typically directly from a coronal MHD model as time-dependent boundary conditions. However, any model that
can provide such quantities either in the inertial or rotating frame of the Sun is suitable. We present two validations
of the technique employed in our new model and a more realistic simulation of the propagation of an ICME from
the Sun to Earth.

Key words: magnetohydrodynamics (MHD) – solar wind – Sun: coronal mass ejections (CMEs)
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1. INTRODUCTION

Interplanetary coronal mass ejections (ICMEs) are the solar-
wind counterpart of coronal mass ejections (CMEs), which are
huge bursts of solar material released from the corona of the
Sun (for a comprehensive review of theory and observations,
see Kunow et al. 2006). After approximately one to four days
after a CME eruption, an ICME may reach Earth, interact
with the geomagnetic field, and cause a geomagnetic storm
(Gosling 1990) if the direction of the field in the cloud is
opposite (southward) with respect of that of the Earth (Burlaga
et al. 1987). Therefore, knowing the structure of the magnetic
field of an ICME is of fundamental importance for predicting
its geoeffectiveness. CMEs are typically associated with flux
ropes, but their magnetic geometry, when they arrive at Earth as
ICMEs, is less clear (e.g., Vourlidas et al. 2013). Some ICMEs
are observed in situ as so-called magnetic clouds, defined as
regions of low proton temperature, enhanced magnetic field
strength, and smooth rotation of the magnetic field vector (e.g.,
Burlaga et al. 1982), the latter indicating flux-rope geometry.
Gosling et al. (1991) estimated that about one third of all ICMEs
contain a magnetic cloud or flux rope, although this fact may
vary systematically with the solar cycle (Riley et al. 2006).
Some ICME ejecta have multiple magnetic clouds (i.e., a single
structure with multiple subclouds distinguishable, Wang et al.
2002, 2003), the likely result of the interaction of several CMEs.

Given the importance of ICMEs for determining space
weather conditions, several computational models have been
developed to study their propagation in space. Although a few
attempts have been made to simulate the origin of a CME
on the Sun and its propagation as an ICME simultaneously
(Usmanov & Dryer 1995; Wu et al. 1999; Groth et al. 2000;
Manchester et al. 2006; Feng et al. 2010), this approach is
very challenging for computational reasons. First, the solar
corona and the heliosphere have remarkably different physical
properties, resulting in a much smaller integration time step
in coronal simulations compared with heliospheric simulations.
Hence, a heliospheric computation costs a small fraction of a
coronal calculation. Moreover, it is often the case that several
coronal simulations are necessary to explore parameter space
prior to modeling the full propagation. On the other hand,

boundary conditions for a heliospheric model are relatively
straightforward to implement beyond the critical MHD wave
points. These boundary conditions can be obtained from the
upper boundary of a coronal model extending just above the
critical points. Therefore, a two-model integrated approach,
where a coronal calculation acts as a driver for the heliospheric
evolution, is more widespread. Riley et al. (2001b) integrated
three-dimensional (3D) MHD models of the solar corona and
heliosphere. They used a line-of-sight magnetogram as input
to the coronal model and they first determined the steady-state
solar wind at 30 R� during various solar phases of activity.
Then, they used those values to drive the heliospheric model
and calculate the structure of the solar wind out to 5 AU. Since
the boundary conditions for this model are not time dependent,
its applicability to the study of ICMEs is limited. Odstrcil
et al. (2002) and Riley et al. (2003) studied the disruption
of a sheared helmet streamer, which launches a CME, with
a 2D MHD coronal model. Then, they used the time-dependent
boundary conditions at the outer surface of the coronal solution
to drive a 2D MHD heliospheric calculation of the propagation
of the CME in interplanetary space. This model (Enlil) was
later extended to 3D and showed how it could accept input data
from empirical, observational, and numerical coronal models
(Odstrcil et al. 2003, 2008). However, the present version of
the model at the Community Coordinated Modeling Center1

does not accept evolving, time-dependent boundary conditions
for the magnetic field at the surface beyond the critical points.
Another limitation of the Enlil model is that it does not have
4π spatial coverage (i.e., 4π steradian coverage of the spherical
computational domain), an important requirement for the study
of ICME propagation according to Kleimann (2012). The model
of Usmanov & Goldstein (2006) combines an inner region MHD
solution from 1 to 20 R� with a 3D outer solution, which is
constructed by forward integration along the hyperbolic radial
coordinate and extends from 20 R� to 10 AU. This model does
not include the capability to evolve the boundary conditions
during the simulations. Tóth et al. (2005, 2012) presented the
Space Weather Modeling Framework (SWMF), an integrated
suite of numerical tools that includes, among others, coupled

1 http://ccmc.gsfc.nasa.gov
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models of the solar corona and heliosphere. This framework
was used, for example, by Lugaz et al. (2007) to study three
CMEs originating from active region 9236 as they propagate
from the Sun to the Earth. Notwithstanding the great flexibility
of the SWMF, its single components are meant to be used in
conjunction with one another and it requires additional software
modules to be created for each additional third-party coronal
model (Tóth et al. 2005, 2012). Other MHD models of ICME
propagation used a steady-state ambient solar wind, which was
either derived from an MHD coronal solution (Odstrcil et al.
2004) or prescribed (Odstrcil et al. 2005; Merkin et al. 2011)
from the empirical Wang–Sheeley–Arge Model (WSA) model
(Wang & Sheeley 1995; Arge & Pizzo 2000). The so-called
cone model (Zhao et al. 2002) can be used to calculate the
ICME parameters kinematically, which can be inserted into
the precalculated, steady-state background. Although useful and
simple to operate, the cone model does not include a flux rope
and cannot provide real interplanetary magnetic field predictions
for physical quantities inside the ICME. The MHD model of
the solar wind presented in Hayashi (2012) does use time-
dependent boundary conditions, which are determined from the
solar magnetic field and interplanetary scintillation observations
as input at the spherical surface beyond the critical points.
Although it can also be coupled with cone models of CMEs,
it does not accept the output of coronal MHD models of the
initiation and early stages of propagation of CMEs as a driver
at the lower boundary.

The purpose of this paper is to illustrate the details of an
MHD model that provides the evolution of density, tempera-
ture, velocity, and magnetic field of ICMEs, to present validation
examples of our technique; and to describe a more realistic cal-
culation based on the interplanetary propagation of the coronal
model of CME initiation by T. Török et al. (in preparation; see
Section 4). Our heliospheric model is derived from the coronal
model of Lionello et al. (2009), building on the work of Riley
et al. (2001b). It has been designed to include capabilities that
are not found together in any other single available model: (1)
it is fully 3D MHD and covers the whole 4π (i.e., the polar
regions are included); (2) it accepts time-dependent boundary
conditions at the lower surface, making it suitable both for stud-
ies of solar-wind evolution and ejecta propagation; (3) the driver
at the lower surface is flexible enough to use data obtained ei-
ther from other models (coronal MHD or empirical) or from
observations; these data may have been calculated either in the
inertial or rotating frame of the Sun; and (4) the computation
itself can be implemented either in the inertial or in the rotating
frame of reference.

This paper is organized as follows. The equations and the
solution technique are described in Section 2. Then, in Section 3,
two validation examples are shown, one in the non-rotating
frame and one in the rotating frame of reference. The description
of the more realistic case is contained in Section 4, which is
followed by our conclusions.

2. MODEL

Here we present the equations that are advanced numerically
in our model and how the time-dependent boundary conditions
are implemented in a flexible way.

2.1. MHD Equations

Our model of ICME propagation is derived from the 3D, time-
dependent, MHD model of Lionello et al. (2009), the numerical
details of which were presented in Lionello et al. (1998, 1999)

and Mikić et al. (1999). In a computational domain extending
between rmin � r � rmax, the following set of partial differential
equations in spherical coordinates are solved:

∇ × B = 4π

c
J, (1)

∇ × A = B, (2)

∂A
∂t

= v × B − c2η

4π
∇ × B, (3)

∂ρ

∂t
+ ∇·(ρv) = 0, (4)

1

γ − 1

(
∂T

∂t
+ v · ∇T

)
= − T ∇ · v +

m

kρ
S, (5)

ρ

(
∂v
∂t

+ v·∇v
)

= 1

c
J × B − ∇p + ρg + ∇ · (νρ∇v) + Ffict,

(6)

where B is the magnetic field, J is the electric current density,
A is the vector potential, ρ, v, p, and T are the plasma mass
density, velocity, pressure, and temperature, respectively, g =
−g0R

2
�r̂/r2 is the gravitational acceleration, η the resistivity,

and ν is the kinematic viscosity. In the inertial frame of
reference, the fictitious force term, Ffict, is absent. In the rotating
frame of reference, we have

Ffict = ρ (2� × v + �(×� × v)) . (7)

Here, the first term of the right hand side is the Coriolis force,
while the second term is the centrifugal force. Both depend on
the angular velocity �. S in Equation (5) represents the energy
source term. Although in future studies we plan to explore the
use of the full thermodynamic treatment of Lionello et al. (2009),
which includes collisionless thermal conduction, in this work we
use the so-called polytropic approximation as in Linker et al.
(2003), which prescribes a simple adiabatic energy equation
(i.e., S = 0, which is appropriate in the heliosphere), and choose
a suitable value for γ (generally, 1.5; Totten et al. 1996; Feldman
et al. 1998).

2.2. Boundary Conditions

The method used to specify the boundary conditions in the
heliospheric model is determined not only by the requirements
of the heliospheric calculation itself but also by the characteris-
tics of the coronal model that provides the data. For maximum
flexibility, we allow the calculation to be either in the corotating
or inertial frame of reference in either model. However, we fore-
see that our typical coupled calculation will be in the corotating
frame for the corona and in the inertial frame for the heliosphere.
Moreover, we want to be able to use coronal calculations per-
formed in the corotating frame of reference, without including
the contribution of the fictitious forces of Equation (7).

In specifying the boundary conditions in our model, we also
need to ensure that the problem is well posed by examining the
characteristic curves associated with the system (e.g., Jeffrey
1966, p. 122). At the lower boundary of coronal models, only
some of the seven characteristic curves of MHD are outgoing
(e.g., Lionello et al. 2009). Hence, there is an upper limit on
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how many fields may be prescribed as boundary conditions
at the lower spherical surface rmin, while the rest are to be
determined by solving the characteristic equations. On the
contrary, in a heliospheric model, since the plasma is supersonic
and super-Alfvénic, all scalar and vector fields must be specified,
provided that the solenoidal property of the magnetic field,
∇·B = 0, is preserved. To model ejecta propagation and solar
wind variations, the values at r = rmin of ρ, T, B, and v
must be generally specified as functions of latitude, longitude,
and time (θ, φ, t). The quantities are either extracted from a
spherical shell in a coronal MHD calculation (provided it is
chosen beyond the critical points), from an empirical model such
as WSA, from a combination of MHD and empirical models
(Riley et al. 2001b), or, in principle, from suitable observations.
Transformations in coordinates with linear interpolation of all
the fields in the three variables (θ, φ, t) are needed to account for
differences in the structure of the grid and temporal sampling
between our heliospheric model and the model from which
the boundary values are obtained. Depending on whether the
calculation providing the boundary conditions is in the same
frame of reference of the heliospheric model or not, an additional
interpolation in φ may be necessary to account for rotation:

f ′(θ, φ, t) = f (θ, φ ± Ωt, t), (8)

where f is ρ, T, or one of the components of v and B at the
boundary. The minus sign is used when the boundary conditions
are extracted from a corotating frame and are used in an inertial
frame; the plus sign is used when the calculation is in the
corotating frame and the boundary conditions are provided in
an inertial frame. Finally, a frame of reference transformation is
applied to v′

φ :

v
(helio)
φ = v′

φ ± Ωrmin sin θ. (9)

However, when the boundary conditions are extracted from a
corotating model that neglects the effects of fictitious forces,
this transformation is applied only when calculating the electric
field, as explained below.

Although the transformed ρ, T, and v may be directly used
as time-dependent boundary conditions, the boundary condition
for the induction equation, Equation (3), requires knowledge of
the electric field, E = −v × B. Hence, we use the following
approach, which accurately represents the interpolated E field
on the new grid and automatically preserves the solenoidal
properties of B. The radial component of the electric field, Er, at
the boundary can be readily inserted to calculate the evolution
of the radial component of the vector potential, Ar. This is not
the case for the tangential components Et = (Eθ,Eφ), because
linear interpolation, when second derivatives are calculated, may
introduce strong currents near the poles. To avoid this, we rewrite
Et as the sum of two arbitrary potentials Ψ(θ, φ) and Φ(θ, φ):

Et = ∇t × Ψr̂ + ∇tΦ. (10)

∇t indicates tangential derivatives in (θ, φ). The potential Ψ
controls the change of the radial component of the magnetic
field, Br (θ, φ, t), and can be obtained by inverting

∇2
t Ψ = ∂Br

∂t
. (11)

The second potential Φ controls the shearing of the magnetic
field and does not change Br. It is obtained by solving the
following equation:

∇2
t Φ = −∇t · (v × B)t , (12)

where the transformation of Equation (9) is applied to the
longitudinal component of v if the boundary conditions are
extracted from a corotating model that neglects the effect of
fictitious forces. Since −∇2 is a symmetric, positive-definite
operator, we discretize the operator on the (θ, φ) grid and invert
it using a conjugate-gradient algorithm to obtain Ψ and Φ. Once
we know the two potentials, we retrieve Et and apply it as
boundary condition for At , assuming that the contribution of
the resistive term in Equation (3) is negligible.

3. VALIDATION OF THE TECHNIQUE

Here, we present two validation examples of our heliospheric
model, one computed for the case Ω = 0 and one that accounts
for solar rotation. Coronal simulations are first performed to
provide the boundary conditions to drive the heliospheric model.
These field values are extracted from a spherical surface within
the coronal model so that there may be a partial superposition
between the coronal and heliospheric computational domains.
Thus, a comparison between the coronal and heliospheric
calculations is possible. We simulate a CME eruption using
the 3D MHD coronal model of Lionello et al. (2009) in the
polytropic approximation, as it was employed by Linker et al.
(2003). The computational domain extends from 1 to 50 R�
and is discretized on a non-uniform 200 × 150 × 200 mesh in
(r, θ, φ). The radial resolution varies between 0.01 R� at the
solar surface to 0.9 R� at the outer boundary. The minimum
and maximum sizes of the longitudinal and latitudinal grids
are 0.′′7 and 4.′′7, respectively, with the points concentrated in
the area where the CME erupts. We have prescribed a uniform
resistivity profile such that the ratio of the resistive dissipation
time with the Alfvén wave propagation time is τR/τA = 106. A
typical reference value for τA = R�/VA is 24 minutes, if we
take an Alfvén speed VA = 480 km s−1 (e.g., for |B| = 2.2 G
and n0 = 108 cm−3). This low resistivity value is prescribed to
ensure that a minimum dissipation is present everywhere in the
computational domain and to eliminate structures smaller than
the grid resolution. In general, it is smaller than the numerical
dissipation introduced by the upwinding treatment of advection,
τU = 2 R2

�/(V Δr) (Lionello et al. 1999). For example, in the
low corona, where Δr = 0.01 R�, we have τU � τR only
for flows smaller than 0.1 km s−1. In the higher corona and
in the heliosphere, numerical dissipation dominates over the
prescribed value. Similarly, we have chosen a uniform viscosity
profile such that τν/τA = 500. Also, this value of viscosity is
necessary to dissipate unresolved scales without substantially
affecting the global solution.

3.1. Non-Rotating Case

In the non-rotating case (Ω = 0), we prescribe a global
dipole field for B as the initial condition of the coronal model
and a previously calculated solar wind solution for the plasma
properties. Figure 1(a) shows a cut of the entire computational
domain in the meridional plane showing some magnetic field
lines of the initial dipole. We then relax the system for 6.7 days
until we obtain a steady state. The configuration of the magnetic
field after this relaxation phase is presented in Figure 1(c),
where the field appears mostly radial and the current sheet in the
equatorial plane is evident. Figure 2(a) shows the configuration
closer to the solar surface. Open field regions are visible at
the poles, while closed field lines are present at equatorial
latitudes, surmounted by the typical cusp-like field lines. On top
of the streamer, the current sheet is formed (Figure 2(c)), while
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(e) (f)

(d )(c)

(b)(a)

R20

Figure 1. Magnetic field lines and J/B during the relaxation and flux rope eruption, in the coronal and heliospheric calculations without rotation, in a meridional
plane (solar north is up). (a) Coronal model (R� � r � 50 R�) at the beginning of the relaxation phase. (b) Coronal model (R� � r < 20 R�) and the heliospheric
model (20 R� � r � 50 R�) at the beginning of the relaxation phase. The boundary between the two models is traced in white. (c) Coronal model at the end of the
relaxation phase, just before the flux rope is introduced. (d) Same as (c) for the coronal and heliospheric models combined. (e) Propagation of the flux rope in the
coronal model. (f) Same as (e) for the coronal and heliospheric models combined.

(A color version of this figure is available in the online journal.)

volume currents are present in the closed-field region under the
helmet streamer (Figure 2(b)). Using the technique described in
Section 2.2, we extract from a spherical shell at approximately
20 R� the values of the fields corresponding to the initial state
of the coronal model and subsequent states at every 10 hr for the
entire relaxation period. As an initial condition for the magnetic
field of the heliospheric model, we prescribe a potential field
extrapolation of the values of Br at r = 20 R� at t = 0 from
the coronal model. Likewise, we use the values of vr , ρ, and T
from the r = 20 R� spherical surface in the coronal simulation
to prescribe the initial conditions for the plasma properties.
While the values of vr and T from this surface are assigned to
each internal point of corresponding latitude and longitude, the

values of ρ are also scaled by a r−2 factor. In Figure 1(b), we
show magnetic field lines of the initial state of the heliospheric
solution in the region r � 20 R� and of the initial state of the
coronal solution for r = 20 R� (the r = 20 R� circle is marked
in white). (It is not surprising that the r � 20 R� region differs
from the initial state of the coronal model shown in Figure 1(a).)
Then, we relax the heliospheric model for 6.7 days, driving
it with the sequence extracted from the coronal model. Our
heliospheric calculation is also performed in the same inertial
frame of reference as the coronal model. As Figure 1(d) shows,
at the end of the relaxation phase the heliospheric solution
is indistinguishable from that calculated using the coronal
model.
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(a) (b) (c)

Figure 2. Relaxed state of the coronal calculation without rotation. The solar surface is colored according to the value of Br . (a) Magnetic field lines outlining the
global field structure. (b) J/B near the solar surface showing volume currents in the streamer belt. (c) J/B further out in the corona showing the equatorial current
sheet.

(A color version of this figure is available in the online journal.)

(a) (b)

(c) (d)

R20

Figure 3. (a) Magnetic field lines of the out-of-equilibrium Titov-Démoulin flux rope introduced in the coronal solution after the relaxation phase. (b) The flux rope
immediately erupts. (c) Interaction between the flux rope and the ambient dipole field. (d) J/B at larger heliocentric distances. We truncate the flux rope solution at
∼7 R�, thus causing a disturbance that propagates outward in the solar wind.

(A color version of this figure is available in the online journal.)

Having obtained a virtually identical relaxed state for both
models, we introduce a strongly out-of-equilibrium, modified
version of the coronal flux rope model of Titov & Démoulin
(1999, hereafter TDM) into the coronal calculation. The main
difference between the original and the TDM model is that in
the latter the stabilizing, analytical magnetic field is replaced
with the ambient field of the CME source region into which
the flux rope is inserted. Titov-Démoulin flux ropes have been
used in recent simulations of observed CMEs (e.g., Tóth et al.
2007; Manchester et al. 2008; Lugaz et al. 2011) In all these
cases, the flux rope was inserted out of equilibrium, causing an
immediate eruption. Further details of our implementation of the
TDM model will be described in a separate publication (V. S.

Titov et al., in preparation), with emphasis placed on obtaining
stable, pre-eruption configurations, such as the run described in
Section 4. A view of some magnetic field lines of the flux rope,
which is inserted at the equator into the relaxed configuration,
is presented in Figure 3(a). If we simply added the flux-rope
solution to the coronal field, this would instantly modify the
magnetic field everywhere in the domain, including the region
beyond r = 20 R�. This would create a discrepancy with the
heliospheric model, for which the evolution for r > 20 R�
is solely the result of changes at the r = 20 R� boundary.
Therefore, when introducing the flux rope, we truncate the
solution at r = 7 R�, which is well within the limits of the region
bounded by the coronal model, but far enough from the flux rope
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)f()e(

(d)(c)

(b)(a)

R20

Figure 4. Magnetic field lines and J/B during the relaxation and flux rope eruption, in the coronal and heliospheric calculations with rotation in a meridional plane
(solar north is up). (a) Coronal model at the beginning of the relaxation phase. (b) Coronal model and the heliospheric model at the beginning of the relaxation phase.
The boundary between the two models at 20 R� is traced in white. (c) Coronal model at the end of the relaxation phase, just before the flux rope is introduced. (d)
Same as (c) for the coronal and heliospheric models combined. (e) Propagation of the flux rope in the coronal model. (f) Same as (e) for the coronal and heliospheric
models combined.

(A color version of this figure is available in the online journal.)

itself not to have significant physical consequences. However,
this causes a slight deformation of the opposite streamer for
r � 7 R� and the formation of a small perturbation at r = 7 R�,
which is visible in the J/B cut shown in Figure 3(d).2 This
disturbance travels out of the computational domain when we
advance the calculation, further perturbing the opposite streamer
as it adjusts to the presence of the inserted magnetic field. The
flux rope itself, being out of equilibrium, immediately erupts,

2 We note that the field modification is exceptionally strong here because we
have inserted a flux rope with a very intense magnetic field. If the flux rope is
inserted in equilibrium with the ambient magnetic field, as in the case
described in Section 4, these modifications are typically negligible outside the
CME source region.

forming a CME (Figures 3(c) and (d)), which propagates and
expands in the computational domain. After 20 hr, the ICME has
crossed the outer boundary at 50 R� and we stop the calculation.
Figure 1(e), which shows a cut in the meridional plane for this
time, illustrates how the flux rope has expanded to an angular
width of almost 30◦. To model this highly dynamic phase with
the heliospheric model, we extract ρ, T, B, and v at r = 20 R�
from the coronal calculation with a higher frequency, namely a
frame every 289 s. We drive the heliospheric model for 20 more
hours to follow the propagation of the ICME (Figure 1(f)). The
coronal and heliospheric calculations, which visually appear to
be identical, are actually in agreement to within 1% for ρ, |v|,
|B|, and T.
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(b)

(d)

(f)

(c)

(a)

(e)

R20

Figure 5. Magnetic field lines and scaled density (ρr2) during the relaxation and flux rope eruption, in the coronal and heliospheric calculations with rotation in the
equatorial plane (viewed from above the Sun’s north pole). (a) Coronal model at the beginning of the relaxation phase. (b) Coronal model and the heliospheric model
at the beginning of the relaxation phase. The boundary between the two models at 20 R� is traced in white. (c) Coronal model at the end of the relaxation phase, just
before the flux rope is introduced. The Parker spiral is clearly visible. (d) Same as (c) for the coronal and heliospheric models combined. (e) Propagation of the flux
rope in the coronal model. (f) Same as (e) for the coronal and heliospheric models combined.

(A color version of this figure is available in the online journal.)

3.2. Rotating Case

We now repeat the validation described in the previous
section for a case where we account for solar rotation. We
perform the calculation for the coronal model in the rotating
(non-inertial) frame of reference, where Equation (6) contains
a non-vanishing fictitious forces term, Ffict. As presented in
Figure 4(a), an identical dipole state is prescribed for the initial
magnetic field. At t = 0, the components of the magnetic
field are only radial and latitudinal, as the cut in the equatorial
plane of Figure 5(a) shows. Then, we relax the system by again
advancing the MHD equations for 6.7 days to obtain a steady
state. Figure 4(c), which displays the configuration after this

time, is rather similar to the non-rotating case of Figure 1(c).
However, in the present case, a longitudinal component of the
magnetic field is introduced because of rotation. The effects
of rotation can be appreciated in Figure 5(c), which shows,
viewed from above the north pole of the Sun, how a burgeoning
Parker spiral develops in the equatorial plane. From this coronal
simulation, we extract a sequence of fields at the r = 20 R�
surface with the same frequency used in the non-rotating case
and use a similar sequence of frames to drive the heliospheric
model. The heliospheric calculation with rotation is performed
in the inertial frame to show how our model is not tied to
using the same frame of reference as the coronal simulation.
Following the procedure outlined in the previous section, we
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)b()a(

1.1 A.U.

R20R18

Figure 6. (a) Field lines in the equatorial plane for the combined coronal and heliospheric model of CME/ICME propagation of Section 4. All field lines are traced
from 18 R�. (b) Enlargement of a portion of (a). The coronal model (green field lines) was calculated by Török et al. (in preparation) in a non-rotating frame extending
from 1 to 20 R�. The heliospheric model (purple field lines) was calculated in an inertial frame with solar rotation included extending from 18 R� to 1.1 AU.

(A color version of this figure is available in the online journal.)

build the initial condition for the magnetic field through a
potential field extrapolation using Br at the lower boundary
and prescribe the solar wind parameters starting from the values
on the same surface. Figures 4(b) and 5(b) show magnetic field
lines, in the meridional and equatorial plane, respectively. Then,
we drive the heliospheric model with the series of boundary
conditions extracted from the coronal model until relaxation.
While the initial state of the heliospheric model is clearly
different from that of the coronal model (compare Figure 4(a)
with 4(b) and Figure 5(a) with 5(b)), the final states are for all
purposes virtually indistinguishable (compare Figure 4(c) with
Figure 4(d) and Figure 5(c) with Figure 5(d)).

Having relaxed the configuration, we insert an out-of-
equilibrium TDM flux rope in the coronal model. As was the
case in the non-rotating frame (see Figure 3(d)), a ring of cur-
rent appears at r ∼ 7 R�. The CME, which is formed by the
expanding flux rope, propagates similarly outward. The coronal
calculation is finally concluded 20 hr after triggering the erup-
tion, resulting in the state shown in Figures 4(e) (meridional
view) and 5(e) (equatorial view). As it appears in Figure 4(e),
the CME occupies about 30◦ in the meridional plane, with cur-
rent densities extending to approximately 60◦. In the equatorial
plane shown in Figure 5(e), the field lines of the CME ap-
pear to extend roughly over the same angle, implying a conical
geometry for the whole structure. Then, using a sequence of
boundary conditions extracted from the coronal model at inter-
vals of 289 s as a driver at the r = 20 R� surface, we advance
the heliospheric model for 20 more hours. The injection of the
flux rope and the current disturbance associated with it occur
well below the r = 20 R� boundary, as in the non-rotating case.
The CME also propagates seamlessly through the r = 20 R�
boundary. The final state of the heliospheric model is shown
in Figures 4(f) (meridional plane) and 5(f) (equatorial plane),
which can be compared with Figures 4(e) and 5(e), respectively.
As for the non-rotating case, all quantities calculated with the
two models are in agreement to within 1%.

4. PROPAGATION OF A REALISTIC ICME

Having shown how the technique of coupled models success-
fully reproduces the results of a single domain calculation, we
now present an advanced application of the heliospheric model
by studying the propagation of an ICME from 18 R� to 1.1 AU
in the inertial frame of reference. To achieve this goal, we use
the results calculated by T. Török et al. (in preparation) to drive

our model. Török et al. specified a more realistic plasma envi-
ronment than that used in Section 3 by employing the full MHD
thermodynamic model of Lionello et al. (2009). In a corotating
frame of reference that neglected the effect of fictitious forces,
Török et al. prescribed a potential, global dipole field together
with a quadrupolar active region on the solar surface. After re-
laxing the configuration for about 60 hr, they inserted a TDM
flux rope. Contrary to our simple and less realistic earlier ap-
proaches (Sections 3.1 and 3.2), their flux rope was inserted
in equilibrium into the stabilizing ambient coronal field. Then,
it was relaxed for another 13 hour period, during which cold
and dense plasma accumulated in the flux rope, resembling the
conditions observed in prominences. After that, they introduced
converging flows near the polarity inversion line of the active
region, which caused the field overlying the flux rope to expand
quasi-statically, progressively reducing the magnetic tension. As
a consequence, the flux rope rose slowly until a critical height
was reached, at which point a loss of equilibrium and eruption
occurred. A fast and powerful CME was formed, which rapidly
accelerated to a speed of ∼3,000 km s−1, driven predominantly
by strong reconnection below the erupting flux rope and produc-
ing a fast forward shock. The CME then rapidly slowed down
to �1,000 km s−1 before it reached 3 R�. The reasons for this
significant deceleration are currently under investigation. Most
likely they are related to the very strong reconnection flows
(�10,000 km s−1) that temporarily accelerated the flux rope to
very large speeds. After the rapid deceleration, the CME slowed
down only gradually and reached the outer coronal boundary at
20 R� with a speed of about 700–800 km s−1. The simulation
was stopped 74 hr after the insertion of the flux rope, enough
for the CME to leave the coronal computational domain. Every
6 minutes, we extract from the simulation of Török et al. the
magnetic field, velocity, density, and temperature on a spherical
surface at 18 R�, which is beyond the critical Alfvén and sonic
points. We choose to start our simulation from 18 R� rather
than 20 R� to allow overlap in the computational domains of
the coronal and heliospheric model. Since the physical variables
in the 18 R� � r � 20 R� region are directly calculated in ei-
ther model, we are able to verify that no boundary effects arise in
this more realistic simulation. We also estimate the importance
of including rotation in the computation.

Using the first extracted set of fields at 18 R�, we again
specify a potential extrapolation as initial conditions for the
magnetic field of the heliospheric model. We extrapolate radially
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(d)(c)

(a) (b)

Figure 7. Evolution of the scaled density (ρr2) in two cut-planes during the propagation of an ICME from Sun to Earth (red dot). The inner white circle lies at
20 R�. The coronal part of the calculation is described in T. Török et al. (in preparation). (a) Configuration in steady state just before the eruption on the solar surface
(t = 402 hr). (b) CME leaving the computational domain of the coronal model and entering the heliosphere (t = 408 hr). (c) ICME as it reaches Earth (t = 458 hr).
(d) ICME leaving the computational domain of the heliospheric model. End of the calculation (t = 502 hr).

(A color version of this figure is available in the online journal.)

the values of vr , ρ, and T to initialize the plasma properties,
as described in the previous section. We then advance the
MHD equations with fixed boundary values for 402 hr to
ensure that a steady state solution is formed in the heliosphere.
While in Török et al. the full thermodynamic treatment of the
energy equation was employed, here we use the polytropic
approximation, by setting S = 0 in Equation (5) and γ = 1.5
(Totten et al. 1996; Feldman et al. 1998). It has been shown that
such an approximation is justified for heliospheric simulations
(e.g., Riley et al. 2001a); however, in future simulations, we
plan to explore the effect of including collisionless thermal
conduction in the energy equation. The relaxed configuration of
the magnetic field is shown in Figures 6(a) and (b). Both green
(coronal) and purple (heliospheric) field lines are traced from
18 R�. The Parker spiral is fully developed in the heliospheric
calculation. Note that in the region between 18 and 20 R�, there
is a slight discrepancy between the coronal and heliospheric
calculations, since the former neglects the effect of rotation.

In Figure 7(a), we show the distribution of ρr2 in the
heliosphere and corona at the end of the relaxation phase in the
equatorial plane and in the meridional plane perpendicular to the
Sun-Earth line. In the equatorial plane, streams characterized
by higher or lower density are visible, forming the typical
Parker spiral. At this point, we continue the simulation for
100 more hours, driving the lower boundary with the series
of frames extracted from the simulation of Török et al. When
this series is exhausted, we keep the last frame as a fixed
boundary condition until t = 502 hr. During this second phase
of the calculation, we follow the CME as it travels through the
heliospheric computational domain and finally leaves through
the outer boundary. At t = 408 hr, Figure 7(b) shows the
CME as it crosses the outer boundary of the calculation of
Török et al. A selection of field lines threading the CME are
presented in Figure 8(b) and show the flux rope crossing into
the heliospheric domain. The ICME continues to propagate in
the heliosphere and at t = 458 hr arrives in the vicinity of
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t=402 hrs t=408 hrs t=458 hrs

(b)(a) (c)

R20

Figure 8. Magnetic field lines showing the propagation of a CME/ICME from Sun to Earth: (a) immediately after the eruption, (b) 6 hr after the eruption, the CME is
crossing into the heliospheric domain, (c) 56 hr after the eruption, the ICME is about to reach Earth. The coronal part of the solution (below 20 R�) was calculated by
T. Török et al. (in preparation).

(A color version of this figure is available in the online journal.)
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Figure 9. Time history of local plasma variables at 1AU for a point situated in the path of the ICME described in Section 4. The magnetic field vectors have been
converted to GSE coordinates. The pink highlighted region indicates the compressed solar wind upstream of the ICME. The green region indicates the flux system of
the ICME. The blue region indicates the trailing plasma, which was compressed by a high speed stream behind it. Time is in hours from the insertion of the CME in
the calculation of T. Török et al. (in preparation; t0 = 402 hr).

(A color version of this figure is available in the online journal.)

the Earth. Figure 7(c) shows the denser, enlarged structure of
the ejecta followed by a depletion region, while Figure 8(c)
shows the envelope of some field lines connected to the ICME.
After passing by, the ICME crosses over the outer boundary

and leaves the computational domain of the heliospheric model
(Figure 7(d)). Since the ICME does not hit Earth directly, in
Figure 9 we show the time history of the local plasma variable
for an observer situated along its path. The magnetic field
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components are expressed in Geocentric Solar Ecliptic (GSE)
coordinates (Russell 1971). The low value of B within the ICME
can be explained considering that our model active region has a
field strength considerably smaller than in the source regions of
the most powerful events that produce very fast CMEs (�1000 G
versus �2000 G). Thus, it is not surprising that the magnetic
field at 1 AU is smaller than for typical fast events. Also, most of
the interaction of the flux rope with the ambient magnetic field
has already occurred in the coronal solution. Starting from 40 hr
after the eruption (t = 442 hr), the density of the plasma begins
to increase as it is swept by the ICME. The density reaches a
maximum of 10 times the base value (the area shaded in pink in
Figure 9). Then, the observer is overtaken by the flux system and
the magnetic field exhibits a typical pattern of rotation (green
area). Finally, trailing the ICME, there is region of fast solar
wind that compresses the plasma (blue area). These features,
which are beyond the scope of this article, are described in
more detail in P. Riley et al. (in preparation).

5. CONCLUSIONS

We have shown how our computational MHD model of the he-
liosphere is capable of following the propagation of ICMEs from
beyond the critical point to Earth. The key feature of our model
is its flexibility. It can in principle accept as input at the lower
boundary time-dependent results obtained from (1) MHD sim-
ulations of the solar corona, (2) Potential-Field Source-Surface
(PFSS) models, (3) empirical models, (4) observations, or (5)
a combination thereof. Moreover, the frame of reference from
which the lower-boundary data are extracted can be either the
inertial frame or the corotating frame. If the coronal model is cal-
culated in the corotating frame, the inertial forces can either be
included or neglected. The heliospheric computation itself can
be either performed in the inertial or in the corotating frame.
Particular care has been taken in the interpolation of the input
magnetic field at the boundary to avoid the formation of spurious
current layers. To demonstrate the capabilities of our model, we
have presented three simulations. In the first two, we used our
coronal MHD model to simulate a CME eruption from the solar
surface to 50 R�, in a fixed and a corotating frame, respectively.
From these two simulations, we extracted the data at r = 20 R�
and used them to drive our model. In either case, the agree-
ment between the coronal and the heliospheric models in the
common portion of the computational domain was remarkable.
Disturbances propagated smoothly across the lower surface and
no boundary layer was formed. We also presented a third, more
realistic, simulation driven by data extracted from the coronal
model of a CME described by T. Török et al. (in preparation).
This is a fast and powerful CME originating from a source region
of approximately 3 kG. We have shown that our model is able
to follow the propagation of the CME from 18 R� to 1.1 AU.

Our newly developed heliospheric model is not restricted to
event studies of CME eruption and subsequent ICME propa-
gation. It can also be used to model the heliosphere and the
solar wind from a variety of inputs. Magnetic flux evolution
models are ever more frequently used to create coronal models,
either through MHD or PFSS extrapolations (for a review, see
Mackay & Yeates 2012). These can be extended to study the
structure of the heliosphere or, more easily, they can provide
input to our heliospheric model. Computationally, it is less in-
tense to update the boundaries of the heliospheric model when
the coronal model is updated, rather than using a single model
encompassing both physical regions.

This work was supported by NASA through the LWS,
HTP, and SBIR programs, and by NSF through the Center
for Integrated Space Weather Modeling (CISM) and Frontiers
in Earth System Dynamics (FESD) program. Computational
resources were provided by the NSF supported Texas Ad-
vanced computing Center (TACC) in Austin and the NASA
Advanced Supercomputing Division (NAS) at Ames Research
Center.
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ABSTRACT
Force-free equilibria containing two vertically arranged magnetic flux ropes of like chirality and current

direction are considered as a model for split filaments or prominences. Such equilibria are constructed analyti-
cally through an extension of the methods developed in Titov & Démoulin (1999) and numerically through an
evolutionary sequence including shear flows, flux emergence, and flux cancelation in the photospheric bound-
ary. It is demonstrated that the equilibria are stable if an external toroidal (shear) field component of sufficient
strength is included. If this component decreases sufficiently below the threshold, both flux ropes turn unstable
for conditions typical of solar active regions. Then either both flux ropes erupt upward, or only the upper rope
erupts with the lower rope being destroyed by reconnection with the ambient field low in the corona. However,
the configuration also admitspartial eruptionswith only the upper flux rope becoming unstableand the lower
one remaining in place. Such an evolution can be triggered,for example,by a transfer of flux and current from
the lower to the upper rope, as suggested by the observations of a filament in the companion paper (Liu et al.
2012). A partial eruption can similarly result from tether-cutting reconnection in the space between the flux
ropes, which influences their stability properties in opposite ways.
Subject headings:Instabilities—Magnetohydrodynamics (MHD)—Sun: coronal mass ejections (CMEs)—

Sun: filaments, prominences—Sun: magnetic topology

1. INTRODUCTION

The magnetic structure of solar prominences (filaments if
observed on the disk) is one of the major debated subjects in
solar physics: a flux rope and a sheared loop arcade are be-
ing controversially discussed (e.g., Mackay et al. 2010). An
extension of the flux rope concept is suggested to be relevant
in some cases by the analysis of a “double-decker” filament
in Liu et al. (2012), hereafter Paper I. The filament, located in
active region 11093, consisted of two main branches and ex-
perienced a partial eruption, ejecting only the upper branch,
on 2010 August 7. The clear vertical separation of the fila-
ment branches prior to eruption and the stability of the lower
branch in the course of the eruption both suggest that the fil-
ament may have formed in a double flux rope structure. An
alternative explanation in terms of a single flux rope with a hy-
perbolic flux tube (HFT), i.e., an X-type magnetic structure,
at its underside also appears possible. In this case the upper
and lower filament branch would be located in the flux rope
above and in the arcade below the HFT, respectively. These
two configurations are illustrated in Figure 1. The formation
of both branches within a single flux rope or within an arcade
is far less likely, as it requires two special conditions to be sat-
isfied simultaneously: the injection of the filament material at
two clearly separated heights and the formation of the flare
current sheet in the course of the eruption at an intermediate
height.
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A striking phenomenon observed during the slow-rise phase
of the upper filament branch prior to its eruption was the trans-
fer of material from the lower to the upper branch, occurring
in several episodes. Assuming dominantly horizontal field
orientation in the filament, a corresponding transfer of flux is
implied. This may have caused the eruption by producing an
imbalance between the flux in the upper branch and the am-
bient flux (e.g., Su et al. 2011) or by lifting the upper branch
into the torus-unstable height range (Kliem & Török 2006).

Employing two MHD modeling approaches, the present pa-
per substantiates the suggestion that a double flux rope con-
figuration can be consistent with the long-term stability of the
split filament studied in Paper I during its slow rise phase, and
with the partial eruption. This also introduces new scenarios
for partial filament eruptions. For some events these may be
an alternative to the dynamical splitting and partial expulsion
of a single, originally purely O-type flux rope whose top part
has become unstable while the bottom part remains line-tied
in the photosphere (Gibson & Fan 2006). In such a config-
uration the flux splits only after the main acceleration of the
ejection has commenced.

We restrict the consideration to the case that the flux ropes
are of like chirality, with the axial field component pointing
into the same direction, as suggested by the event in Paper I.
This can be expected to be the typical situation in split fila-
ments that form side by side in the same filament channel and
have common or close end points. The axial (toroidal) cur-
rents in the ropes then point in the same direction implying an
attractive force between them.

The existence of a stable double flux rope equilibrium is
not trivial if the ropes are relatively close to each other so that
the force between them is comparable to or larger than the
force exerted by the ambient field. Perturbations will trigger
a pinching of the HFT between the ropes into a current sheet,
where the subsequent reconnection will start redistributing the

mailto:bkliem@uni-potsdam.de
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FIG. 1.— Cartoon illustrating the cross section of the two double-decker filament configurations suggested in Paper I: (a) double flux rope equilibrium; (b) flux
rope above a sheared arcade. The axial field of both filament branches points in the same direction (out of the plane in the specific case analyzed in Paper I). The
HFT is indicated by a small cross. Slabs of grey color indicate the filament body trapped in dipped field line sections.

magnetic flux between the ropes and the ambient field. This
may cause the perturbation to grow, eventually merging the
ropes or pushing them apart, depending on the properties of
the configuration and perturbation.

Using an extension of the Shafranov equilibrium of
a single toroidal force-free flux rope (Shafranov 1966;
Titov & Démoulin 1999), we first demonstrate the existence,
stability, and instability of an equilibrium containing two ver-
tically arranged force-free flux ropes in bipolar external field
(Section 2). We find that the external field’s toroidal (shear)
component is a key parameter controlling the stability of the
configuration if the ropes are relatively close to each other.
We also demonstrate that a scenario of current and flux trans-
fer from the lower to the upper rope, which resembles the flux
transfer indicated by the observations, leads to instability of
the upper flux rope only.

In Section 3we describe an MHD simulation which ex-
hibits the formation and subsequent splitting of two flux ropes
in the slow-rise phase of a modeled filament eruption. Dif-
ferent from the model by Gibson & Fan (2006), this timing
corresponds to the observations of the double-decker filament
presented in Paper I.

2. STABILITY AND INSTABILITY OF A DOUBLE
FLUX ROPE EQUILIBRIUM

2.1. Construction of the Equilibrium

We build on the construction of an approximate analyti-
cal equilibrium of a toroidal force-free flux rope in bipolar
current-free external field in Titov & Démoulin (1999, here-
after TD99), done in two steps. First, the “external equi-
librium” of the rope in a given simple (axisymmetric) exter-
nal poloidal fieldBep is determined by balancing the Lorentz
force of the flux rope current in the fieldBep with the Lorentz
self-force (hoop force) of the current. Then an approximate
“internal equilibrium” of the current channel in the core of the
rope is constructed by matching the expressions for a straight
force-free current channel in each cross section of the toroidal
channel to the external field at its surface.

A second flux rope, lying in a concentric arrangement in
the same plane as the first rope, caneasilybe addedat a suf-
ficiently large distance, such thatits influence on the external
equilibrium of the first rope is negligible. The second rope

can then be constructed in the same way as a single rope, ex-
cept that the known poloidal field of the first rope must be
added to the external poloidal field in determining the external
equilibrium of the second rope. Since the equilibrium current
decreases with increasing major radius of the torus (see Eq. 6
in TD99), the second rope must always have the larger major
radius. This very simple approximation yields equilibria that
readily relax to a numerical equilibrium very near to the ana-
lytical one as long as the ratio of the major radii is not reduced
below≈4.

In order to find equilibria of two flux ropes with smaller
distance, the construction of the external equilibrium in TD99
can straightforwardly be generalized. Doing so also for their
construction of the internal equilibrium is a very involved
task. However, applying the expressions for the internal
equilibrium without modification to each channel individu-
ally yields an acceptable approximation down to ratios of the
major radii of≈2.5. Subsequent numerical MHD relaxation
quickly adjusts the internal equilibrum of the ropes and, sup-
ported by line tying in the photospheric boundary, yields a
nearby force-free numerical equilibrium in the stable part of
the parameter space.

If the external equilibrium of two current channels is con-
sidered, the relevant poloidal field is the superposition of the
external poloidal field,Bep, and the poloidal field by the other
current channel,BI , whereI is the total toroidal (ring) cur-
rent of the channel. In TD99 the external poloidal field is due
to a pair of auxiliary magnetic charges±q on the symmetry
axis of the torus at distance±L from the torus plane (or sim-
ply the field connecting the corresponding “sunspots” in the
photospheric plane); we will also refer to this field compo-
nent asBq. Using subscripts 1 and 2 to denote quantities of
the inner (lower) flux rope FR1 and outer (upper) flux rope
FR2, respectively, we have the following dependencies on
the flux rope currents:FI1,2 ∝ I2

1,2 for the Lorentz self-force;
Fq1,2 ∝ I1,2 for the force by the field from the magnetic charges;
andFB1↔2 ∝ I1I2 for the force due to the field of the other cur-
rent channel. The resulting force equations,

0 =FI1 + Fq1 + FB2→1 = b1I2
1 + c1I1 + e1I1I2 (1)

0 =FI2 + Fq2 + FB1→2 = b2I2
2 + c2I2 + e2I1I2 , (2)

can easily be solved forI1 and I2, given the geometry (R1,2,
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a1,2, d, L) and the strength of the fieldBq, set byq andL. Here
R and a denote major and minor torus radius, respectively,
andd is the depth of the torus center below the photospheric
plane. The expressions of the coefficientsb1,2, c1,2, ande1,2
can be found in TD99 (their Equations 5, 4, and 25, respec-
tively). As in TD99, an axisymmetric external toroidal field
Bet of arbitrary strength can be superposed. It is provided by
an auxiliary line currentI0 running along the symmetry axis
of the tori.

The resulting equilibrium is only a very crude approxima-
tion of the suggested interpretation of the double-decker fil-
ament in Paper I in terms of two flux ropes. Both ropes in
the model must have toroidal shape, so that their footpoints
are quite separate, different from the observed configuration.
Moreover, the use of a line current as the source of the ex-
ternal toroidal field, dictated by the concentric arrangement
of the tori, prevents us from realistically modeling an ejec-
tive eruption (a CME). Since the resultingBet falls off only
linearly with distance from the torus center, it enforces any
eruption to remain confined for realistic values of its strength
(Roussev et al. 2003; Török & Kliem 2005). On the other
hand, the configuration allows us to demonstrate the existence
of the suggested equilibrium, the instability of only the upper
flux rope for certain parameter settings, and the key role of
Bet. This can be done for a geometry that matches the ob-
served height relationships between the lower and upper fila-
ment branches at the apex points of the two flux ropes.

The double flux rope equilibrium is intrinsically less sta-
ble than the equilibrium of a single toroidal flux rope, due
to the additional force between the ropes. To attain a stable
force-free equilibrium in the absence of an external toroidal
field, the ropes must be positioned sufficiently far apart, so
thatFB1↔2 is small compared toFq1,2, andBq must be relatively
uniform, i.e.,L must be large. The slope of the total poloidal
field as a function ofR then remains sufficiently small at the
positions of both ropes, so that both are stable against vertical
displacements (Kliem & Török 2006). Here we have to con-
sider a situation with the flux ropes situated relatively close
to each other and the sources of the fieldBq also being rela-
tively close (see below). In this case, an external toroidal field
is required for stability. If one or both ropes are displaced by
a perturbation, the compression of this field component will
counteract the perturbation. Thus, the strength of the external
toroidal field is a key parameter deciding between stability
and instability of the configuration.

This is confirmed in the following subsection by MHD re-
laxation runs, which also show that a size ratioR2/R1 & 2.5 is
required for the analytical equilibrium to be close to a stable
numerical one with the HFT lying not too close to the current
channel in the lower rope. In the stable domain of parameter
space, reconnection at the HFT remains very weak, just redis-
tributing the fluxes to the extent needed to reach the nearby
numerical equilibrium.

Prominence material in flux ropes is supposed to be trapped
in dips of the field lines, i.e., it can occupy a slab-like volume
extending between the bottom flux surface and the magnetic
axis of the rope (Figure 1). The height measurements of the
two filament branches on 2010 August 7 (Section 2.3 in Pa-
per I) thus suggest apex heights of 12 and 36 Mm for the mag-
netic axis of FR1 and FR2, respectively, and an apex height
of 25 Mm for the HFT (which is the bottom of the upper flux
rope on the vertical line through the apex). The first two mea-
surements are met, for example, by the choiceR1 = 16 Mm,
R2 = 40 Mm,d = 4 Mm. The third measurement can be met to

a good approximation by the choicea1 = 4 Mm, a2 = 6 Mm,
resulting in an HFT apex height of 23 Mm. We have chosen
the current channels to be relatively thin, so that both possess
a large aspect ratio, which guarantees relatively high preci-
sion in the construction of the equilibrium (TD99). Note that
it is the larger cross section of the magnetic structure (the flux
rope) which matters for the location of field line dips, not the
cross section of the current channel. To have the HFT apex ly-
ing exactly at the estimated height of 25 Mm, we would have
to choosea2 = 2 Mm, smaller thana1, which we consider nei-
ther appropriate nor necessary for the purpose of this study.
Under the force-free constraint, the relatively small values of
the minor radii imply relatively high values of the flux rope
twists. Both ropes are stabilized against the helical kink mode
by the external toroidal field. We setL = 8 Mm, corresponding
to the distance of the main photospheric flux concentrations
near the middle section of the filament (Figure 2 in Paper I).

2.2. Numerical Simulations
2.2.1. Stable Configuration

The resulting analytical equilibrium is used as initial con-
dition in zero-beta MHD simulations in a cubic Cartesian box
more than five times higher than FR2 and resolving the minor
diameter of the current channel in FR1 by 35 grid cells. The
initial density is specified asρ0(x) = |B0(x)|3/2, whereB0(x) is
the initial magnetic field, so that the Alfvén velocity decreases
slowly with height above the flux rope, as in the solar corona.

To check the equilibrium currentsI1,2 obtained from
Eqs. (1–2), the fieldBet is first set to a value somewhat be-
low the value that provides stability. After normalizing by
the apex height of FR1,h1 = R1 − d, and by the correspond-
ing Alfén time τA = h1/VA, whereVA is the Alfvén velocity
at the magnetic axis of FR1, the system is integrated in time
for 100 τA . This reveals both the quality of the equilibrium
and its unstable nature. The system first attempts to settle to
an exact numerical equilibrium from the approximate analyt-
ical one, with velocities rising to the very modest values of
only ≈0.003VA in FR1 and only≈0.001VA in FR2, which
already indicates that the analytical equilibrium is nearly per-
fect. Subsequently, the velocities in both ropes fall very grad-
ually to nonzero values, i.e., the system fails to settle fully
to a numerical equilibrium. By slightly modifying one of the
currents, a nearly perfect equilibrium is found, with the resid-
ual velocities of FR1 falling monotonically to 1.4× 10−4 VA
and the ones of FR2 oscillating very gradually around a value
6×10−4 VA by t = 100τA ; this requires reducingI1 by 0.5%.

Next, this configuration is integrated for a range ofBet val-
ues, with a velocity perturbation applied at the apex of both
flux ropes to find the minimum stabilizing external toroidal
field. The velocity perturbation is applied for 5τA , linearly
ramped up to the peak value of±0.05VA and then switched
off. Marginal stability (the critical valueBet,cr) is found forBet
slightly below 1.7Bq, with Bet andBq taken at the lower flux
rope’s magnetic axis. Figure 2 shows field lines of the stable
analytical equilibrium withBet = 1.7Bq and of the configura-
tion after numerical relaxation, along with height and velocity
of the fluid elements at the apex points of the two flux ropes in
the relaxation run. This stable numerical equilibrium is very
close to the analytical one.

The external toroidal (shear) field strength required for sta-
bility is relatively high, exceeding the poloidal component of
the external field (perpendicular to the filament). This situa-
tion can be realized if the filament ends in the main flux con-



4 Kl iem et al.

     
0

1

2

3

4

h(
t)

 /  h
1

0 200 400 600 800
t  [τA]

-5

-4

-3

-2

-1

0

lo
g 1

0 
|u

(t
)  /

 V
A
|

FIG. 2.— Field lines showing the two flux ropes in the stable analytical
equilibrium withBet = 1.7Bq, slightly above the marginal stability value of the
external toroidal field (top panel) and after numerical relaxation att = 645τA
(middle panel). The field lines lie in flux surfaces near the surface of the
current channels (slightly inside the channel for FR1). All black field lines
pass through the vertical axis in the middle of the system, illustrating the
apex heights of the two HFTs (below the lower rope FR1 and between FR1
and FR2) by the transition between downward and upward concave curvature.
The magnetogram,Bz(x,y,0, t), is displayed in the bottom plane. The bottom
panel shows height and velocity of the fluid elements at the apex points of the
magnetic axes of the two ropes in the relaxation run. Due to the symmetry
of the system, these fluid elements move only vertically. The relaxation run
includes an initial velocity perturbation in small spherical volumes centered
at the two apex points, applied up tot = 5τA . Downward velocities are shown
dotted.

centrations of the active region. These sources then provide
not only the axial field of the filament, but also give the ambi-
ent field a strong component in the direction of the filament.
The filament investigated in Paper I did have this configura-
tion.

2.2.2. Unstable Configurations

If the stabilizing external toroidal field strength is slightly
reduced below the threshold valueBet,cr ≈ 1.7Bq, the con-
figuration can no longer be relaxed to a nearby equilibrium
(Section 2.2.1). The nature of the instability and the com-

plexity inherent in the configuration become apparent when
Bet is reduced considerably. In this and the following two
paragraphs we refer to simulations withBet = Bet,cr/3 when
quoting numbers. Identical qualitative behavior is obtained
in the range 0≤ Bet . Bet,cr/2. The simulations confirm
that both flux ropes are unstable against vertical displace-
ments (i.e., the torus instability) for the geometrical param-
eters chosen. The relevant parameter is the “decay index”
of the total poloidal field at the position of each rope,n =
−d ln(Bq + BI )/d lnh, whereBI is the poloidal field from the
other rope. Its threshold value lies in the rangencr ≈ 1.5–2
if Bet is small (Kliem & Török 2006; Török & Kliem 2007).
Our configuration yieldsn1 = 3.1 andn2 = 2.8, implying a
higher growth rate for the instability of the lower flux rope
FR1. (Additionally, higher Lorentz forces can be expected
to develop in the evolution of the lower rope, since the field
strength and current density are higher.) The decay index at
the position of the lower flux rope generally has a high value,
since the poloidal field of the upper flux rope,BI2, and the
external poloidal field,Bq, are oppositely directed under the
upper rope. The decay index at the position of the upper flux
rope is largely determined by the fieldBq, which has a super-
critical decay index at heights exceeding∼L. This condition
is clearly met by our choice of geometrical parameters. Ob-
viously, both flux ropes in a double flux rope equilibrium of
the type studied in this paper tend to be torus unstable if the
external toroidal (shear) field falls below the threshold value
Bet,cr.

Two different evolutions are enabled by the dominant insta-
bility of the lower flux rope. When a small upward perturba-
tion is applied to FR1, it then shows an exponential rise which
saturates as the upper rope FR2 is approached. FR2 stays
near its initial position in this period. Subsequently, the ropes
merge, forming an arch which expands upward with a veloc-
ity of order 0.1 VA (Figure 3). The rise is terminated at about
four times the initial height of the upper rope,h2 = R2 − d,
by the onset of reconnection between the legs of the strongly
writhing rope and the ambient field. The writhing is here pri-
marily due to the presence ofBet (Isenberg & Forbes 2007;
Kliem et al. 2012), i.e., it does not indicate the development of
the helical kink instability. The velocity doubles and the rise
continues until the upper boundary of the box is approached
if Bet is reduced further, below∼ Bet,cr/10. This full erup-
tion is clearly driven by the stronger torus instability of the
lower flux rope and is very similar to the eruption of a single
torus-unstable flux rope.

When a small downward perturbation is applied to FR1, it
shows a short, exponentially increasing downward displace-
ment until the bottom boundary of the box (the model pho-
tosphere) is hit. FR1 then reconnects with the sunspot field,
splitting in two low-lying ropes which come to rest at the bot-
tom of the box. FR2 immediately begins an exponential rise
which enters the saturation phase at about 1.5h2, followed by
an approximately linear rise, again with a velocity of order
0.1 VA (Figure 4). Similar to the case in Figure 3, reconnec-
tion between the legs of the writhing rope and the ambient
field terminates the rise at∼4h2, but a further reduction ofBet
to∼Bet,cr/10 allows the upper flux rope to double the rise ve-
locity and to escape (i.e., reach the top boundary of the box).
Hence, a partial eruption (of only the upper flux rope) occurs,
but it is accompanied by a strong change of the lower flux
rope.

The scenario of decreasingBet considered here may easily
be realized on the Sun as the sources of the external toroidal
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FIG. 3.— Instability and full eruption of the double flux rope equilibrium
in the case of sub-critical external toroidal field,Bet = Bet,cr/3, and upward
motion of the lower rope. Field line plots similar to Figure 2 are shown at
t = 65τA (top panel) andt = 165τA (second and third panel). The lower flux
rope largely merges with the upper one; the other part of its flux reconnects
with the ambient flux to join the forming post-eruption arcade. The motion
of the fluid elements at the apex points of the flux ropes is displayed in the
bottom panel. A small upward initial velocity perturbation is applied at the
apex of the lower flux rope.

field weaken by flux dispersal and cancelation. Thus, the
eruption of double flux rope equilibria on the Sun will often
involve a complete change of the configuration, both for full
and partial eruptions. SinceBet will typically decrease only
very gradually, the instability will set in long before a value
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FIG. 4.— Same as Figure 3 for the case of downward moving lower rope
(following a small downward velocity perturbation) att = 30 τA (top panel)
andt = 100τA (second and third panel). Here all of the flux in the lower rope
moves downward and reconnects with the ambient flux.

of orderBet,cr/3 is reached. Nevertheless, the upward directed
velocities in such eruptions can be expected to be similar to
or even higher than the values found in the simulations, since
the external toroidal field in the corona is expected to fall off
with height above the filament much faster than the model
field, which is unrealistic in this regard (Section 2.1). The
downward directed velocities should remain considerably be-
low the simulated ones, sinceBet will be much closer to the
threshold value in this height range. Thus, in the scenario of
eruptions driven by gradually reducing external toroidal field,
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FIG. 5.— Partial eruption of the double flux rope equilibrium due to the instability of the upper rope after flux and current transfer from the lower rope
(∆I2/I2 = 0.1) at the marginal stability condition in the absence of flux transfer,Bet = Bet,cr. Field lines similar to Figure 2 and current density isosurfaces at
|J| = 0.07Jmax show snapshots of the system att = 645τA . The helical and vertical current sheets are colored in cyan and magneta, respectively. The ensuing
reconnection of the unstable rope with the overlying field, which subsequently cuts the whole rope so that it remains confined in spite of the instability, is indicated
by the dark green field lines.
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FIG. 6.— Height and velocity of the fluid elements at the apex points of the
two ropes in the partial eruption shown in Figure 5, which does not employ
any explicit perturbation. The dashed green lines show the rise of the unstable
upper flux rope whenBet is reduced by a factor 10.

a partial eruption may have a less dramatic effect on the lower
flux rope than found in the simulation, but a destruction of the
lower flux rope must still be expected. However, partial erup-
tions involving only the upper flux rope, with the lower flux
rope remaining stable at its initial position, are also possible.

Such a partial eruption can result under the same scenario
of decreasingBet if the upper flux rope is sufficiently twisted,
so that the helical kink instability develops in the upper rope
while the lower rope is still stable against the torus instability.
We have verified this possibility by reducing the minor radius
of the upper rope toa2 = 3.5 Mm, which doubles its twist to
about 10π, with Bet kept at the critical value of 1.7Bq of the
original configuration. The upper rope then kinks upward,

while the lower rope stays very close to its original position
with very small residual velocity for more than 100τA , i.e.,
apparently in a stable state. However, the occurrence of such
high twist values is very unlikely and has so far been reported
only in a single case (Romano et al. 2003). Therefore, we now
consider another scenario for partial eruptions of double flux
rope equilibria.

Based on the observation that the most significant change
in the energy buildup phase prior to the eruption studied in
Paper I consisted in the transfer of material and (necessarily
current-carrying) flux from the lower to the upper branch of
the filament, we next raise the currentI2 through the upper
flux rope and decreaseI1 in the lower rope, keeping the total
currentI1 + I2 at the equilibrium value (and alsoBet = 1.7Bq).
This moves the HFT between the ropes a little bit downward,
so that the cross sections and the total flux in the ropes expe-
rience a change similar to the currents. We have considered
changes∆I2 = 0.05I2, 0.1I2, and 0.2I2, with the corresponding
changes ofI1 being close to−∆I2/2. Integrating the result-
ing analytical configurations in time shows nearly identical
behavior in all three cases, except that the time scale of the
evolution roughly halves with each doubling of∆I2. (The run
with ∆I2/I2 = 0.05 begins to show signs of numerical diffu-
sion, slightly damping the intrinsic dynamics of the flux ropes
in the course of the>6×105 time steps performed, but it still
clearly shows the dynamics as described here.) The upper
rope FR2 first moves relatively quickly upward, to find the
equilibrium position corresponding to the increased current
I2 + ∆I2 in about 30τA . From this position, an approximately
linear ascent to≈ (1.5–2)h2 commences. In the course of this
rise, the left-handed rope writhes into a projected forward S
shape, piling up a helical current sheet at its front side, anal-
ogous to the runs shown in Figures 3 and 4. Simultaneously,
the HFT between the ropes collapses into a vertical current
sheet. The upward outflow resulting from the onset of recon-
nection in this current sheet accelerates FR2 to a rise faster
than linear. Since the overlying field resists the rise (primar-
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ily due to the relatively strongBet), the top part of the helical
current sheet is quickly steepened and reconnection between
FR2 and the overlying field commences at the rope apex, cut-
ting the rope in two halves which remain confined. The torus
instability of the lower flux rope FR1 is efficiently suppressed
by the external toroidal field. FR1 stays near its initial posi-
tion for more than 103 τA with velocities remaining smaller
than the rise velocity of FR2 by a factor∼ 20.

Figure 5 shows a snapshot of this evolution for the system
with ∆I2/I2 = 0.1. Figure 6 characterizes the motion of the
fluid elements at the apex points of the two flux ropes. The
additional acceleration of FR2 by the upward reconnection
outflow is seen att & 650τA . The terminal height of FR2 in
this plot is the result of reconnection with the overlying field.

Finally, to demonstrate that the rise of FR2 is driven by an
instability, the run with∆I2/I2 = 0.1 is repeated withBet re-
duced by a factor 10. Now the rise from the equilibrium posi-
tion is initially relatively close to an exponential function, as
expected for an instability developing in a weakly perturbed
equilibrium (see Figure 6). (As discussed above, for this low
value ofBet the lower flux rope FR1 is unstable as well.)

On the Sun, both the long-term stability of the double-
decker filament and the ejective eruption of the upper branch
into a CME can be allowed by an external toroidal field of the
strength required for stability at the position of the filament,
but falling off with height above the filament much faster than
the model field. Our model field is unrealistic in this regard
but the coronal field is generally expected to satisfy this con-
dition.

The transfer of flux from the lower to the upper flux rope
is different from flux transfer by reconnection at the HFT be-
tween the ropes, e.g., tether-cutting reconnection. Such re-
connection would exchange flux in both ropes with ambient
flux. It is conceivable that the transfer is enforced by configu-
ration changes of the current in the lower flux rope, which, in
turn, can be enforced by changes in the photospheric bound-
ary. It is well known that current-carrying flux rises if it is
stressed (sheared or twisted) by photospheric motions (e.g.,
Mikic & Linker 1994; Török & Kliem 2003). In the consid-
ered event, such processes may have acted preferentially in
the footpoint areas of the lower flux rope.

3. SPLITTING FLUX BUNDLE IN THE SLOW RISE
PHASE OF A CME

The formation and partial eruption of a double flux rope
configuration was also found in an MHD simulation that
was designed to model the well-known filament eruption
and CME on 1997 May 12 (e.g., Thompson et al. 1998;
Webb et al. 2000). The details of this simulation will be
described elsewhere (Linker et al., in preparation); here we
merely summarize its main features and focus on the evolu-
tion shortly before the eruption.

The simulation code solves the standard resistive and vis-
cous MHD equations on a spherical grid and incorporates ra-
diative losses, thermal conduction parallel to the magnetic
field, and an empirical coronal heating function (see, e.g.,
Miki ć et al. 1999; Lionello et al. 2009). The latter allow the
modeling of prominence formation due to plasma conden-
sation. The initial magnetic field in the simulation is ob-
tained from a potential field extrapolation, using a combina-
tion of synoptic and real-time line-of-sight magnetograms (for
a simplified model of the large-scale magnetic configuration
around the time of the eruption, see Titov et al. 2008). After a
solar wind MHD solution is obtained by relaxing the system

to a steady state, the CME-producing active region is ener-
gized by a combination of photospheric shear flows and trans-
verse field “emergence”, which both keep the radial flux dis-
tribution unchanged (e.g., Linker et al. 2001; Bisi et al. 2010).
This produces a highly sheared core field with little indica-
tions of twist, i.e., of flux rope geometry. Finally, the sys-
tem is further energized, and an eruption is triggered, via flux
cancelation, driven by localized flows converging toward the
photospheric polarity inversion line (PIL) (e.g., Linker et al.
2003).

During the energization of the system, a sheet-like, coherent
structure of cold and dense plasma forms within the core field
(Figure 7(b),(c)). Interestingly, a significant fraction of this
plasma is not located in concave-up field line segments, so the
common picture of prominence material held against gravity
in dipped fields does not seem to fully apply here. The de-
tailed mechanisms by which this “prominence” is formed and
maintained in the simulation require further study – it seems
that both levitation of chromospheric plasma and condensa-
tion of coronal material are involved. For our present purpose,
it is sufficient to consider its evolution in the phase leading up
to the eruption.

It has been shown that magnetic reconnection associ-
ated with flux cancelation successively transforms a sheared
arcade into a flux rope, which slowly detaches from
the photosphere, leaving behind short arched field lines
(e.g., van Ballegooijen & Martens 1989; Amari et al. 2003;
Aulanier et al. 2010). A similar process occurs in our sim-
ulation during the cancelation phase, although the evolution
is more complex (Titov et al., in preparation). As can be in-
ferred from vertical cuts of the so-called squashing factorQ
(Titov et al. 2002), the core field consists of several flux bun-
dles before it erupts (Figure 7(d)). The central flux bundle
contains two adjacent flux ropes: a highly twisted low-lying
one and an arched, less twisted upper one (Figure 7(a)). These
two structures start to form relatively early in the cancelation
phase, and gradually develop a flux rope geometry as they
accumulate twist about their respective axes. However, in
contrast to the distinct flux ropes considered in the previous
subsection, a clear boundary between them does not develop;
rather they remain merged to some extent for most of the can-
celation phase. (Interestingly, although the upper flux rope
possesses twist, it does not contain dipped field lines below
its axis, which is due to its strong curvature.)

In the course of the flux cancelationand associated recon-
nection, the core field first expands quasi-statically until, af-
ter about 3.5 hours, its slow evolution transitions into a fast
rise phase, marking the onset of the eruption (Figure 7(e)).
In the pre-eruptive phase, the central flux bundle becomes in-
creasingly stretched in the vertical direction. Shortly before
the eruption, the splitting into two parts becomes more pro-
nounced (Figure 7(d)),which is associated withtether-cutting
reconnection of ambient flux into the core flux at the HFT be-
tween the two main flux bundles. The added flux runs under
the apex of the upper flux rope and contributes to its twist,
thus, it potentially acts destabilizing. For the lower rope, the
added flux acts like strengthened overlying flux, thus stabiliz-
ing. Theincreasing separation of the flux ropesis accompa-
nied bya splitting of the plasma sheet (Figure 7(b),(c)). Sub-
sequently, the eruption carries away the upper flux rope and
the top part of the plasma sheet, while the lower rope and the
bottom part of the sheet remain at low heights.

The origin of the splitting of the central flux bundle must
be different from the partial eruption mechanism modeled by
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FIG. 7.— Snapshots of the 1997 May 12 simulation during the pre-eruptive phase. Panels (a–d): Vertical cuts perpendicular to the flux rope axis, taken at the
apex of the upper rope; the specific times of the sub-panels from left to right are marked by dotted lines in the time-height profile of the upper flux rope axis
apex shown in Panel (e). Panel (a) shows the (transparent) logarithmic distribution of the ratio of electric current density and magnetic field strength,j/B (in
normalized units), and magnetic field lines that outline the cores of the upper and lower flux rope in an oblique view. Panels (b–d) are views along the upper
flux rope axis, showing mass densityρ (in 10−16 g cm−3), temperatureT (in MK), and the logarithmic distribution of the squashing factorQ (shown in a zoomed
view), respectively. The dots in panels (b–d) mark the approximative position of the upper flux rope axis apex. The radial magnetic field is shown in panels (a–c)
at the photospheric plane, where white (black) colors outline strong positive (negative) flux.

Gibson & Fan (2006). There, the splitting of one coherent
flux rope into two parts was associated with reconnection oc-
curring in a current layer that formed in the course of the
rope’s eruption, due to a deformation (writhing) of the rope
by the helical kink instability. In our case, the splitting oc-
curs already in the pre-eruptive stage, during which no notice-
able helical deformation takes place (Figure 7(a)). Moreover,
two flux ropes form within the central flux bundle even ear-
lier in the evolution. In a later simulation described in Fan
(2010), where the eruption was driven by the torus instabil-
ity, a current layer formed within the flux rope already in the
pre-eruptive phase, and a similar breaking of the magnetic
structure as in our simulation was observed (Y. Fan, private
communication). Further study is required to fully understand
how the splitting of the magnetic flux occurs in our simula-
tion. A number of aspects may play a role, as for example
the complexity of the initial potential field, the specific tech-
niques by which the system is driven, gravity in regions of
strong density, and reconnection at bald patches in the outer
parts of the PIL.

By producing two stacked flux ropes early on in the evo-
lution leading up to an eruption, our simulation supports the
conjecture that such a configuration can exist in stable state
for long periods in the corona, and it provides indications for
their possible formation. Also, the splitting of the plasma
sheet corresponds nicely to the observed separation of the
two filament branches in the event analyzed in Paper I. How-
ever, the plasma splitting occurs only rather shortly before the
eruption, different from the 2010 August 7 event (although
the separation of the branches was most pronounced shortly

before the eruption of the upper branch; see Figure 4 in Pa-
per I). We did not succeed in producing a stable or longer-
lasting configuration with a split plasma sheet by, for instance,
switching off the flux cancelation at earlier times in the sim-
ulation. It seems that, at least for the specific parameters that
were used to control the formation and driving of the core
field in our simulation, such a configuration is difficult to ob-
tain. The absence of plasma splitting at an earlier stage of the
simulation might be due to the absence of field line dips in the
upper flux rope. It remains to be seen whether the formation
of (meta-)stable double-decker filament configurations can be
modeled by simulations similar to the one presented here, or
whether different physical mechanisms (as for example flux
emergence) are required.

4. CONCLUSIONS AND DISCUSSION

An approximate analytical equilibrium of two concentric,
toroidal, force-free flux ropes can be constructed by a gen-
eralization of the methods developed in Titov & Démoulin
(1999). The techniquecan be usedfor ratios of the major
torus radiiR2/R1 & 2.5 and should be supplemented by nu-
merical MHD relaxation to a nearby numerical equilibrium in
the rangeR2/R1 . 4.

The equilibrium is stabilized by an external toroidal field
Bet of sufficient strength, which can be considerable if the flux
ropes are located relatively close to each other. For the geom-
etry studied here,R2/R1 = 2.5 and the ratio of minor torus
radii a2/a1 = 1.5, we find thatBet > Bet,cr ≈ 1.7Bq is required,
whereBq is the external poloidal field strength at the position
of the inner (lower) flux rope.
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The analytical construction of a double flux rope equilib-
rium with Bet 6= 0 in this paper is restricted to the case that a
line current at the symmetry axis of the tori is the source of
Bet. Therefore,Bet decreases only weakly with increasing dis-
tanceR from the symmetry axis,Bet ∝ R−1. This allows only
confined eruptions to be modeled (exceptin the case thatBet
is set considerably belowBet,cr).

If the external toroidal field strength is reduced, then both
flux ropes tend to become torus unstable. Typically the lower
(inner) flux rope exhibits the stronger instability. This is due
to the facts (i) that the poloidal field by the upper (outer) flux
rope is oppositely directed to the external poloidal field at the
position of the lower flux rope, giving the total poloidal field
at this position a steep decrease with height, and (ii) that field
and current are generally stronger in the lower flux rope. If
the lower flux rope erupts upward, it pushes the upper rope
upward as well. A full eruption of the configuration results
which is quite similar to the eruption of a single flux rope. If
the lower rope moves downward, it reconnects with the ambi-
ent field, splitting and coming to rest low in the box. This is
accompanied by the upward eruption of the upper rope. How-
ever, it is also possible that only the upper flux rope turns
unstable, with the lower rope staying in place without experi-
encing any significant change. This occurs in a scenario sug-
gested by the observations in Paper I and demonstrated here:
transfer of flux and current from the lower to the upper flux
rope.

An equilibrium consisting of two force-free flux ropes, ar-
ranged vertically above a photospheric boundary, is also nu-
merically obtained through an evolutionary sequence of shear
flows, flux emergence, and flux cancelation in the photo-
sphere. The stable double flux rope structure shows a slow
rise in the cancelation phase. This evolution gradually tran-
sitions into a faster rise involvingtether-cuttingreconnection
with the ambient field at the HFT between the ropes. Such
reconnection lowers the stability of the upper flux rope and
improves the lower rope’s stability. Thus, it is a second po-
tential driver for a partial eruption. The simulation indeed
yields aneruption of the upper flux rope while the lower rope
remains at low heights.

A third possibility, although less likely,consists in building
supercritical twist for onset of the helical kink instability only
in the upper flux rope.

Both the existence of stable double flux rope equilibria and
the possibility that only the upper flux rope loses stability sup-
port the suggestion that the split, partially erupting filament
investigated in Paper I may have formed in such a configura-
tion.

This topology may not be a rare occurrence, since split fil-
aments and prominences are seen quite frequently and since
partial eruptions are not uncommon (e.g., Pevtsov 2002). One
can expect this also from the fact that the simulation in Sec-
tion 3 was designed to model another event and yet shows a
double flux rope. Moreover, the double flux rope topology
may not only be relevant for split filaments and prominences,
since one of the flux ropes, especially the upper one, may be
void of absorbing material. The existence of two flux ropes
is quite likely in an event on 2010 March 30 which exhibits
both confined and ejective components in a common eruption

(Koleva et al. 2012). Both main branches of a split promi-
nence were seen to erupt successively in an event on 2010
April 8 (Su et al. 2011), possibly providing an example for
the case that the lower rope in a double flux rope equilibrium
loses stability first.

The support for the double flux rope configuration given
here does not imply that the alternative configuration of a sin-
gle flux rope situated above a magnetic arcade is less fea-
sible. That configuration actually has advantages in terms
of stability (it does not necessarily require a strong external
shear field component to suppress instabilities), and it nat-
urally allows partial eruptions that do not strongly perturb
the lower part of the flux. However, at present it is unclear
whether this configuration can stably exist for extended pe-
riods of time in spite of a changing photospheric boundary.
Several investigations have suggested that the slow evolution
of active regions toward an eruption may typically involve the
formation of this configuration (e.g., Titov & Démoulin 1999;
Aulanier et al. 2010). Recent studies indicate further that the
system may already be close to the eruption when the HFT
forms (Su et al. 2011; Savcheva et al. 2012). Typically, flux
cancelation is a main driver in this final part of the evolution.
Since flux cancelation is a common process, thequasi-static
evolution phaseof the configuration may typically be rela-
tively short. The split filament studied in Paper I existed for
a considerable period of at least two days. However, in this
case, this is not in conflict with the assumption of a single
rope and HFT structure, since the flux cancelation under the
filament was observed to remain weak in this period.

Several new scenarios for partial eruptions are suggested
by the investigations presented in Paper I and here. The upper
part of a split flux system can erupt without strongly perturb-
ing the lower part in the double flux rope configuration when
only the upper flux rope is unstable (Figures 5–7), which can
beachieved by flux transfer from the lower to the upper rope
and bytether-cuttingreconnection with the ambient fieldin
the space between the ropes. Similar evolutions are possible
in the configuration with a single flux rope separated by an
HFT from an underlying arcade (Figure 1). The double flux
rope configuration also allows the eruption of the upper flux
rope accompanied by downward motion and eventual destruc-
tion of the lower flux rope if the lower flux rope is unstable. In
each of these cases, the flux can be split already during long
periods before the eruption starts, in line with the properties of
the filament studied in Paper I. This distinguishes them from
the well known mechanism of a splitting unstable and line-
tied flux rope in Gibson & Fan (2006) (see also Gilbert et al.
2001), which involves a splitting of the flux only in the course
of the eruption.
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Miki ć, Z., Riley, P., Owen, C. J., Gonzalez-Esparza, A.,
Aguilar-Rodriguez, E., Morgan, H., Jensen, E. A., Wood, A. G., Owens,
M. J., Tokumaru, M., Manoharan, P. K., Chashei, I. V., Giunta, A. S.,
Linker, J. A., Shishov, V. I., Tyul’Bashev, S. A., Agalya, G., Glubokova,
S. K., Hamilton, M. S., Fujiki, K., Hick, P. P., Clover, J. M., & Pintér, B.
2010, Sol. Phys., 265, 49



10 Kl iem et al.

Fan, Y. 2010, ApJ, 719, 728
Gibson, S. E., & Fan, Y. 2006, ApJ, 637, L65
Gilbert, H. R., Holzer, T. E., & Burkepile, J. T. 2001, ApJ, 549, 1221
Isenberg, P. A., & Forbes, T. G. 2007, ApJ, 670, 1453
Kliem, B., & Török, T. 2006, Phys. Rev. Lett., 96, 255002
Kliem, B., Török, T., & Thompson, W. T. 2012, Sol. Phys., in press
Koleva, K., Madjarska, M. S., Duchlev, P., Schrijver, C. J., Vial, J.-C.,

Buchlin, E., & Dechev, M. 2012, A&A, 540, A127
Linker, J. A., Lionello, R., Mikíc, Z., & Amari, T. 2001, J. Geophys. Res.,

106, 25165
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ABSTRACT

We analyze multi-spacecraft observations of a giant filament eruption that occurred during 2009 September 26 and
27. The filament eruption was associated with a relatively slow coronal mass ejection. The filament consisted of a
large and a small part, and both parts erupted nearly simultaneously. Here we focus on the eruption associated with the
larger part of the filament. The STEREO satellites were separated by about 117◦ during this event, so we additionally
used SoHO/EIT and CORONAS/TESIS observations as a third eye (Earth view) to aid our measurements. We
measure the plane-of-sky trajectory of the filament as seen from STEREO-A and TESIS viewpoints. Using a
simple trigonometric relation, we then use these measurements to estimate the true direction of propagation of
the filament which allows us to derive the true R/R�-time profile of the filament apex. Furthermore, we develop
a new tomographic method that can potentially provide a more robust three-dimensional (3D) reconstruction by
exploiting multiple simultaneous views. We apply this method also to investigate the 3D evolution of the top part of
filament. We expect this method to be useful when SDO and STEREO observations are combined. We then analyze
the kinematics of the eruptive filament during its rapid acceleration phase by fitting different functional forms to
the height-time data derived from the two methods. We find that for both methods an exponential function fits the
rise profile of the filament slightly better than parabolic or cubic functions. Finally, we confront these results with
the predictions of theoretical eruption models.

Key words: Sun: activity – Sun: coronal mass ejections (CMEs) – Sun: filaments, prominences

Online-only material: animations, color figures

1. INTRODUCTION

Coronal mass ejections (CMEs) are huge expulsions of
plasma and magnetic field from the solar corona into inter-
planetary space. They are often accompanied by the eruption
of a filament or prominence, which becomes visible as the core
of the CME in coronagraph observations, and by a flare that
occurs almost simultaneously with the eruption. It is now well
accepted that these three phenomena are different observational
manifestations of a more general process, namely a local dis-
ruption of the coronal magnetic field (e.g., Forbes 2000). The
detailed mechanisms that trigger and drive such disruptions are,
however, still controversial, and a large number of theoretical
models have been put forward in the past decades (for recent
reviews, see Amari & Aly 2009; Aulanier et al. 2010; Forbes
2010).

Early observations indicated that there are two distinct classes
of CMEs, namely fast (or impulsive) ones, originating in active
regions and associated with flares, and slow (or gradual) ones,
associated with large prominence eruptions outside of active
regions and no, or no significant, flaring (MacQueen & Fisher
1983; Sheeley et al. 1999). Consequently, it has been suggested
that different eruption mechanisms may be at work in these two
types of eruptions. However, the analysis of considerably larger
data sets in the SoHO era revealed a continuous distribution of
CME velocities with a single peak (e.g., Zhang & Dere 2006),
indicating that both fast and slow CMEs are driven by the same
physical mechanism(s). This is supported by the considerable
range of CME kinematics that could be modeled based on a
single physical mechanism (Chen & Krall 2003; Török & Kliem

2007), as well as by the fact that large prominence eruptions
outside active regions can produce loops and ribbons that are
morphologically similar to those seen in flare-related CMEs.
The majority of prominence-related CMEs are most likely not
associated with flares simply because the magnetic fields in their
source regions are too weak to produce significant emission in
Hα and in EUV wavelengths (see, e.g., Forbes 2000).

Virtually all theoretical models describe CMEs as coronal
magnetic flux ropes that are anchored in the dense photosphere
(see, e.g., Gibson et al. 2006), although it is debated whether
a flux rope is present in the corona prior to an eruption or is
formed during the eruption process. The expulsion of a flux
rope into interplanetary space as a CME has been explained by,
e.g., the continuous increase of poloidal flux in the rope due to
flux injection from the convection zone into the corona (e.g.,
Chen & Krall 2003), by ideal MHD instabilities like the helical
kink instability (Fan 2005; Török & Kliem 2005) or the torus
instability (Kliem & Török 2006), or by the combination of a
“loss of equilibrium” of a flux rope and magnetic reconnection
occurring in its wake (e.g., Forbes & Isenberg 1991). Other
models invoke reconnection from the beginning of the eruption,
as for example the “tether cutting” (e.g., Moore et al. 2001) and
“magnetic breakout” (e.g., Antiochos et al. 1999) models.

Using observations to support or reject specific models for
a particular eruption is difficult for several reasons. First,
many models employ more than one physical mechanism,
resulting in a partial overlap between them (see Aulanier et al.
2010). Second, several distinct mechanisms may occur almost
simultaneously in an eruption, in particular in complex events,
making it difficult to establish which one is the main driver of the
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eruption (e.g., Williams et al. 2005). Third, the models predict
a very similar evolution for the main phase of an eruption, i.e.,
for the evolution after the impulsive flare phase and initial rapid
acceleration of the ejecta. When looking for clues for possible
eruption mechanisms, one therefore often focuses on the early
eruption phase, for example, on the morphology and timing of
pre-flare Hα and EUV brightening (e.g., Chandra et al. 2011).
For eruptions associated with large quiescent prominences, as
the one studied in this paper, such signatures are, however, often
not available.

Another possibility to obtain information about the mecha-
nisms at work in an eruption is to study its kinematic proper-
ties, in particular the early rise phase (Schrijver et al. 2008).
Eruptions typically start with the slow rise of a filament or
prominence and/or overlying loops, at an approximately con-
stant velocity of a few km s−1, which is followed by the rapid
acceleration of the ejecta to several 100 km s−1. The acceler-
ation should initially follow some functional dependence, but
will then saturate and decrease afterward (see, e.g., Figure 3 in
Gallagher et al. 2003). Profiles of the initial acceleration phase,
if extractable from measured height-time data with sufficient
coverage, can be compared with predictions of theoretical erup-
tion models.

Observed rise profiles of the early phase of filament eruptions
and CMEs have been fitted by constant-acceleration curves (e.g.,
Gilbert et al. 2000; Kundu et al. 2004; Chifor et al. 2006), power-
law, h(t) ∝ tm, with 3.0 � m � 3.7 (e.g., Alexander et al. 2002;
Schrijver et al. 2008; Liu et al. 2009), and exponential functions
(Gallagher et al. 2003; Williams et al. 2005). As for theoretical
models, the functional dependence of eruption trajectories has
not often yet been reported, and systematic investigations of its
parameter dependence are quite rare so far. Still, some model
predictions can be inferred from the literature. For example,
an exponential early rise is naturally expected if an eruption is
initially driven by an ideal MHD instability (e.g., Török et al.
2004). A power-law dependence with m = 2.5 has been found
for the trajectory in a two-dimensional (2D) version of the loss of
equilibrium model (Priest & Forbes 2002), and a parabolic rise
(i.e., constant acceleration) was reported for a simulation of the
breakout model (Lynch et al. 2004). Furthermore, Schrijver et al.
(2008) showed that a velocity perturbation at the onset of the
rapid acceleration of an eruption can change the resulting func-
tional dependence of the trajectory (from exponential to near-
cubic for the case of the torus instability they studied), given that
this perturbation is sufficiently large (somewhat larger than typ-
ical velocities observed during the initial slow rise phase of an
eruption). We refer to Schrijver et al. (2008) for further details.

Prominence eruptions and CMEs have been observed for a
long time with various ground- and space-based instrument.
For example, the LASCO coronagraphs (Brueckner et al. 1995)
on board the SoHO spacecraft have been observing thousands
of CMEs in white light. However, one of the limitations of
LASCO, and of other instruments that are located at or close to
Earth, is that they can only obtain 2D observations, projected
onto the plane of sky (POS). Height-time data of eruptions
are particularly hampered by this, since obtaining the correct
radial rise velocities requires the knowledge of the true three-
dimensional (3D) trajectories.

The STEREO mission (Kaiser et al. 2008) was launched
during the solar minimum and therefore initial studies were
of quiescent filament eruptions (Gosain et al. 2009; Artzner
et al. 2010; Gosain & Schmieder 2010). With STEREO 3D
reconstructions, it is, in principle, possible to derive the shape

of the prominence, its twist or writhe, and its true trajectory when
it erupts. These properties can be useful for comparisons with
model predictions (e.g., Török et al. 2010; Kliem et al. 2012;
Zuccarello et al. 2012). Other case studies of quiescent filament
eruptions observed with STEREO are reviewed in Bemporad
(2011) and Aschwanden (2011) and those of CMEs in Mierla
et al. (2010).

The main difficulty in stereoscopic reconstruction arises when
the separation angle between the two STEREO satellites is large,
because then it becomes difficult to identify the same feature in
both views unambiguously (Thompson et al. 2012). In such
cases one has to use complementary observations from other
instruments, such as SoHO/EIT (Delaboudinière et al. 1995),
CORONAS/TESIS (Kuzin et al. 2009), and now SDO/AIA
(Lemen et al. 2012). The addition of the Earth view to STEREO
views makes life easier as it provides us (1) more than one
stereoscopic pair, and (2) smaller separation angles. Also, in a
special circumstance when a structure (filament/prominence)
is not visible in one of the STEREO satellites (e.g., remains
hidden behind the limb during initial rising phases), adding an
Earth view to one of the STEREO satellites allows us to make
stereoscopic reconstruction. Some recent examples where three
views have been used are Li et al. (2011) and Feng et al. (2012).

In this paper we will present such an example. We present
He ii 304 Å observations of a large filament eruption that
occurred during 2009 September 26–27. The observations were
taken from the twin STEREO satellites and were combined with
complementary observations from SoHO/EIT and CORONAS/
TESIS, giving us a third view, i.e., the Earth view of the event.
The filament eruption was seen as a limb event by STEREO-A,
EIT, and TESIS, while it was seen as an on-disk event by
STEREO-B.

Based on these multi-spacecraft data, we derive the R/R�
or simply height-time profile of the erupting prominence by
different methods. First, we independently derive the POS
height-time profiles of the prominence top as viewed from
STEREO-A and TESIS. Second, we apply a trigonometric
relation to simultaneous STEREO-A and EIT observation of
the prominence and estimate the propagation direction of the
filament. Knowing the propagation direction we can derive
true height-time profile of the filament top. Finally, we apply
a 3D stereoscopic reconstruction method based on Marinus
projections to derive the height-time profile, we call this method
“tomographic method” as it can use simultaneous multiple views
for reconstruction. We then fit these height-time profiles by
functional forms, viz., parabolic, exponential, and cubic and
compare the results.

The paper is organized as follows. Section 2 summarizes the
observations. In Sections 3 and 4 we describe the trigonometric
and tomographic methods, respectively, results derived from
these methods. Finally, we discuss the results as well as the
potential of the newly developed tomographic method.

2. OBSERVATIONS AND METHOD OF DATA ANALYSIS

2.1. Heii 304 Å Filament Observations

During 2009 September 26–27 a large filament eruption
was observed near the northeast solar limb. The observations
were obtained in the He ii 304 Å wavelength at a cadence
of ten minutes by the SECCHI/EUVI instrument aboard the
STEREO-A and B satellites. Figure 1 (top panel) shows on-
disk observations by STEREO-B during the early phase of the
eruption. Two filaments can be seen, a long one (LF) located
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Figure 1. Top panel shows the He 304 Å filtergram observed from STEREO-B at
19:17 UT on 2009 September 26. LF and SF mark the large and the small filament
(highlighted inside yellow rectangle, outlined by white line segments for clarity),
respectively. The bottom panel shows a map of the radial magnetic field
component, reconstructed from a synoptic MDI magnetogram, as STEREO-B
would have seen it at the same time (courtesy of Z. Mikić). The dashed lines
indicate the polarity inversion line above which the filaments are located.

(Animations and color version of this figure are available in the online journal.)

at 23◦–34◦ N, and a short one (SF) located at 18◦–32◦ N.
The bottom panel shows a reconstruction of the photospheric
magnetic field distribution as it would have been seen from
STEREO-B (at 19:17 UT on 2009 September 26, using B0 =
5.◦54 and CML = 164.◦4, where B0 and CML are the Carrington
coordinates of the disk center in the STEREO-B view). It can be
seen that both filaments follow the same polarity inversion line
(PIL), suggesting that they were both located within an extended
filament channel. The magnetic field on either side of the PIL
was weak (+/−3 G). In the limb view of STEREO-A, LF starts to
rise earlier than SF (see movie 1), while both eruptions seem to
occur simultaneously in the disk view of STEREO-B (movie 2).
Since LF is much more prominent than SF, in this paper we focus
on the evolution of LF and refer to Li et al. (2010) for further

details on the eruption of SF. In the following, “filament” or
“prominence” therefore refers only to LF.

During this event, the STEREO satellites were separated by
about 117◦ and the main part of the filament was hidden be-
hind the solar limb in the STEREO-A viewpoint until about
18:20 UT on 2009 September 26. A 3D stereoscopic recon-
struction in combination with STEREO-A before 18:20 UT was
therefore not possible from either STEREO-B or Earth view
(EIT and TESIS). He ii 304 Å images from SoHO/EIT at a
cadence of 6 hr and CORONAS/TESIS images at a cadence
of ten minutes provide the Earth view, which are used for 3D
reconstruction with STEREO-A after 18:20 UT September 26
using the tomographic method described in Section 3.3. The
He ii 304 Å images of the filament from the four instruments are
shown in Figure 2. The Earth–Sun–STEREO-A and Earth–Sun–
STEREO-B angles on 2009 September 26 were 61◦ and 56◦,
respectively. The observations of the filament top from two dif-
ferent vantage points (TESIS and STEREO-A) allows us to ob-
serve the POS evolution in a piecewise continuous manner from
TESIS (00:00 to 22:00 UT) and STEREO-A (19:10 to 23:10 UT),
as shown in Figure 6 (top left panel). A simple trigonometric
method, described in Section 3.2, is used to triangulate the true
propagation direction of the filament apex. Knowing this angle,
the POS height-time profiles are corrected to derive the true
height-time profiles as shown in Figure 6 (bottom left panel).

The filament LF (as seen from STEREO-A; Figure 3) suggests
a sheet-like morphology. The stereoscopic reconstruction by Li
et al. (2010, see their Figure 2) also infers a sheet-like structure.
We outline its apparent edges by dashed (red) and dotted
(yellow) lines in STEREO-A and B views. A careful inspection
of the legs of the prominence in STEREO-A images suggests
a twisted morphology of the legs. However, a quantification of
the twist of the filament sheet is not possible in the present case.

2.2. CME Observations

STEREO-A observed the CME associated with the filament
eruption on 2009 September 26/27 with its coronagraphs, COR1
(1.4–4 R�) and COR2 (2.5–15 R�). The CME was not seen by
STEREO-B since it was directed toward it and was perhaps too
faint to be seen as a halo CME. The LASCO/C2 (1.5–6 R�) and
C3 (3.7–30 R�) coronagraphs also observed the CME. The time
of arrival of CME in C2 was 23:06 UT on September 26, in C3
was 14:18 UT on September 27, and in HI1 was on 21:29 UT
on September 27.

The propagation angle of the CME leading edge is derived
using the same procedure as described in Section 3.2 and applied
to filament apex. The projection correction to the POS height-
time profiles of the CME (top right panel of Figure 6) is then
applied to derive the true height-time profiles (bottom right panel
of Figure 6).

3. HEIGHT-TIME PROFILE OF ERUPTING
FILAMENT AND CME

3.1. Plane-of-sky Measurements

We make POS measurements of the filament apex (marked
by the “+” symbol in the panels of Figure 2) using TESIS and
STEREO-A observations. The RPOS/R� profile of the filament
apex measured from the two views (from STEREO-A and
TESIS) is plotted in the top left panel of Figure 6. Similarly,
the top right panel of Figure 6 shows the RPOS/R� profile
of the leading edge of the CME measured with STEREO-A
and LASCO coronagraph observations. The difference in the
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Figure 2. Four different views on the erupting filament in He ii 304 Å. The top panel shows the STEREO-Behind (left) and STEREO-Ahead (right) views. The bottom
panel shows the Earth views by SoHO/EIT (left) and CORONAS/TESIS (right).

RPOS/R� profiles of the filament apex and CME leading edge as
seen by different satellites is apparent, since the measurements
correspond to two different vantage points.

3.2. Estimation of the True Height-time Profile
using Simple Triangulation

The POS measurements, RPOS/R�, of the filament apex and
the CME leading edge, described above, can be corrected for
projection effect if we know the angle between the real trajectory
of the erupting feature and the POS in the observer’s frame of
reference. The true R/R� profile is related to the RPOS/R�
profile, measured in the POS, by (R/R�)cosθ = RPOS/R�,
where θ is the angle between the real trajectory and the POS,
referred to as propagation angle henceforth.

Here we apply a simple trigonometric relation, using image
pairs from STEREO-A and TESIS/EIT (henceforth, Earth view
or EV), to estimate the propagation angle. We then use this
information to derive the true R/R� profile of the erupting fila-
ment and the CME. A simple assumption made here is that the
propagation angle remains unchanged during the time of the
measurements. We verified this assumption by computing
the propagation angle using STEREO-A and TESIS pair at later
times and found that the angle remains the same (see Table 1).

We explain the trigonometric procedure here briefly. The
illustration in Figure 4 shows the geometric setting of the two
STEREO satellites and the EV with respect to the filament. The
projected height of the top part of the filament is ha and hb in
the POS of STEREO-A and EV, respectively. S is the separation

Table 1
Propagation Direction using Simple Triangulation and Marinus Method

TESIS STEREO-A � αa � βa Latitudeb Longitudeb

20:16 UT 20:16 UT 41◦ 20◦ 28◦ 148◦
20:24 UT 20:26 UT 41◦ 20◦ 28◦ 148◦
20:48 UT 20:46 UT 41◦ 20◦ 27◦ 149◦
20:56 UT 20:56 UT 41◦ 20◦ 25◦ 149◦
21:04 UT 21:06 UT 41◦ 20◦ 25◦ 149◦
21:59 UT 21:56 UT 40◦ 21◦ 21◦ 152◦
22:15 UT 22:16 UT 40◦ 21◦ 19◦ 152◦

Notes.
a Angles α and β measured by simple triangulation method.
b Carrington latitude and longitude using Marinus method.

angle between STEREO-A and EV (61◦), and α and β are the
angles that the top of the filament apex (trajectory) makes with
respect to the POS. We obtain the angles using the relations
S = α + β and ha/hb = cos(α)/cos(S − α). Knowing these
angles, we can apply corrections to the POS heights ha and hb
to obtain the true height hTrue = ha/cos(α) = hb/cos(β).

Figure 5 shows an example of two stereoscopic image pairs,
i.e., STEREO-A (left panel) and EIT (right panel), observed
almost simultaneously. The two images are in epipolar view.
The segments ha and hb measure the top part of the filament
as viewed from two vantage points. Knowing ha, hb, and S,
we determine α and β to be 41◦and 20◦, respectively. Since
only one stereoscopic pair is available between SoHO/EIT and
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Figure 3. STEREO-A (top) and B (bottom) images of the eruptive filament (LF
and SF) are shown. The edges of the filament sheet (LF) are outlined by dashed
(red) and dotted (yellow) lines. The sheet appears to be twisted along its legs.

(A color version of this figure is available in the online journal.)

STEREO-A, we make use of TESIS data to make pairs with
STEREO-A. The observations of STEREO-A and TESIS are not
synchronized in time and both instruments follow a different
time cadence (see Table 1). Assuming that the filament did not
evolve significantly within the small time differences, we could
make eight near-simultaneous stereoscopic pairs of TESIS and
STEREO-A. The timings of these pairs and the value of angles α
and β deduced using these pairs are given in Table 1. It may be
noticed that during the observed time interval the propagation
angle does not change and therefore it is possible to correct the
observed POS height-time profiles for propagation angle using
the single value of α and β. In Section 3.3.3 we show that these
values are consistent with other 3D reconstruction methods. The
corrected height-time profile of the filament apex is shown in
the lower left panel of Figure 6.

Similarly, applying this method to the CME leading edge
we deduce angles α and β to be 36◦and 25◦, respectively. The
true height-time profile of CME leading edge after correcting
for these angles is shown in the lower right panel of Figure 6.
It is interesting to note that the direction of propagation of the
filament apex and the CME leading edge differs by about 5◦. The
filament typically forms a core in the three part CME structure.
However, since the CME leading edge is more extended, i.e.,
the front surface of a tear-drop shaped bubble in which filament
forms a trailing part, the difference of 5◦is small considering
the large angular extent of the filament and the associated CME.
Another interesting point about this method is that the two curves
merge into one (as seen in the combined curves in lower panels)
only for a unique pair of α and β angles, where the sum of
the two angles (S = α + β, in this case equal to separation

between Earth and STEREO-A, i.e., 61.◦5) is well constrained by
the known separation angle between the two vantage points. For
any other pair of these angles the two curves did not merge into
one. Thus, just by knowing the separation angle between two
vantage points and the respective POS height-time profiles, one
can iteratively adjust the angles (in fact only one of the angles,
as the two angles α and β are simply α and S − α), until the
two curves merge as one. This procedure also gives the same
solution for α and β. These true height-time profiles are then
used for deriving the velocity and acceleration profiles of the
filament and CME, which is described in the following sections.

3.2.1. Estimating the Duration of Rapid Acceleration Phase

In this section, we use the true height-time curves, shown in
the lower panels of Figure 6, to derive the velocity, acceleration,
and jerk (rate of change of acceleration, following Schrijver
et al. 2008) profile of the filament and CME. The latter can then
be compared to the predictions of theoretical eruption models
described in the Introduction. Since the acceleration and jerk
are the higher order time derivative of the trajectory, errors in
the measured data amplify strongly, so one is typically forced
to smooth the data before calculating acceleration curves, for
example, using spline smoothing (Vršnak et al. 2007). Here
we will use a different approach: we first fit a fourth-order
polynomial of the form H (t) = a + bt + ct2 + dt3 + et4 to
the height-time data. We then use this smooth curve to obtain
the velocity, acceleration, and jerk profiles. These profiles are
shown in Figure 7 for the filament and the CME leading edge
in the left and right columns, respectively.

It is to be noted that the underlying physical mechanism
responsible for the eruption determines the functional form
of the height-time profile only initially, i.e., during the phase
when acceleration is growing, but not yet saturating. Once the
acceleration starts to saturate, the functional form is changing.
From Figure 7 we note that the acceleration profiles as estimated
from the fourth-order polynomial are quite different for the
filament and the CME. While the acceleration of the CME
leading edge is higher than that of the filament, the rate of
change of acceleration, i.e., the value of jerk for the CME is
declining, in contrast to the filament. This suggests that during
the time interval of the CME data the increase of the acceleration
of the leading edge is slowing down, while the growth of the
acceleration of the filament is still increasing. We therefore
restrict our fits of different functional forms to the filament only
and not to the CME.

3.2.2. Fitting Functional Forms to the Filament
Rapid Acceleration Phase

Before we fit the functional forms we make an estimation
of the optimum time interval which corresponds to rapid
acceleration phase of the filament. To get the first estimation,
we took the start time where the acceleration starts to grow from
zero and the end time as the last data point. We then fine tune our
estimation of the time interval of the rapid acceleration phase
by varying their start and end times and observing the resulting
quality of the overall fits of all three functional forms. The
interval leading to an overall best-fit quality for all functional
forms is marked by vertical dashed lines in Figure 7.

Within this rapid acceleration interval we then find the
best-fit functional form as described below. We fit the three
different functional forms: (1) parabolic, H (t) = a + bt + ct2,
(2) exponential, H (t) = aebt + c, and (3) cubic, H (t) =
a+bt+ct3 to the height-time profile during the rapid acceleration
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Figure 4. Illustration of the de-projection method. The coronal structure is represented by a yellow loop extending above the solar limb. The top part of this loop is at
an angle α (β) to the plane of sky in the reference frame of STEREO-A (Earth view, EV). S is the separation angle between STEREO-A and EV. The segments ha and
hb are the projected distances (R + h) cos(β) and (R + h) cos(α), respectively. S is related to α and β by S = α + β (if the loop is seen in front of the limb in one view
and behind the limb in the other) or by S = |α − β| (if the loop is seen on the same side of the limb, i.e., either in front of or behind the limb, in both views). If ha,
hb, and S are known, α and β can be determined.

(A color version of this figure is available in the online journal.)

Figure 5. Near-simultaneous STEREO-A and SoHO/EIT filtergrams in epipolar geometry. The segments ha and hb are measured from the apex of the filament. The
separation angle between Earth and STEREO-A is S = α + β = 61◦.

(A color version of this figure is available in the online journal.)

phase. The left panel of Figure 9 shows these fits. The reduced
χ2 χν values are shown at the top left corner of each panel. The
weights that we apply to the data points for fitting are taken
to be W = 1/σ 2, where σ is the standard deviation of the
measurement error. We assume a Gaussian distribution for the
latter. The pixel size of STEREO/EUVI is about 2 Mm. For
the filament (or prominence), which is typically quite diffuse in
He ii 304 Å images, we consider 3 pixels, i.e., 6 Mm as the 1σ
error. The actual errors may be somewhat different. However,
while using different values of 1σ will lead to different values
of χν , the relative values of χν between different functional
forms will remain the same. The fits of the three functional

forms shown in the left panels of Figure 9 clearly favor an
exponential rise of the filament, with a relatively better value
of χν .

3.3. The 3D Reconstruction by using Marinus Projection

3.3.1. The Method

Here we describe a new tomographic method for the 3D
reconstruction. We used simultaneous views of the filament from
STEREO-A and B and TESIS in He ii 304 Å wavelength. The
essence of the method is as follows.
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Figure 6. Top panels show the POS height-time profiles of the filament apex (left) and CME leading edge (right) as seen from different viewpoints (see the inset for
the observing satellites). The lower panels show the true height-time profiles derived by using the simple trigonometric method (Section 3.2).

A continuum intensity image of the Sun, I(x, y), can be easily
projected into heliographic coordinates I(l, b). This projection
is also known as equidistant cylindrical or Marinus projection.
Since the continuum intensity I(x, y) corresponds to the solar
photosphere, each point (x, y) on the intensity image can be
associated with heliographic coordinates (l, b), assuming a
spherical Sun with radius, R = R�. A common feature on the
solar disk such as a sunspot should then correspond to the same
Carrington latitude–longitude, no matter what the viewing angle
of the Sun is. However, for coronal images like in He ii 304 Å
the intensity features corresponding to filaments, spicules, etc.,
do not lie on the same sphere but are elevated structures in
3D. Thus, a common feature like a filament or coronal loop
will correspond to location (l1, b1) and (l2, b2) in heliographic
projection of the coronal images obtained from different viewing
points 1 and 2, respectively (when R = R� is assumed).
Conversely, if the heliographic projection is attempted assuming
the Sun to be a sphere of radius larger than one solar radius and
a correct radius of the sphere is assumed (equal to the altitude
of the feature), then the we should get l1 = l2 and b1 = b2 for
the common feature.

Thus, generating the generalized Carrington maps for differ-
ent assumed radii of the spherical grid, using a 5 Mm step from
R = 700 Mm to R = 1500 Mm, and comparing the Carrington
coordinates (latitude–longitude) of a recognizable common fea-
ture, such as filament apex, in the three Carrington maps (one
for each viewing angle) until they all agree gives us a solution
for the 3D coordinates of the feature. We found that this step size
of 5 Mm gives an optimum choice to arrive at the best agree-
ment for the generalized coordinates of a recognizable feature.
Thus the generic accuracy of the method can be assumed to be
about 5 Mm.

We geometrically consider both intersections of the line
of sight with the reference sphere. When the radius of the
reference sphere is equal to the chromospheric radius, we

take into account the single point located physically in front
of the POS. When the radius of the reference sphere is
greater than the chromospheric radius, we must in princi-
ple take into account both intersection points located respec-
tively in front of and behind the POS. That is why in the
top panel of Figure 8 the prominence, projected on the far
side of the reference sphere, behind the POS of STEREO-A,
appears as reversed from right to left with respect to the di-
rect view in Figure 2. In addition, the far side of the solar disk
appears as a dark, missing disk in the top panel of Figure 8.

3.3.2. Advantages and Limitations of the Method

It is well known that all stereoscopic reconstruction methods
are limited by the ambiguity in recognizing a common feature
in different views. Further, a common limitation that arises with
any 3D stereoscopic reconstruction technique is when the apex
point from two viewing angles may be different. Such situa-
tions would lead to a systematic error in the reconstructed 3D
coordinates. However, we expect such errors to be less severe
in our case because (1) the filament studied here has a large
extension in longitude which is rising globally as a whole, so
height-time profile of several neighboring points along the fila-
ment will be similar, and (2) using combination of STEREO-A
and TESIS (separation angle 61◦) as compared to STEREO-A
and STEREO-B (separation angle 117◦), we reduce the errors.
Although such systematic errors cannot be avoided, the time
derivative of measured altitude and hence the derived velocity
and acceleration should not be affected severely as long as the
systematic error remains similar in magnitude. Therefore, for
studying the kinematic evolution of erupting prominence such
reconstruction methods may still be applicable, with aforemen-
tioned limitations.

Figure 8 shows selected parts of the three generalized Carring-
ton maps corresponding to STEREO-A, TESIS, and STEREO-B
views, generated assuming radii of the spherical grid to be
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Figure 7. Left (right) panels show, from top to bottom, the height, speed, acceleration, and jerk (rate of change of acceleration) profiles of the filament apex (CME
leading edge), respectively. In the top panels, the data points are shown by “+” marks and the solid line corresponds to a fourth-order polynomial fit (H (t) = a+bt +ct2 +
dt3 + et4) to the data. The fitted profile H (t) is used to derive the speed, acceleration, and jerk curves in the subsequent panels. The two vertical dotted lines in the left
panels correspond to the estimated duration of the rapid acceleration phase of the filament, which is fitted with different functional forms in Figure 9.

1245 Mm, i.e., 545 Mm above the solar surface. At the choice
of this radius, the common feature, i.e., the filament apex
marked by a square box, corresponds to the same Carrington
latitude–longitude coordinates in the different views. In prin-
ciple, two stereoscopic views are sufficient for the application
of this method. However, adding more views increases redun-
dancy (for example, in the present case more emphasis is given
to TESIS and STEREO-A for constraining reconstruction) and
therefore may add to its robustness. In the future, we plan to
apply this method to the events observed simultaneously by the
two STEREO/EUVI instruments along with the high-resolution
SDO/AIA observations.

3.3.3. Comparison with SCC_MEASURE and Simple
Triangulation Method

The 3D reconstruction of the filament studied in this paper
was also carried out by Li et al. (2010) using SCC_MEASURE
procedure (developed by W. Thompson). They used STEREO-A
and STEREO-B pair for their reconstruction. Further, they
reconstructed many (12) points along the filament body (their

Figure 5). Their points 6, 7, and 8 correspond to the top of
the filament and one can note that the height evolution of
these points (their Figure 6(a)) is quite similar to each other
(within ±6 Mm), though the points are separated spatially, this
is due to the large-scale uniform evolution of the filament. For
comparison, we overlay the altitude data points of location 7,
as reconstructed by Li et al. (2010) in our height-time plot
shown with red symbols in the top right panel of Figure 9. The
reconstruction from two independent methods agrees quite well,
considering the general scatter in the reconstructed coordinates.

On the other hand, a poorer match is expected between the true
3D reconstruction methods and the simple triangulation method
since the latter only estimates the propagation angle and not the
3D coordinates of the filament. The height derived from simple
triangulation method shows a systematic offset with respect
to the true height derived from 3D reconstruction methods.
Apart from the systematic offset, the profile of the derived
speed and acceleration should, however, remain unaffected, as
these depend upon the shape of the curve. This is evidenced
in a similar fit quality of the height-time profile by both the

8



The Astrophysical Journal, 761:25 (11pp), 2012 December 10 Gosain et al.

TESIS 26-Sep-2009 22:39 UT

STEREO-B 26-Sep-2009 22:37 UT

STEREO-A 26-Sep-2009 22:36 UT

Figure 8. Top, middle, and bottom panels show the three views of the Sun from
the STEREO-A, TESIS, and STEREO-B, respectively, in Marinus projection.
The top part of the filament is marked by a white box in all images.

methods to different functional forms (see Section 3.3.4). Also,
the method is straightforward and relies on tracking a common
feature in the images taken from the same vantage point albeit
at different times. The natural advantage is that it is easy to track
a common feature in time if the time difference between two
images is not very large.

Further, it may be noted from Table 1 that the angles α and
β are not changing significantly. In the 3D reconstruction by
Li et al. (2010, their Figure 4, right panels) it can be seen that
a propagation angle of ∼20◦ in front of the east solar limb is
deduced and is not changing significantly. Also, the Carrington
longitude of the filament apex reconstructed using Marinus
method (Table 1) shows a small variation in longitude of ∼4◦,
while the mean value of the longitude, ∼150◦, corresponds to an
angle of ∼20◦ in front of the east solar limb, in agreement with
Li et al. (2010) and angle β from simple triangulation method.

3.3.4. Rapid Acceleration Phase and Its Functional Form

We use this tomographic 3D reconstruction method based on
Marinus projection to obtain the 3D trajectory of the filament
apex. The rise of the altitude of the filament apex is fitted
for different functional forms. The time interval of the rapid
acceleration phase is taken to be the same as estimated in
Section 3.2.1. The height-time curve and the fitted parabolic,
exponential, and cubic functions to it are shown in the right
panel of Figure 9 from top to bottom, respectively. The reduced
χ2 χν values are shown at the top left corner of each panel. It is
found that an exponential form fits the observations relatively
better as compared to the other functions. The exponential

function was also found to fit the rapid acceleration phase
relatively better than other functions in Section 3.2.2, where
simple triangulation method was used. This is shown in the left
panel of Figure 9.

4. DISCUSSION AND CONCLUSIONS

In this paper we analyzed the observations of a large erupting
quiescent filament which was observed from three vantage
points by STEREO-A, B, and the EV (SoHO/EIT and TESIS).
The filament rose slowly for several hours before accelerating
rapidly and erupting in two parts, a large and a small filament.
We analyzed the kinematics of the large filament, whose true
trajectory was derived by two methods: one simple triangulation
method and another newly introduced tomography method.
The new tomographic method can potentially take advantage
of simultaneous observations from multiple vantage points to
constrain the reconstructions better. After deriving the true
trajectory by the two methods, we fitted the height-time curves
with different functional forms and compared the results with
predictions of theoretical eruption models.

The key points in the observational analysis can be summa-
rized as follows.

1. The eruption involved two filaments, a large one and a small
one, which were located above the same PIL, suggesting
that they were embedded in the same, elongated filament
channel. The photospheric magnetic field strengths at the
location of the filaments were weak (up to about 3 G). The
two filaments erupted almost simultaneously. In the present
analysis we focused on the eruption of the more prominent
large filament.

2. We used two different approaches to derive the true height-
time profile of the filament. First, we used a simple
triangulation method to determine the angle which the
filament trajectory makes with respect to the POS and
applied correction to the POS height-time profile to derive
true height-time profile. Second, we used tomographic
approach where we make Marinus projections of the three
views of the Sun on spheres of radii larger than the solar
radii so as to arrive at a common latitude–longitude position
of a common feature (filament apex) in all maps. The
advantage of the first method is that once we know the
propagation angle with respect to POS from triangulation,
we can go back and forth in time and correct the POS height-
time profile obtained with even one satellite, i.e., durations
when only one view is available, e.g., when in one of the
stereoscopic pairs the filament is behind the limb or out of
the field of view (FOV). However, the method assumes that
the propagation angle of the filament with respect to POS
does not change substantially over the time of observations.

3. During its early rise phase, the filament exhibits the mor-
phology of a twisted sheet. However, its chirality could not
be inferred from the images.

4. We derived the acceleration and jerk (rate of change
of acceleration) profiles for the filament and the CME
(Figure 7). It is believed that the initial rapid acceleration
phase, when acceleration is growing, may be suggestive of
the physical mechanism behind the eruption (Schrijver et al.
2008). However, the acceleration curve must be growing
and not saturating or slowing down; in other words, the
jerk should be increasing. By studying the jerk profiles
in Figure 7 for the filament and the CME we decided to
fit different functional forms to the filament observations
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Figure 9. Panels on the left and right show the altitude-time curve for the erupting filament derived from simple triangulation method (Section 3.2) and 3D reconstruction
method (Section 3.3). The four data points in red in the top right panel correspond to the altitude reconstructed by using SCC_MEASURE method. The altitude-time
curve corresponds to the rapid acceleration phase of the filament eruption and is fitted for three functional forms viz. parabolic, exponential, and cubic (from top to
bottom). The reduced χ2 value of the fit is displayed on the top left corner of each panel.

(A color version of this figure is available in the online journal.)

only and not to the CME, because the jerk profile of the
CME suggests that its acceleration is already saturating.
Since the CME observations are available only when it
enters the coronagraph’s FOV, which is much later than the
observations of the filament eruption, we missed the initial
rapid acceleration phase of the CME.

5. We estimate the rapid acceleration phase of the filament
between 17:50 UT and 22.33 UT, using the procedure
described in Section 3.2.1. This phase is marked by two
dashed lines in the left panel of Figure 7. We fit functional
forms of a parabolic, exponential, and cubic function to
the true height-time profile of the filament apex during
the rapid acceleration phase. The fits to the true height-
time curves derived from two independent reconstruction
methods described in Sections 3.2 and 3.3, respectively, are
shown in Figure 9.

We now compare our analysis of the eruption kinematics with
the predictions of theoretical eruption models described in the
Introduction. We note that the conclusions obtained from such a
comparison should be read with some care and not be understood
as a way to strictly confirm or rule out certain models. First,
height-time data obtained with current instruments are still not
accurate enough and typically do not have sufficient cadence
to allow us to clearly pin down the functional forms of rise
profiles, which may behave very similar over the relatively short
timescales of the initial rapid acceleration in solar eruptions.
Also, a clear functional dependence may not be present if
several acceleration mechanisms are at work simultaneously
in an eruption. Second, for many models, a proper investigation
of the functional dependence of the eruption kinematics has not
yet been reported, and even for most of those for which it was,
there exists no parametric study, which may reveal kinematics
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of a different functional dependence than reported for specific
settings of the model parameters.

Our data indicate that the rapid acceleration phase already
started before the eruption became visible in the coronagraph
data, so we restricted our analysis of the early acceleration phase
to the filament observations. Our fits suggest that the filament
enters an exponential rise phase at about 17:50 UT, which then
appears to saturate from around 22:33 UT. Such exponential
initial acceleration is in line with many previous studies (see the
Introduction) and supports the current picture that both quies-
cent and active region filament eruptions, and their associated
CMEs, are driven by the same mechanisms. It suggests the oc-
currence of an ideal MHD instability, here most likely the torus
instability. We did not find indications of a clear writhing motion
of the filament that would suggest the additional occurrence of
the helical kink instability, although the twisted appearance of
the filament sheet may indicate some untwisting of the magnetic
field during the early phase of the eruption.

The exponential acceleration found here is different from
the cases studied by Schrijver et al. (2008), where a cubic
(or near-cubic) rise was found for two active region filament
eruptions. However, using numerical simulations, these authors
showed that a relatively large initial velocity of the erupting
structure at the onset of its rapid acceleration can change the
subsequent rise behavior from exponential to cubic. The slow
rise velocity of the filament (estimated from Figure 7, plateau
in the filament speed curve before the first vertical dashed line)
before the filament enters rapid acceleration phase is relatively
small, about ∼2.5 km s−1, however, comparable to the case
described in Schrijver et al. (2008). The exponential rise also
differs from the recent results by Joshi & Srivastava (2011),
who found a constant acceleration for both the slow rise and
rapid acceleration phases of the two 3D-reconstructed quiescent
prominence eruptions. However, these authors apparently did
not fit functions other than parabolic, and also the quality of
their fits is not reported.

While the data we considered here support the torus instability
as the mechanism responsible for the initial rapid acceleration
of the filament, they do not provide reasonable clues for the
cause for its preceding relatively long slow rise phase. We did
not find indications of pre-flare brightening which are often
used to draw conclusions. Hence, we do not find support
for tether-cutting or magnetic breakout, but we cannot rule
out the occurrence of these and other reconnection-related
mechanisms, since the magnetic fields in the source region
of the eruptions might have been simply too weak to produce
detectable brightening. We therefore refrain from speculating on
the exact underlying mechanism responsible in the present case.
However, more studies using the methods developed in this work
and encompassing larger sets of observations, including the
high-resolution SDO/AIA observations, could provide better
clues.
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Commission through the FP6 SOLAIRE Network (MTRN-CT-
2006-035484) is gratefully acknowledged.

REFERENCES

Alexander, D., Metcalf, T. R., & Nitta, N. V. 2002, Geophys. Res.Lett., 29,
100000

Amari, T., & Aly, J. 2009, in IAU Symp. 257, Universal Heliophysical Processes,
ed. N. Gopalswamy & D. F. Webb (Cambridge: Cambridge Univ. Press), 211

Antiochos, S. K., DeVore, C. R., & Klimchuk, J. A. 1999, ApJ, 510, 485
Artzner, G., Gosain, S., & Schmieder, B. 2010, Sol. Phys., 262, 437
Aschwanden, M. J. 2011, Living Rev. Sol. Phys., 8, 5
Aulanier, G., Török, T., Démoulin, P., & DeLuca, E. E. 2010, ApJ, 708, 314
Bemporad, A. 2011, J. Atmos. Solar-Terr. Phys., 73, 1117
Brueckner, G. E., Howard, R. A., Koomen, M. J., et al. 1995, Sol. Phys.,

162, 357
Chandra, R., Schmieder, B., Mandrini, C. H., et al. 2011, Sol. Phys., 269, 83
Chen, J., & Krall, J. 2003, J. Geophys. Res. (Space Phys.), 108, 1410
Chifor, C., Mason, H. E., Tripathi, D., Isobe, H., & Asai, A. 2006, A&A,

458, 965
Delaboudinière, J., Artzner, G. E., Brunaud, J., et al. 1995, Sol. Phys.,

162, 291
Fan, Y. 2005, ApJ, 630, 543
Feng, L., Inhester, B., Wei, Y., et al. 2012, ApJ, 751, 18
Forbes, T. 2010, in Models of Coronal Mass Ejections and Flares, ed. C. J.

Schrijver & G. L. Siscoe (Cambridge: Cambridge Univ. Press), 159
Forbes, T. G. 2000, J. Geophys. Res., 105, 23153
Forbes, T. G., & Isenberg, P. A. 1991, ApJ, 373, 294
Gallagher, P. T., Lawrence, G. R., & Dennis, B. R. 2003, ApJ, 588, L53
Gibson, S. E., Fan, Y., Török, T., & Kliem, B. 2006, Space Sci. Rev., 124, 131
Gilbert, H. R., Holzer, T. E., Burkepile, J. T., & Hundhausen, A. J. 2000, ApJ,

537, 503
Gosain, S., & Schmieder, B. 2010, Ann. Geophys., 28, 149
Gosain, S., Schmieder, B., Venkatakrishnan, P., Chandra, R., & Artzner, G.

2009, Sol. Phys., 259, 13
Joshi, A. D., & Srivastava, N. 2011, ApJ, 739, 8
Kaiser, M. L., Kucera, T. A., Davila, J. M., et al. 2008, Space Sci. Rev., 136, 5
Kliem, B., & Török, T. 2006, Phys. Rev. Lett., 96, 255002
Kliem, B., Török, T., & Thompson, W. T. 2012, Sol. Phys., 281, 137
Kundu, M. R., White, S. M., Garaimov, V. I., et al. 2004, ApJ, 607, 530
Kuzin, S. V., Bogachev, S. A., Zhitnik, I. A., et al. 2009, Adv. Space Res.,

43, 1001
Lemen, J. R., Title, A. M., Akin, D. J., et al. 2012, Sol. Phys., 275, 17
Li, T., Zhang, J., Zhang, Y., & Yang, S. 2011, ApJ, 739, 43
Li, T., Zhang, J., Zhao, H., & Yang, S. 2010, ApJ, 720, 144
Liu, R., Alexander, D., & Gilbert, H. R. 2009, ApJ, 691, 1079
Lynch, B. J., Antiochos, S. K., MacNeice, P. J., Zurbuchen, T. H., & Fisk, L. A.

2004, ApJ, 617, 589
MacQueen, R. M., & Fisher, R. R. 1983, Sol. Phys., 89, 89
Mierla, M., Inhester, B., Antunes, A., et al. 2010, Ann. Geophys., 28, 203
Moore, R. L., Sterling, A. C., Hudson, H. S., & Lemen, J. R. 2001, ApJ,

552, 833
Priest, E. R., & Forbes, T. G. 2002, A&AR, 10, 313
Schrijver, C. J., Elmore, C., Kliem, B., Török, T., & Title, A. M. 2008, ApJ,

674, 586
Sheeley, N. R., Walters, J. H., Wang, Y., & Howard, R. A. 1999, J. Geophys. Res.,

104, 24739
Thompson, W. T., Kliem, B., & Török, T. 2012, Sol. Phys., 276, 241
Török, T., Berger, M. A., & Kliem, B. 2010, A&A, 516, A49
Török, T., & Kliem, B. 2005, ApJ, 630, L97
Török, T., & Kliem, B. 2007, Astron. Nachr., 328, 743
Török, T., Kliem, B., & Titov, V. S. 2004, A&A, 413, L27
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ABSTRACT

A sequence of apparently coupled eruptions was observed on 2010 August 1–2 by Solar Dynamics Observatory
and STEREO. The eruptions were closely synchronized with one another, even though some of them occurred
at widely separated locations. In an attempt to identify a plausible reason for such synchronization, we study
the large-scale structure of the background magnetic configuration. The coronal field was computed from the
photospheric magnetic field observed at the appropriate time period by using the potential field source-surface
model. We investigate the resulting field structure by analyzing the so-called squashing factor calculated at the
photospheric and source-surface boundaries, as well as at different coronal cross-sections. Using this information
as a guide, we determine the underlying structural skeleton of the configuration, including separatrix and quasi-
separatrix surfaces. Our analysis reveals, in particular, several pseudo-streamers in the regions where the eruptions
occurred. Of special interest to us are the magnetic null points and separators associated with the pseudo-streamers.
We propose that magnetic reconnection triggered along these separators by the first eruption likely played a key
role in establishing the assumed link between the sequential eruptions. The present work substantiates our recent
simplified magnetohydrodynamic model of sympathetic eruptions and provides a guide for further deeper study of
these phenomena. Several important implications of our results for the S-web model of the slow solar wind are also
addressed.

Key words: magnetic reconnection – solar wind – Sun: coronal mass ejections (CMEs) – Sun: flares –
Sun: magnetic topology

Online-only material: color figures

1. INTRODUCTION

Coronal mass ejections (CMEs) are spectacular solar phe-
nomena that have been intensely studied over more than
40 years. Being the main driver of space weather disturbances
near the Earth, they are part of a more general eruption process,
often including filament eruptions and flares. Although it is now
understood that these phenomena are due to a local destabiliza-
tion of the coronal magnetic field, many basic questions on the
physics of CMEs are still under study (e.g., Forbes 2000, 2010).
Accordingly, theoretical and numerical investigations of CME
initiation and evolution have so far focused mainly on single
eruptions.

However, there also exist multiple eruptions occurring within
a relatively short period of time and at different, often widely
separated, locations. In the largest events, the respective source
regions can cover a full hemisphere (so-called global CMEs;
e.g., Zhukov & Veselovsky 2007), so that such events naturally
produce large heliospheric disturbances. While it has been
argued whether or not the temporal correlation of multiple
eruptions is coincidental (e.g., Biesecker & Thompson 2000),
both statistical investigations (e.g., Moon et al. 2002; Wheatland
& Craig 2006) and detailed case studies (e.g., Wang et al. 2001;
Jiang et al. 2011; Yang et al. 2012; Shen et al. 2012) indicate
that there are causal connections between them.3 We accept this
fact as a starting point of our study and will henceforth call such
eruptions sympathetic or linked.

The physical mechanisms of these connections, however,
have yet to be unveiled. In earlier works they have been related,

3 We do not distinguish here between sympathetic flares and sympathetic
CMEs, since typically both are part of the same eruption process.

for instance, to destabilization by chromospheric large-scale
waves (Ramsey & Smith 1966) or large-scale properties of
convective flows (Bumba & Klvana 1993). More recent research
suggests that the mechanisms linking sympathetic eruptions
act in the corona and involve its magnetic field structure.
For example, one proposed mechanism relies on perturbations
propagating along field lines between the source regions of
eruptions (e.g., Jiang et al. 2008), while another appeals to
changes in the background field due to reconnection (Liu et al.
2009; Zuccarello et al. 2009; Jiang et al. 2011; Shen et al.
2012). Yet such explanations were often based on qualitative
and sometimes rather speculative considerations.

The high-cadence, full-disk observations by Solar Dynamics
Observatory (SDO), along with studies of the large-scale coro-
nal magnetic field, now provide us the opportunity to substan-
tially increase our understanding of such eruptions. The event
under study attracted considerable attention in the solar com-
munity and beyond. It involved an entire hemisphere of the Sun,
consisted of several flares and six filament eruptions and CMEs,
and triggered a geomagnetic storm on August 3 (Harrison et al.
2012). A detailed account of all eruptions and their precursors
can be found in Schrijver & Title (2011). Here, we restrict our-
selves to the main five eruptions, whose connections we aim
to explain in the present study. Using a combination of SDO
data and analysis of field line connectivity for the 2010 August
1–2 eruptions, Schrijver & Title (2011) found evidence that all
involved source regions were connected by structural features
such as separatrix surfaces, separators, and quasi-separatrix lay-
ers (QSLs; Priest & Démoulin 1995; Démoulin et al. 1996;
Titov et al. 2002). We have recently performed a simpli-
fied magnetohydrodynamic (MHD) simulation of a subset of
these eruptions (Török et al. 2011), in which two successive
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Figure 1. Sympathetic CMEs on 2010 August 1 with the main eruptions numbered in the order of their occurrence, primed numbers indicate near-simultaneous events;
(a)–(c) eruptions 1, 2, and 3 as seen by STEREO-A 304 Å at 02:56, 09:16, and 22:06 UT (left to right); (d) eruption 3′ observed by SDO/AIA 304 Å at 21:30 UT;
(e) eruption 2′ captured by the COR2 coronagraph on board STEREO-A at 08:54 UT; (f) synoptic MDI magnetogram and contours (green) of the pre-eruption filaments
that were visible in Hα, the yellow line indicates the location of the active-region filament 2′ prior eruption.

(A color version of this figure is available in the online journal.)

eruptions were initiated by reconnection at a separator high in
the corona. Thus, this work strongly supports the idea that the
structural features can indeed play a key role in generating linked
eruptions.

While these new results are very encouraging, further research
is needed. First, our simulation used only a simplified magnetic
configuration and addressed just a subset of the complex
sequence of CMEs on 2010 August 1–2. Second, the findings
by Schrijver & Title (2011), being of a general nature, did
not explain the exact role of structural features in connecting
individual eruptions. We show here that a comprehensive
structural analysis of the magnetic environment in which such
eruptions occur allows one to get deeper insights into the
relationship between linked eruptions.

Figure 1 shows that the sequence of eruptions started with a
CME following the eruption of the small filament 1. About
6 hr later, the large quiescent filament 2 erupted, almost
simultaneously with a C-class flare and fast CME originating
in active-region NOAA 11092 (whose polarity inversion line is
denoted by 2′) to the east of filament 1. After another 12 hr, the
large quiescent filament 3 erupted, again almost simultaneously
with a large filament eruption (denoted by 3′) that was observed
above the eastern limb. All of the large filament eruptions
evolved into separate CMEs. Interestingly, while a filament was
present along 2′, it did not erupt as part of the CME (Liu et al.
2010).

Our topological analysis of the large-scale background coro-
nal field, which we describe in detail in Section 3, reveals that,
first, all of the erupting filaments were located prior to their

eruption below so-called pseudo-streamers (e.g., Hundhausen
1972; Wang et al. 2007). A pseudo-streamer is morphologically
similar to a helmet streamer but, in contrast to it, divides coronal
holes of the same rather than opposite polarity and contains two
lobes of closed magnetic flux below its cusp to produce a �-type
structure. These structures are quite common in the corona (e.g.,
Eselevich et al. 1999) and are often observed to harbor filaments
in their lobes (Panasenco & Velli 2010). As the latter authors
pointed out, an eruption in one lobe of a pseudo-streamer is of-
ten followed by an eruption in the other lobe shortly thereafter,
indicating that these structures are prone to producing linked
eruptions.

Second, as suggested by Török et al. (2011), the eruptions
2 and 3, which originated below one pseudo-streamer, were
apparently triggered by eruption 1 that occurred outside the
pseudo-streamer. Third, as also suggested in that study, the fact
that filament 2 erupted before filament 3, although it was located
further from eruption 1 than filament 3, can be explained by the
topological properties of the pseudo-streamer.

These three conclusions are strongly supported by our analy-
sis in Sections 3 and 4 and indicate the central role that pseudo-
streamers may play in many linked eruptions. We further de-
velop this concept and generalize it in Section 4, arguing that
the order of all our eruptions, including those of filaments 2′ and
3′, is not coincidental but causal. It is essentially predetermined
by the overall magnetic topology of the ensemble of pseudo-
streamers that were involved into the eruptions. We compre-
hensively investigate this topology in the framework of the po-
tential field source-surface (PFSS; Altschuler & Newkirk 1969;
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Schatten et al. 1969) model (Section 2.1), using new techniques
for the structural analysis of magnetic fields (Section 2.2).

Being of a general character, our findings on magnetic
topology of pseudo-streamers have a broader impact than was
initially anticipated for this study. In particular, they also provide
important implications for the problem of the origin of the slow
solar wind, which was recently addressed in the framework of
the so-called S-web model (Antiochos et al. 2007; Antiochos
et al. 2011; Linker et al. 2011) and whose aspects have already
been discussed in a number of papers (Titov et al. 2011; Wang
et al. 2012; Crooker et al. 2012). We address the implications of
our new results for the S-web model in Section 5 and summarize
our work in Section 6.

Although solar magnetic fields obtained from PFSS and MHD
models often qualitatively match each other, at least if the
latter are based only on line-of-sight magnetograms (Riley et al.
2006), it remains an open question whether the magnetic field
topology, as understood in mathematical terms, is in both cases
the same. Section 3.3 makes it clear that this question indeed
requires a special study, which is already on the way and will
be described in the part II of a series of papers. In that part, we
will repeat our analysis of the magnetic structure for the global
solar MHD model derived from the same magnetogram as used
in the present PFSS model. We will also compare the results
of our analysis for both these models and, additionally, extend
the discussion of these results, which we start in Section 4, in
relation to observations.

2. INVESTIGATION METHODS

2.1. PFSS Model

As a boundary condition for our PFSS model, we used the
magnetic data that were derived from a Solar and Heliospheric
Observatory/MDI synoptic map of the radial field Br for
Carrington rotation 2099 (2010 July 13–August 9) using the
Level 1.8.2 calibration. We processed the synoptic map, first,
by interpolating it to a uniform latitude–longitude mesh with
a resolution of 0.◦5. The polar magnetic field was fitted in
the new map with a geometrical specification to reduce noise
in the poorly observed polar regions. Second, we smoothed
the resulting Br by applying a diffusion operator such that its
nonuniform diffusion coefficient was smaller in the active region
and larger everywhere else. Finally, we interpolated the obtained
Br distribution from the uniform grid to a nonuniform one
that has a higher and lesser resolution, respectively, inside and
outside the eruptive region. This region is spread in longitude
and latitude approximately from 45◦ to 180◦ and from −20◦ to
65◦, respectively, with the resolution ranging from 0.◦37 × 0.◦37
in this region to 2.◦6 × 1.◦8 outside (see Figure 2(a)).

The spherical source surface, at which the scalar magnetic
potential is set to be constant, is chosen at r = 2.5 R�, where
R� is the solar radius. For such a PFSS model, we have
computed the photospheric map of coronal holes on a uniform
grid with an angular cell size of 0.◦125, which is much smaller
than the smallest grid cell for the computed field itself. The
result is shown in Figure 2(b) together with the source-surface
distribution of the squashing factor Q, which will be discussed
below. The three coronal holes of negative polarity that are
located in the eruptive region are distinctly disconnected from
each other and from the negative northern polar coronal hole.
As will become clear later, the presence of these coronal holes
in the eruptive region is crucial for understanding both the

underlying magnetic topology and the plausible casual link that
this topology sets up between the erupting filaments.

2.2. Techniques for Analyzing Magnetic Structure

Magnetic configurations can generally have both separatrix
surfaces and QSLs. To comprehensively analyze the structure of
our configuration, it is necessary to determine all such structural
features, whose complete set we call the structural skeleton of
the configuration. We fulfill this task in two steps: first, we
identify the footprints of the corresponding (quasi)-separatrix
surfaces at the photosphere and source surface by calculating
the distributions of the squashing factor Q of elemental magnetic
flux tubes (Titov et al. 2002; Titov 2007); these footprints are
simply high-Q lines of the calculated distributions. Second,
using the found footprints as a guide, we trace a number of
field lines that best represent these surfaces.

For the calculation of Q we use its definition in spherical
coordinates (Titov 2007; Titov et al. 2008). By construction, the
Q factor has the same value at the conjugate footpoints, so it
can be used as a marker for field lines. In other words, despite
being originally defined at the boundary surfaces only, the Q
factor can be extended into the volume by simply transporting
its defined values along the field lines according to the equation

B · ∇Q = 0,

where B is a given coronal magnetic field and Q is an unknown
function of space coordinates. This equation can be solved in
many different ways depending on the desirable accuracy and
efficiency of the computation. We will describe our methods for
extending Q in the volume in a future article together with other
techniques for investigating (quasi-)separatrix surfaces, while
here we would like to outline a few relevant considerations.

The extension of Q in the volume makes it possible to
determine the structural skeleton as a set of high-Q layers.
They can intersect each other in a rather complicated way,
especially low in the corona. With increasing height, however,
the intersections become simpler, which particularly helps our
goal of studying the large-scale structure. Determining the Q
distribution at a given cut plane, similar as done before in other
works (Aulanier et al. 2005; Titov et al. 2008; Pariat & Démoulin
2012; Savcheva et al. 2012a, 2012b), is also helpful for analyzing
complex structures. We calculate Q distributions at cut planes,
extending the method that Pariat & Démoulin (2012) described
for configurations with plane boundaries to the case of spherical
boundaries. The high-Q lines in such distributions visualize the
cuts of the structural skeleton by those planes. As will be shown
below (Figure 9), this kind of visualization becomes particularly
useful if the colors corresponding to low values of Q (� 102)
are chosen to be transparent.

We also find it useful to apply this transparency technique to
the photospheric and source-surface Q distributions, particularly
if one uses in addition a special color coding that takes into
account the local sign of the normal field Br at the boundary.
The function that facilitates this color coding is called signed
log Q or simply slogQ and defined as (Titov et al. 2011)

slogQ ≡ sign(Br ) log[Q/2 + (Q2/4 − 1)1/2]. (1)

Using a symmetric blue–white–red palette in combination
with the above transparency mask, we make visible in slogQ
distributions only high-Q lines, colored either in blue or red in
negative or positive polarities, respectively. The resulting maps
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Figure 2. Map of Br (a) used as a photospheric boundary condition for our PFSS model of the 2010 August 1–2 magnetic field and map of slogQ for this model
at the source surface (b) with superimposed (semi-transparent) photospheric map of coronal holes (shaded either in dark red (Br > 0) or dark blue (Br < 0) and
outlined in yellow). Thin (green) lines represent the photospheric polarity inversion line, whose thick segments designate the location of the filaments, part of which
are numbered in the order they erupted. Yellow balloons indicate the coronal holes involved in the eruptions; cyan balloons indicate source-surface footprints of the
separatrix curtains of these pseudo-streamers.

(A color version of this figure is available in the online journal.)
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provide a compact and powerful representation of the structural
skeleton at the boundaries, as evident from our illustrations
below.

Since our magnetic field is potential, Q acquires high values
only in three cases: either the corresponding field lines scatter
from localized inhomogeneities of the field nearby its null points
or minimum points (Titov et al. 2009) or touch the so-called bald
patches (BPs), which are certain segments of the photospheric
polarity inversion line (Seehafer 1986; Titov et al. 1993).
To make the whole analysis comprehensive, we separately
determine the location of all such relevant features and then
relate them to the high-Q lines at the boundaries by tracing a
number of field lines that pass through these features. The pattern
of high-Q lines determined at spherical surfaces of different
radii provides us with estimates of the regions in which the
magnetic nulls and minima can be present. Using then standard
numeric algorithms (see, e.g., Press et al. 2007), both these
features are found as local minima of B2 that is defined between
the grid points in these regions by cubic spline interpolation.
Calculation of the matrix of magnetic field gradients [∇B] and
its eigenvectors at the found nulls and minima allows us to
determine the local (quasi-)separatrix structure, which is further
used to initialize tracing of the respective (quasi-)separatrix field
lines. For tracing generalized (quasi-)separators (see Section 3),
which connect a pair of any of the above three features (i.e.,
nulls, minima, or BP points), we use a technique that is
based on similar principles as described earlier for classical
null–null separators by Close et al. (2004) and Haynes &
Parnell (2010).

3. ANALYSIS OF THE MAGNETIC STRUCTURE

3.1. Coronal Holes versus High-Q Lines at the Boundaries

As mentioned in Section 2.1, the eruptive region contains
three coronal holes of negative polarity that are distinctly
disconnected at the photospheric level by positive parasitic
polarities. With increasing height, however, these coronal holes
start to expand and subsequently merge with each other and
with the main body of the northern polar coronal hole. Being
fully open at the source surface, the magnetic fluxes of these
coronal holes still remain separated by the so-called separatrix
curtains (SCs; Titov et al. 2011). As will become clear below,
the SCs are simply vertical separatrix surfaces that originate at
null points of the magnetic field low in the corona. At the source
surface, their footprints appear as arcs joined at both ends to
the null line of the magnetic field, so that the corresponding
junction points divide the null line into several segments. Taken
in different combinations, such segments and footprints of SCs
form several closed contours. The contours encompass the
fluxes corresponding to the coronal holes that are disconnected
at the photospheric level from each other and from the like-
polarity coronal holes at the poles. This fact clearly manifests
itself on our source-surface slogQ map that is superimposed in
Figure 2(b) on top of the photospheric coronal holes’ map.
The figure indicates, in particular, that the high-Q line of
the footprint SC2 (SC3) and the null-line segment to which the
footprint adjoins encompass the CH2 (CH3) flux. Similarly, the
source-surface footprints SC1 and SC2 and two short null-line
segments to which the footprints adjoin encompass the CH1 flux.

It should be noted, however, that some of the source-surface
high-Q lines do not represent the footprints of SCs, but rather
the footprints of QSLs that stem at the photosphere from narrow
open-field corridors connecting spaced parts of otherwise single

coronal holes. The high-Q lines of QSLs usually appear less
sharp than those of SC footprints (see Figure 2(b)). The indicated
QSL footprints can easily be related to certain open-field
corridors in the northern polar coronal hole. If one traces down
several field lines from the paths that go across these high-Q
lines, the photospheric footpoints of these field lines will sweep
along the respective open-field corridors, as predicted earlier by
Antiochos et al. (2007). However, a similar procedure in the case
of the SCs would give a very different result, which becomes
clear after analyzing the magnetic topology low in the corona
near the indicated coronal holes.

As a first step in this analysis, let us consider the coronal-hole
maps and slogQ distribution, both defined at the photospheric
level and superimposed onto each other as shown in Figure 3.
The pattern of high-Q lines here is more complicated than at
the source surface, as expected. Nevertheless, in the region of
interest, it prominently reveals three high-Q lines (red), which
are identified after inspection as photospheric footprints of the
above-mentioned SCs. They traverse along parasitic polarities
and separate the indicated coronal holes in a similar manner as
their source-surface counterparts. Note also that these footprints
and nearby filaments are locally co-aligned, and at least five of
these filaments were eruptive.

Figure 4 shows the described distributions of slogQ and Br
in three dimensions and a few field lines that produce loop-
arcade structures above the filaments. The loops of arcades are
rooted with one footpoint at the positive parasitic polarities that
disconnect our three coronal holes either from each other (CH1
from CH2) or (CH1 and CH3) from the northern coronal hole.
Thus, these arcades form in pairs the twin magnetic field lobes
of the three pseudo-streamers embedded between the indicated
coronal holes. We also see here that four of the five filaments
(all the numbered ones, except for 2′, in Figures 3 and 4) were
initially located inside such lobes.

3.2. Separatrix Structure of Pseudo-streamers

Of particular interest to us is the question on how the
pseudo-streamer lobes are bounded in our configuration by
separatrix surfaces of the magnetic field. It turns out that these
surfaces originate either at the null points or at the BPs, both
mentioned already in Section 2.2 in connection with high-Q
lines. Following Priest & Titov (1996), we will use the terms
“fan surface” and “spine line” to designate, respectively, two-
dimensional and one-dimensional separatrix structures that are
related to a null point. They are defined through the eigenvectors
of the matrix of magnetic field gradients at this point in the
following way. The fan separatrix surface is woven from the
field lines that start at the null point in the plane spanned
on the eigenvectors, whose eigenvalues are of the same sign.
The spine line is a separatrix field line that reaches the null point
along the remaining third eigenvector. For a potential field, the
spine line is always perpendicular to the fan surface.

In accordance with the recent analytical model of pseudo-
streamers (Titov et al. 2011), the boundaries of our pseudo-
streamers are composed of three types of separatrix surfaces, two
of which are the fan surfaces of some coronal null points, while
the third one is a BP separatrix surface. The fans of the first type
have a curtain-like shape, whose field lines emanate from a null
point, called henceforth basic one. We have already discussed
these surfaces above as SCs in connection with boundary high-Q
lines. They contain both closed and open field lines and extend
from the photosphere to the source surface, as shown in Figures 5
and 6.
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Figure 3. Map of slogQ for our PFSS model at the photosphere with superimposed (semi-transparent) photospheric map of coronal holes and the photospheric polarity
inversion line, both shown in the same way as in Figure 2. Yellow balloons indicate the coronal holes of the pseudo-streamers involved in the eruptions; cyan balloons
indicate photospheric footprints of the separatrix curtains of these pseudo-streamers.

(A color version of this figure is available in the online journal.)

The fans of the second type are associated with other nulls
and include only closed field lines. Each of these fans bounds
the closed flux of the parasitic polarity in a given pseudo-
streamer only at one flank and forms a half-dome-like surface,
whose edge is located in the middle of the pseudo-streamer
and coincides exactly with the spine line of the basic null point
(see Figure 7). The second half-dome is formed in all our three
pseudo-streamers by the third type of separatrix surfaces that
originate in BPs at the opposite flanks of pseudo-streamers. In
fact, in our third pseudo-streamer even both separatrix half-
domes are due to the presence of BPs (Figure 8).

3.3. Field Line Topology of Separatrix Curtains

Consider now in more detail the field line topology in all
our three pseudo-streamers, starting from the two neighboring
separatrix curtains SC1 and SC2 (see Figures 5 and 6). The
field lines in each of these curtains fan out from its own basic
null point that is located between two adjacent coronal holes
of like polarity and above the respective parasitic polarity. The
footprints of SCs, which are discussed in Section 3.1, can be
viewed then as photospheric or source-surface images of single
null points N1 and N2 due to their mapping along closed or open,
respectively, field lines.

Within a given SC, such a mapping is continuous everywhere
except for few special field lines, called separators, where the
mapping suffers a jump. This jump takes place whenever a
mapping field line hits a null point (like N1-2 and N1-3 in

Figure 5, or a BP, like BP1 in both Figures 5 and 6). To
distinguish these separators from other field lines, we have
plotted them thicker in these and further similar figures.

In addition to the mentioned closed separators, there are also
two open ones for each of the curtains. These open separators
connect the null N1 (or N2) to a pair of null points belonging
to the source-surface null line. The latter is simply the helmet
streamer cusp, from which the heliospheric current sheet arises.
Each of these pairs of nulls also coincides with the end points
of the source-surface footprints of SCs.

Note, however, that any null line of the magnetic field is a
topologically unstable feature that can exist only under very
special conditions. We think, therefore, that the source-surface
null line is most likely an artifact inherent only in the employed
PFSS model. If passing from PFSS to MHD model, such a
null line must turn at radii close to 2.5 R� into a feature
that has a substantially different magnetic topology. Thus, the
indicated topological linkages have yet to be refined, using a
more realistic than PFSS model of the solar corona. We will do
that in our next paper II, while here we proceed the analysis,
assuming that our findings on open separators are approximately
correct.

3.4. Field Line Topology of Separatrix Half-domes

Consider now in more detail the topology of separatrix
domes (Figure 7), starting from the pseudo-streamers that are
embedded between CH1, CH2, and the northern polar coronal
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Figure 4. slogQ distributions are mapped on the photospheric and source-surface globes with a varying opacity such that the low-Q areas (Q � 300) appear to be fully
transparent. The photospheric slogQ map is superimposed on the respective gray-scale Br distribution with the coronal holes shaded in light magenta. Green tubes
depict the major filaments prior to the onset of sympathetic eruptions and several field lines (brown) indicate the pseudo-streamer lobes enclosing these filaments.
Open field lines (colored in pink) start in the middle of the coronal holes closest to the pseudo-streamers. The vector triad in the lower right-hand corner indicates the
angle orientation of the Cartesian system that is rigidly bound to the Sun center with the z-axis directed to the north pole.

(A color version of this figure is available in the online journal.)

hole. The eastern half-domes (on the left) are combined in one
simply connected surface, because they originate in one small
bald patch BP1 located at the border of an active region near the
filament 2′. Spreading out from BP1, the field lines extremely
diverge within this surface at the nulls N1 and N2 and hit the
photosphere near the indicated coronal holes. Two of these field
lines (red and thick), however, go instead straight to N1 and N2
and so, as discussed above, are generalized separators belonging
to SC1 and SC2, respectively.

In contrast to the eastern half-domes, the western ones (on
the right) do not merge with each other and have different
originations. The half-dome covering filaments 2 and 3 is simply
a fan surface of an extra null point N1-2 that is located far to the
west from the basic null N1. These two nulls are connected by
an ordinary separator, which belongs to both this half-dome and
the curtain SC1.

It is somewhat surprising, but the half-dome covering filament
1 appears to be a quasi-separatrix surface that originates at
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Figure 5. Field line topology of the separatrix curtain SC1 of pseudo-streamer 1 (embedded between the northern polar coronal hole and CH1). The thickest lines
represent separators, of which the red ones are closed field lines connecting the null point N1 either to the bald patch BP1 or another nulls N1-2 or N1-3, while the cyan
ones are open field lines connecting N1 to the null line of the source surface. Magenta lines are the spine field lines of the nulls; the yellow lines are the separatrix field
lines that emanate from the nulls N1-2 and N1-3 along the fan eigenvectors that are complementary to the separator ones; several field lines (white dashed) belonging
to the boundary of CH1 are also shown. The maps at the photosphere and source surface and their color coding are the same as in Figure 4.

(A color version of this figure is available in the online journal.)

a magnetic minimum point M2-1 lying very close to the
photosphere. The field line (red and thick) that passes through
and connect M2-1 to the basic null N2 is a quasi-separator. The
field direction remains unchanged after passing this line through
the minimum M2-1, as opposed to a genuine null point, where the
field direction would change to the opposite. A similar behavior
of the field at M2-1 would also occur if it were a degenerate null
point, whose one eigenvalue identically equals zero (Titov et al.
2011). We regard this possibility as highly unlikely here, but we
cannot fully exclude it, relying only on our numerical study as
an approximation of nature.

The existence of the null N1-3 in the first of the two discussed
pseudo-streamers brings an extra complexity into the structure.

Figures 5 and 7 show that, similarly to N1-2, the null N1-3 is
connected via an additional separator to the basic null N1. This
implies that the fan surface of N1-3 is also a half-dome such
that its edge coincides with the spine line of the null N1. We
did not plot this half-dome in Figure 7 to avoid cluttering the
image with too many lines, but it is very similar to the plotted
half-dome that originates in the null N1-2.

The third pseudo-streamer, which is embedded between
CH3 and the northern polar coronal hole, has the topology as
analogous as the one of the two others considered above (see
Figure 8). The main difference is only that both half-domes
originate here at bald patches BP2 and BP3, which are located
at the opposite flanks of the pseudo-streamer. In this respect,
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Figure 6. Field line topology of the separatrix curtain SC2 of pseudo-streamer 2 (embedded between the coronal holes CH1 and CH2). The field line styles are the same
as in Figure 5, except that the thin yellow lines represent separatrix field lines associated with small-scale photospheric polarity regions. The maps at the photosphere
and source surface and their color coding are the same as in Figure 4.

(A color version of this figure is available in the online journal.)

the structure is the same as the one used before for initializing
our MHD model of sympathetic eruptions (Török et al. 2011).
It is important that these simulations have demonstrated that the
generalized separators connecting such BPs and null points are
physically similar to the ordinary separators. They both appear
to be preferred sites for the formation of current sheets and
reconnection of magnetic fluxes.

3.5. Field Line Topology versus High-Q Lines in the Cut Planes

A complementary way to study the structure of a pseudo-
streamer is to consider its cross-sectional Q distributions and
analyze their variation in response to changing location of the
cut plane. As one can anticipate from the above analysis, the
simplest pattern of high-Q lines appears to occur in the cut plane
across the very middle of pseudo-streamers, where the basic null
point is located. The corresponding high-Q lines form there a
�-type intersection such that the vertical line and arc in the
symbol � represent, respectively, the discussed SCs and domes.

The shape of separatrix domes at this place essentially follows
the path of the spine line associated with the respective basic
null point. Above such a dome, the SC separates the open fields
of two adjacent coronal holes and observationally corresponds
to the stalk of the pseudo-streamer.

However, with shifting the cut plane from the middle to the
flanks of pseudo-streamers, the pattern of high-Q lines gets
more complicated. In particular, the above high-Q arc can split
into several lines, each of which corresponds to a separate half-
dome, except for the uppermost line. The latter asymmetrically
rises on one side from the curtain up to the source surface
and, touching it, forms a cusp. This line determines the border
between closed and open fields, since it is nothing else than
an intersection line of the cut plane with the separatrix surface
of the helmet streamer. Figure 9 illustrates such a structure
in a particular cut plane; it also shows schematically how the
cross-sectional pattern varies along the pseudo-streamer. Only
three cases where the cut plane passes at the photospheric
level outside CH1 and CH2 are shown in this figure, while the
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Figure 7. Field line topology of the separatrix domes of pseudo-streamers 1 and 2, one of which is embedded between the northern polar coronal hole and CH1 and
the other between the coronal holes CH1 and CH2. The field line styles are the same as in Figures 5 and 6, except that the thin yellow lines represent separatrix field
lines starting either at the bald patch BP1 or in the fan plane of the null point N1-2; a similar separatrix dome associated with the null N1-3 is not shown. The same
style is used for the field lines of the quasi-separatrix surface originated at the magnetic minimum point M2-1. The maps at the photosphere and source surface and
their color coding are the same as in Figures 4–6.

(A color version of this figure is available in the online journal.)

remaining cases can be reproduced analogously from the above
analysis.

3.6. Concluding Remarks

So far, we have only fully described the structural skeleton of
the first pseudo-streamer, including the separatrix curtain SC1
and respective half-domes with their separators. As concerned
with the other two pseudo-streamers, we still have not touched
on several separators depicted in Figures 6 and 8 with yellow

and orange thin lines. These separators are due to “scattering”
of the SC field lines on small photospheric flux concentrations
of negative polarity. Such scattering occurs at BPs or null points
to yield additional half-domes, whose edges coincide with the
spine lines of the basic nulls N2 or N3. The existence of these
features, however, can vary depending on the resolution and
smoothing of the used magnetic data, so we ignore them in our
study, focusing only on stable structural features that are due to
large-scale properties of the configuration.
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Figure 8. Field line topology of the separatrix curtain (cyan) and dome (yellow) of pseudo-streamer 3 (embedded between the northern polar CH and CH3). The field
line styles are the same as in Figures 5–7, except that the thin orange lines represent the separatrix field lines that are associated with the bald patches and null points
of small-scale photospheric polarity regions. The maps at the photosphere and source surface and their color coding are the same as in Figures 4–7.

(A color version of this figure is available in the online journal.)

One also has to remember that the described structure might
be distorted in reality by the field of filaments whenever they
are present inside pseudo-streamer lobes. Note, however, that
such filaments reside prior to eruption in the middle of the lobes
along photospheric polarity inversion lines. So possible intense
currents of the filaments are located relatively far from the found
separatrix domes and curtains and hence the contribution of
such currents to the total field must be small at these places
compared to the background potential field. Therefore, we think
that at large length scales our PFSS model is accurate enough
to describe the structure of the real pseudo-streamers with the
filaments inside the lobes.

4. MAGNETIC TOPOLOGY AS A CAUSAL LINK
IN SYMPATHETIC CMEs

We have studied in Section 3 how SCs and half-domes
originate in a given pseudo-streamer at magnetic null points
and/or BPs and how they intersect each other along separator
field lines. These results are of importance for unveiling a
causal link in the sequential eruption of filaments, in which the
magnetic topology and reconnection likely played a key role.
Indeed, according to the present state of knowledge (Priest &
Forbes 2000), a perturbation in the neighborhood of a separator
line generally creates along it a current sheet, across which
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Figure 9. Field line topology of the separatrix curtain SC1 in relation to the log Q distribution in a cut plane across the pseudo-streamer 1 (a). This distribution is plotted
by using a yellow palette, whose opacity linearly decreases with log Q in the range from 2.5 to 0.3 down to a complete transparency; the maps at the photosphere, their
color coding, and the field line styles are the same as in Figure 5. Dashed (cyan) curves highlight the high-Q lines that represent the intersection lines of the cut plane
with SC1, helmet-streamer separatrix surface, and two separatrix domes. Such a structure is shown also schematically for this cut and two others in panels (b)–(d),
respectively, where the open-field regions are shaded in gray; the extra two cuts are made successively further eastward from the middle of the pseudo-streamer.

(A color version of this figure is available in the online journal.)

magnetic fluxes subsequently reconnect in an amount depending
on the form and strength of the perturbation. As demonstrated
above, each of our pseudo-streamers contains several separators,
all of which are connected to a basic null point. A perturbation
in its neighborhood is expected then to cause reconnection
along each of these separators, resulting ultimately in a flux
redistribution between adjacent topological regions.

It follows from our analysis that these regions are simply the
volumes bounded by various parts of the SC, half-domes, and

separatrix surface of the helmet streamer. Unfortunately, such a
complex topological partition of the volume makes it difficult to
foresee all the details of the response of our pseudo-streamers to
different MHD perturbations. It is clear, however, that eventually
such perturbations will change the magnetic fluxes in the lobes
and consequently the stability conditions for the filaments within
them. The latter in turn can influence the order of eruption of
the filaments, which was recently demonstrated in our simple
MHD model of sympathetic eruptions (Török et al. 2011).
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In this model, a pseudo-streamer similar to the one that stems
from the basic null N1 played a key role in guiding the
eruptions of the magnetic flux ropes, analogous to our filaments
2 and 3. Thus, our present topological analysis of the potential
background field further substantiates the model.

Let us put now the results of that model into the context of
our present analysis in order to explain the observed sequence
of the 2010 August 1–2 CMEs. For simplicity, we restrict
our consideration to the reconnection processes that occur
in the vicinity of the basic nulls of the pseudo-streamers,
where we expect the greatest perturbation to occur during the
onset of eruptions. As shown above, all separatrix half-domes
merge there and form together with the SC a simple �-type
intersection. Such a separatrix structure implies that, irrespective
of the form of the external perturbation, the reconnection
triggered there will be of the interchange type (e.g., Fisk 2005).
It will exchange the fluxes between the lobes and coronal holes
in such a way that the sum of the fluxes in both the two lobes
and the two coronal holes remains unchanged. In other words,
the diagonally opposite lobes and coronal holes form conjugate
pairs, so that the flux in one pair increases by the same amount
that it decreases in the other pair.

To facilitate further discussion, we label the pseudo-streamers
by the numeric label of their basic null; similarly, we label the
lobes by the label of their embedded filament. Note, first, that
erupting filament 1 resides initially in pseudo-streamer 2, which
is located south of pseudo-streamer 1 (see Figure 7). Therefore,
the rise of filament 1 perturbs the southern side of pseudo-
streamer 1 and eventually triggers interchange reconnection
between the fluxes of coronal hole CH1 and lobe 2. This
reconnection reduces the flux in lobe 2, thereby removing
the field lines that overlie and stabilize filament 2, eventually
causing it to erupt (i.e., the second eruption). On the other
hand, this same interchange reconnection causes the flux in
lobe 3 to increase, adding field lines that overlie filament 3,
thus further stabilizing it. However, later in time, after erupting
filament 2 has risen to a sufficient height, a vertical current sheet
forms in its wake, providing a site for interchange reconnection
between the fluxes of lobe 3 and the northern polar coronal
hole. This second reconnection eventually reduces the flux in
lobe 3, removing field lines that overlie and stabilize filament 3,
eventually causing filament 3 to erupt (i.e., the third eruption).

This scenario is consistent with that proposed for the sequen-
tial eruption of filaments 1–3 in our idealized model (Török et al.
2011). There is one difference though: our present PFSS model
reveals that filament 1 was also located inside a pseudo-streamer,
which is pseudo-streamer 2 in our notation. The presence of this
pseudo-streamer, however, merely facilitates the eruption of fil-
ament 1, because its overlying field becomes open at a very low
height. So this new feature fits nicely with our earlier proposed
mechanism.

The present analysis suggests possible explanations also for
the eruptions 2′ and 3′. According to Figures 5–7, filament 2′
passes above bald patch BP1, which is connected by two sepa-
rators to the basic null points N1 and N2. As discussed above,
the rise of filaments 1 and 2 is expected to activate these sep-
arators, forming current sheets along them, and subsequently
triggering reconnection. Around the location of BP1, this recon-
nection may have been of the tether-cutting type (Moore et al.
2001), reducing the confinement of the active-region core field
and eventually unleashing its eruption. This explanation is in
agreement with the fact that SDO/AIA observed several bright-
enings in the active region before the CME occurred. There was

a particularly strong brightening at ∼06:36 UT below and above
filament 2′, very close to the bald patch BP1 (see the inset in
Figure 10). This brightening occurred after filament 2 had
already started to rise, implying the above activation of the
separator and subsequent reconnection in the vicinity of bald
patch BP1. We note that Liu et al. (2010) also associated the
pre-eruption brightening at ∼06:36 UT to tether-cutting recon-
nection, triggered, however, by photospheric converging flows
rather than separator activation. It appears indeed possible that
both processes played a role. We will make a more detailed com-
parison of our topological analysis with observations in Paper II.

The location of pseudo-streamers 1 and 3 indicates that the
eruptions 2 and 2′ should produce a significant perturbation
of the northern side of pseudo-streamer 3. This should lead
to interchange reconnection between lobe 3′ and the northern
polar coronal hole, reducing the magnetic flux in this lobe
and eventually causing filament 3′ to erupt, in a similar way
as described for filament 2. Note also that filament 3′ rises
above bald patch BP3, which is connected by a separator
to the basic null N3 (see Figure 8). As discussed above for
eruption 2′, resulting tether-cutting reconnection may trigger
the destabilization of filament 3′, in tandem with the indicated
flux reduction in the lobe 3′ caused by interchange reconnection.

This concludes the extended scenario for the sympathetic
eruptions under study. Figure 10 summarizes it, presenting
all the topological features that are relevant for this scenario.
In particular, it depicts the closed separators (red thick lines)
that form a long chain that traverses through all three pseudo-
streamers. As described above, such a separator chain likely
sets up a global coupling between eruptions occurring at widely
separated locations. Figuratively speaking, this separator chain
plays the role of a “safety fuse” in which a single eruption at
one end of the chain triggers along it a sequence of the observed
electromagnetic explosions.

Additional global coupling between pseudo-streamers and
eruptions might also be provided by the open separators (thick
cyan lines in Figure 10), which connect the basic nulls of
the pseudo-streamers to the cusp of the helmet streamer. This
coupling, however, has yet to be verified. It requires a more
advanced model than the PFSS model used in the present study.
We plan to use an MHD model for this purpose in the next step
of our study.

The proposed explanation of the assumed causal link in the
observed sympathetic eruptions is of substantial heuristic value.
It is particularly useful as a guide for setting up and analyzing
further numerical studies of these eruptions. In combination with
our structural analysis, more detailed numerical simulations of
CMEs in this configuration are needed to prove the existence of
such a link and to deepen its understanding.

5. IMPLICATIONS FOR THE S-WEB MODEL

The structural analysis of pseudo-streamers that we have
described has important implications not only for sympathetic
CMEs but also for the slow solar wind. The recent S-web
model (Antiochos et al. 2011; Linker et al. 2011) has sparked
substantial interest in the community (Crooker et al. 2012; Wang
et al. 2012). Unfortunately, several important issues related to
this model are not well understood. Since the results obtained
above relate to the S-web model, we will use this opportunity
to clarify these issues.

The first issue relates to the concept of coronal-hole con-
nectivity. Some confusion has arisen because the connectivity
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Figure 10. Chain of separators and spine lines in all three pseudo-streamers that were involved in the 2010 August 1–2 sympathetic CMEs. The white dashed line
is the null magnetic field line of the source surface—together with the open separator field lines (cyan), it provides a global coupling between all three null points of
the pseudo-streamer separatrix curtains. The inset shows a zoomed region near BP1, where a strong pre-flare brightening (indicated by yellow blob) was observed by
SDO/AIA at ∼06:36 UT shortly after which eruption 2′ started.

(A color version of this figure is available in the online journal.)

of coronal holes has been interpreted in two different senses.
We can consider coronal holes either as two-dimensional re-
gions at the photosphere or as three-dimensional regions in the
corona. Though coronal holes of like polarity are always con-
nected when considered as three-dimensional regions, it is im-
portant to note that they can be disconnected in the photosphere
when considered as two-dimensional regions (Titov et al. 2011).
In this case, they merge at some height in the corona via a field
line separatrix structure that observationally manifests itself as
a pseudo-streamer.

The pseudo-streamers we described above (see Figures 5–8)
illustrate this fact conclusively. All these cases were charac-
terized by disconnected coronal holes CH1, CH2, and CH3
(Figure 2), each of which merges with an adjacent coronal

hole at the height of the basic null point of the correspond-
ing pseudo-streamer. At heights where the magnetic field be-
comes completely open, the corresponding separatrix curtains
SC1, SC2, and SC3 serve as interfaces between the holes. Note
also that their footprints appear at the source surface as very
sharp high-Q lines, whose ends are joined to the null line of the
magnetic field (Section 3.1).

Of course, this does not exclude the possibility for different
parts of photospheric open-field regions to be connected with
each other through narrow corridors. Several examples of such
corridors are also seen in our northern polar coronal hole
(Figure 2). They imply the appearance of QSLs in the open
field, as proposed first by Antiochos et al. (2007), and whose
transformation into SCs and back to QSLs has been described

14



The Astrophysical Journal, 759:70 (17pp), 2012 November 1 Titov et al.

Figure 11. Structure of magnetic field lines near parasitic polarity regions A, B, and C embedded into the northern coronal hole (a) and location of their footprints A′,
B′, and C′ at the source surface (b), where a (semi-transparent) slogQ distribution is also displayed. The high-Q lines encircled by dashed (yellow) lines correspond
to the footprints of QSLs that originate in the photospheric open-field corridors adjacent to these polarities.

(A color version of this figure is available in the online journal.)

at length by Titov et al. (2011). As already pointed out in
Section 3.1, such QSLs appear at the source surface as high-
Q lines with a smooth distribution of Q across their widths
(Figure 2(b)). Just as in the case of SCs, these high-Q lines are
joined at both ends to the null line of the magnetic field.

Thus, in both the case of truly disconnected and connected
coronal holes, interpreted as two-dimensional photospheric
regions, their mapping to the source surface connects to the
null line of the helmet streamer. This is in contrast to the
interpretation of Crooker et al. (2012), who regarded this
property of the field line mapping as evidence of the connectivity
of coronal holes at the photospheric level. Moreover, we think
that the V-shaped coronal hole they interpreted as connected in
the photosphere is actually disconnected, as our earlier study of
the same case indicates in the framework of the global MHD
model (Titov et al. 2011). This particular example shows that
when coronal holes are connected in three dimensions it does not
necessarily imply that they are connected in the photosphere too.

It remains to be studied how numerous the above open-
field QSLs are, compared to SCs, in magnetic configurations
with a realistically high resolution. Note that by definition
they both belong to the S-web. In the slogQ-distribution at the
source surface, the S-web appears as a network of high-Q arcs
connected to the null line of the helmet streamer (Figure 2(b)).
The width in latitude of the S-web at this surface is a well-
defined quantity, because its value is uniquely related to the
open photospheric flux that is (nearly) disconnected from the
main bodies of the polar coronal holes. It is unlikely that this
flux, and hence the width of the corresponding S-web, will
significantly change if one further increases the resolution of
the input magnetic data and the corresponding PFSS model.

This conclusion is in contrast with the statement of Wang
et al. (2012) that the S-web will extend to the polar region if one
resolves its small parasitic polarities. Each such polarity will,
indeed, bring additional (quasi-)separatrix structures into the
open-field regions. However, in contrast to the SCs of pseudo-
streamers, these structures will, first, have a much smaller
angular size and, second, will not criss-cross the S-web, but

rather stay mostly isolated from it. Since the quasi-separatrix
structures arising from parasitic polarities in polar coronal holes
have different geometrical sizes and structural properties, their
physical properties are also likely to be different. Therefore,
they have not been included into the definition of the S-web
(Antiochos et al. 2011), regardless of the fact that the polar
plumes associated with these parasitic polarities might appear
similar to pseudo-streamers observationally.

To clearly make this point, Figure 11 shows what happens
around three small parasitic polarities (A, B, and C) embedded
into the northern coronal hole. Panel (a) depicts three sets of
open field lines that start very close to the oval high-Q lines
bordering the closed magnetic flux of these polarities. Panel (b)
shows their source-surface footpoints A′, B′, and C′, indicating
that such field lines hit the boundary far away from the null line.
Thus, their behavior indeed differs from that of the field lines
belonging to the SCs we described previously.

In particular, as stated above, for polarities that are far from
the main border of their surrounding coronal hole, such as A,
their signature at the source surface A′ is completely isolated
from the S-web. Polarities B and C, however, are much closer
to the coronal-hole border; they are detached from it by only
a relatively narrow open-field corridor. As expected, the field
lines starting in these corridors form QSLs whose footprints
at the source surface adjoin on each side of their respective
footprints B′ and C′ (as shown in Figure 2(b)). The high-Q lines
resulting from these merged QSLs would appear, at first sight, to
form arcs whose ends join the null line of the helmet streamer.
However, we would argue that these “arcs” do not genuinely
belong to the S-web because these segments have rather low
values of log Q (� 1.5). In summary, we have argued that the
addition of small parasitic polarities in polar coronal holes would
not contribute to the S-web significantly, if at all. We intend
to test this conjecture in future work by explicitly calculating
the contribution of parasitic polarities in high-resolution PFSS
models.

These considerations help us to predict how our S-web will
change with increasing resolution of the input magnetic data
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and the corresponding PFSS model. First, increased resolution
will cause additional fragmentation of the disconnected coronal
holes, while leaving their total magnetic flux approximately
unchanged. Our analysis suggests that this will increase the
number of cells and high-Q lines in the S-web, but will not
substantially increase its width in latitude at the source surface.

Depending on the strength of the parasitic polarities intro-
duced when going to higher resolution, and their positions in
coronal holes, the separatrix structure enclosing these polarities
can be of two types. First, it can be just a single BP separatrix
surface, as in our examples shown in Figure 11. This structure
contains no null points in the corona, but nevertheless it com-
pletely separates the closed flux of the parasitic polarity from
the surrounding magnetic field (Bungey et al. 1996; Müller &
Antiochos 2008). Second, it can also be a more familiar struc-
ture with a dome-like fan surface and spine line across both
coming out from a single null point and surrounded by QSLs
(Masson et al. 2009).

These two types of separatrix structures are similar in that
their (quasi)-separatrix field lines do not fan out in the open-field
region as much as they do in pseudo-streamers. The perturbation
of such a structure due to local flux emergence or photospheric
motion causes formation of a current sheet and reconnection,
both localized in a small region near the corresponding BPs or
null points. This process can be considered as a mechanism for
producing coronal plumes or “anemone” jets in polar coronal
holes (Moreno-Insertis et al. 2008; Müller & Antiochos 2008;
Pariat et al. 2010).

The pseudo-streamers are structurally very different. As
shown above, they contain several separators, two of which are
open, while the others are closed. An emergence, submergence,
and/or displacement of photospheric flux concentrations in the
lobes of pseudo-streamers, and in their surrounding, must lead
to the formation of current sheets along the separators closest
to the source of the perturbations. Since current sheets form
along the entire length of separators, the related reconnection
processes proceed similarly (Parnell et al. 2010). This indicates
that reconnection in pseudo-streamers and coronal plumes
might have quite different characteristics, which additionally
substantiates the original definition of the S-web.

The open separators are lines at which the open and closed
magnetic fields become in contact with each other. They appear
to be the longest separators in the pseudo-streamers, so most
of the interchange reconnection must occur along them. How
does it proceed in the presence of multiple closed separators, all
connected together with the basic nulls of the pseudo-streamers?
This question is of particular importance for understanding the
physics of pseudo-streamers and has never been investigated
before, because their topological structure was unknown. The
answer to this fundamental question is crucial to determine
if the S-web model can explain the origin of the slow solar
wind. Therefore, it ought to be the focus of the future studies,
with special emphasis on the processes that occur both at open
separators and the QSLs associated with open-field corridors.

The plasma sheets of pseudo-streamers, as observed in the
white-light corona, are composed of fine ray-like structures
that are presumed to be formed by interchange reconnection
at the streamer cusp (Wang et al. 2012). Such an explanation is
consistent with our discussion of open separators, except that in
our scenario reconnection occurs along the entire length of these
separators rather than just at the mentioned cusp points (which
are the footpoints of our open separators at the source surface). In
light of our present analysis, the observed ray-like structures are

likely a part of the S-web. For structural features (like separators)
to be visible, they have to not only be present, but also perturbed
sufficiently (e.g., by waves or photospheric motions). Therefore,
at any moment in time, only a small fraction of the S-web might
be visible in white light.

It should also be emphasized that the S-web model does
not assume a priori that reconnection in pseudo-streamers
generates the slow wind in the form of plasma blobs, as it
does in helmet streamers (Wang et al. 2012). In fact, we
expect that this process must be so different here that it
will directly affect the observational properties of the pseudo-
streamers. Indeed, in contrast to the helmet streamers, the
reconnection in the pseudo-streamers has to occur not in the
plasma sheet itself but rather at its edges, where the above
open separators are located. Consequently, the pseudo-streamer
material must be replenished, at least in part, by the plasma
that flows out from those edges. This process has likely to
occur in a sporadic fashion, namely, each time when the
interchange reconnection takes place between open and closed
fields. As a result, the respective reconnection outflows have to
be modulated accordingly to produce in the pseudo-streamers
the mentioned above ray-like rather than blob-like structures.
This consideration shows that, irrespective of its relevance to
the problem of the origin of the slow solar wind, the question on
how the interchange reconnection modifies the properties of the
wind flow in the pseudo-streamers deserves very close attention
in the future studies.

6. SUMMARY

We have studied the large-scale topology of the coronal
magnetic field determined in the framework of a PFSS model
for the time period 2010 August 1–2, when a sequence of
sympathetic CMEs occurred. First, this model was computed
from the observed data of the photospheric magnetic field.
Second, we have calculated high-resolution distributions of
the squashing factor Q at the photospheric and source-surface
boundaries and at several cut planes across the regions where
the CMEs started. Third, we have developed a special technique
for tracing (quasi-)separatrix field lines that pass through the
high-Q lines of such distributions. These tools allowed us to
fulfill a comprehensive analysis of the magnetic field structure.

Of particular interest to us were large-scale separatrix surfaces
that divide the coronal volume into topologically distinct regions
in which the erupting filaments originated. We have found
that four of these five filaments were initially located in the
lobes of three pseudo-streamers. Such lobes are obtained as
a result of intersection of curtain-like and dome-like separatrix
surfaces of the coronal magnetic field. The SC is a fan separatrix
surface associated with a null point that is called basic one and
located at a certain height in the corona between two adjacent
coronal holes of like polarity. Such a curtain is formed by open
and closed field lines fanning out from the basic null point. The
dome separatrix surfaces are made of two half-domes joined
with each other along the spine line of this null point. The half-
domes are formed by the field lines that also fan out either from
a BP or another null point, which both are located at the flanks
of the pseudo-streamer.

In the middle cross-section passing through the basic null of a
pseudo-streamer, these separatrix surfaces intersect to produce a
�-type shape in which the vertical line and arc represent the SC
and adjoint half-domes, respectively. Above the half-domes in
this cross-section, the curtain separates adjacent coronal holes
of like polarity and observationally corresponds to the stalk of
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pseudo-streamers. At heights below the basic null of the pseudo-
streamer, the coronal holes become disconnected by closed
magnetic fields rooted in parasitic polarities and separated by the
distance equal to the local width of the separatrix half-domes.

The separatrix surfaces of the pseudo-streamers in the August
1–2 events are located relatively far from the pre-eruption
positions of the filaments, so that their contributions to the total
field and hence their influence on these surfaces must be small.
Therefore, our source-surface model should be sufficiently
accurate to reproduce the large-scale structure of real pseudo-
streamers with filaments inside.

The indicated SCs intersect half-domes along closed separa-
tor field lines, or simply separators, that pass through the null
points or BPs at the flanks of the pseudo-streamers. In addition,
these curtains intersect the helmet-streamer separatrix surface
twice along open separator field lines, which connect the basic
nulls of the pseudo-streamers to streamer-cusp points. Invoking
our recent MHD model of sympathetic eruptions (Török et al.
2011), we argue that magnetic reconnection at both these types
of separators is likely a key process in sympathetic eruptions,
because it controls how magnetic fluxes are redistributed be-
tween the lobes of pseudo-streamers during eruptions. It has
been demonstrated here that the configuration which harbored
the first three erupting filaments had a similar magnetic topol-
ogy as was assumed in that model. Thus, the present topological
analysis of the PFSS background field substantiates the previous
assumptions on the initial configuration in Török et al. (2011).

Here, we proceeded with a generalization of this earlier pro-
posed scenario, by noticing, first, that the indicated separators
in our configuration form a huge chain that traverses through
all three pseudo-streamers involved in the eruptions. We have
qualitatively explained how a single eruption at one end of such
a separator chain can trigger a whole sequence of eruptions.

We have also discussed the implications of our obtained re-
sults for the S-web model of the slow solar wind by empha-
sizing those issues that have not been well understood so far.
First, we have demonstrated how the pseudo-streamer struc-
ture accommodates disconnection and merging of two coro-
nal holes, respectively, below and above the basic nulls of the
pseudo-streamers. Second, we have explained the differences
in magnetic topology between pseudo-streamers and separatrix
structures enclosing small parasitic polarities in the polar coro-
nal holes and discussed why such structures were not included
in the original definition of the S-web. Third, we have empha-
sized that the sources of the slow solar wind most likely reside
both at the separators of pseudo-streamers and QSLs originated
in narrow photospheric corridors of the open magnetic field.
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Antiochos, S. K., Mikić, Z., Titov, V. S., Lionello, R., & Linker, J. A. 2011, ApJ,
731, 112

Aulanier, G., Pariat, E., & Démoulin, P. 2005, A&A, 444, 961
Biesecker, D. A., & Thompson, B. J. 2000, J. Atmos. Sol.–Terr. Phys., 62, 1449
Bumba, V., & Klvana, M. 1993, Ap&SS, 199, 45
Bungey, T. N., Titov, V. S., & Priest, E. R. 1996, A&A, 308, 233
Close, R. M., Parnell, C. E., & Priest, E. R. 2004, Sol. Phys., 225, 21
Crooker, N. U., Antiochos, S. K., Zhao, X., & Neugebauer, M. 2012, J. Geophys.

Res., 117, 4104
Démoulin, P., Henoux, J. C., Priest, E. R., & Mandrini, C. H. 1996, A&A,

308, 643
Eselevich, V. G., Fainshtein, V. G., & Rudenko, G. V. 1999, Sol. Phys., 188, 277
Fisk, L. A. 2005, ApJ, 626, 563
Forbes, T. 2010, in Models of Coronal Mass Ejections and Flares, ed. C. J.

Schrijver & G. L. Siscoe (Cambridge: Cambridge Univ. Press), 159
Forbes, T. G. 2000, J. Geophys. Res., 105, 23153
Harrison, R. A., Davies, J. A., Möstl, C., et al. 2012, ApJ, 750, 45
Haynes, A. L., & Parnell, C. E. 2010, Phys. Plasmas, 17, 092903
Hundhausen, A. J. (ed.) 1972, Coronal Expansion and Solar Wind (Berlin:

Springer)
Jiang, Y., Shen, Y., Yi, B., Yang, J., & Wang, J. 2008, ApJ, 677, 699
Jiang, Y., Yang, J., Hong, J., Bi, Y., & Zheng, R. 2011, ApJ, 738, 179
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Abstract We study a filament eruption, two-ribbon flare, and coronal mass ejection (CME)
that occurred in NOAA Active Region 10898 on 6 July 2006. The filament was located South
of a strong sunspot that dominated the region. In the evolution leading up to the eruption, and
for some time after it, a counter-clockwise rotation of the sunspot of about 30 degrees was
observed. We suggest that the rotation triggered the eruption by progressively expanding
the magnetic field above the filament. To test this scenario, we study the effect of twist-
ing the initially potential field overlying a pre-existing flux-rope, using three-dimensional
zero-β MHD simulations. We first consider a relatively simple and symmetric system, and
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then study a more complex and asymmetric magnetic configuration, whose photospheric-
flux distribution and coronal structure are guided by the observations and a potential field
extrapolation. In both cases, we find that the twisting leads to the expansion of the over-
lying field. As a consequence of the progressively reduced magnetic tension, the flux-rope
quasi-statically adapts to the changed environmental field, rising slowly. Once the tension is
sufficiently reduced, a distinct second phase of evolution occurs where the flux-rope enters
an unstable regime characterised by a strong acceleration. Our simulations thus suggest a
new mechanism for the triggering of eruptions in the vicinity of rotating sunspots.

Keywords Magnetic fields, corona · Active regions, models · Coronal mass ejections,
initiation and propagation · Sunspots, velocity

1. Introduction

Filament (or prominence) eruptions, flares, and coronal mass ejections (CMEs) are the three
large-scale eruptive events on the Sun. It has become clear in recent years that they are
not independent phenomena, but different observational manifestations of a more general
process, namely the sudden and violent disruption and dynamic reconfiguration of a lo-
calised volume of the coronal magnetic field (e.g. Forbes, 2000). Whether or not all three
phenomena occur together appears to depend mainly on the properties of the pre-eruptive
configuration. For example, CMEs can occur without a filament eruption (if no filament has
formed in the source region of the erupting flux prior to its eruption) and without signif-
icant flaring (if the magnetic field in the source region is too weak; e.g. Zirin, 1998) or,
in extreme cases, even without any low-coronal or chromospheric signature (Robbrecht,
Patsourakos, and Vourlidas, 2009). On the other hand, both flares and filament eruptions
are not always accompanied by a CME (if, for instance, the magnetic field above the
source region is too strong; see, e.g., Moore et al., 2001; Nindos and Andrews, 2004;
Török and Kliem, 2005). In large events such as the one studied in this article, however,
all three phenomena are observed almost always. Such events typically start with the slow
rise of a filament and/or overlying loops (e.g. Maričić et al., 2004; Schrijver et al., 2008;
Maričić, Vršnak, and Roša, 2009), which is often accompanied by weak pre-flare signa-
tures in EUV or X-rays (e.g. Maričić et al., 2004; Chifor et al., 2007). The slow rise is
followed by a rapid acceleration and a huge expansion of the eruptive structure, which is
then observed as a CME. The rapid acceleration has been found in most cases to be very
closely correlated with the flare impulsive phase (e.g. Kahler et al., 1988; Zhang et al., 2001;
Maričić et al., 2007; Temmer et al., 2008).

Although it is now widely accepted that solar eruptions are magnetically driven, the de-
tailed physical mechanisms that initiate and drive eruptions are still controversial. Accord-
ingly, a large number of theoretical models have been proposed in the past decades (for a
recent review see, e.g., Forbes, 2010). Virtually all of these models consider as pre-eruptive
configuration a sheared or twisted core field low in the corona, which stores the free mag-
netic energy required for eruption and is stabilised by the ambient coronal field. The choice
of such a configuration is supported by observations of active regions, which often dis-
play sheared structures (filaments and soft X-ray sigmoids) surrounded by less sheared, tall
loops. An eruption is triggered if the force balance between the core field and the ambient
field is destroyed, either by increasing the shear or twist in the core field or by weakening
the stabilizing restoring force of the ambient field (see, e.g., Aulanier et al., 2010).

One of the many mechanisms that has been suggested to trigger eruptions is the rotation
of sunspots. The idea was put forward by Stenflo (1969), who showed that the order of
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magnitude of the energy deposition into coronal structures by sunspot rotations is sufficient
to produce flaring activity (see also Kazachenko et al., 2009).

Sunspot rotations have been known for a long time – the first evidence, based on spec-
tral observations, was presented one century ago by Evershed (1910) – and since then they
have been the subject of numerous analyses. Still, measurements of sunspot rotation are not
straightforward, and, depending on the method employed, can give quite different results
(see, e.g., Min and Chae, 2009). Meticulous case studies (e.g. Zhang, Li, and Song, 2007;
Min and Chae, 2009; Yan et al., 2009), as well as detailed statistical analyses (e.g. Brown
et al., 2003; Yan and Qu, 2007; Zhang, Liu, and Zhang, 2008; Li and Zhang, 2009;
Suryanarayana, 2010) showed that sunspots can rotate significantly, up to several hun-
dreds of degrees over a period of a few days. Interestingly, sunspots do not necessarily
rotate as a rigid body: Brown et al. (2003) and Yan and Qu (2007) showed that the rota-
tion rate often changes with the distance from the sunspot centre. The rotation of sunspots
is commonly interpreted as an observational signature of the emergence of a flux-rope
through the photosphere (e.g. Gibson et al., 2004) or, more generally, as the transport of
helicity from the convection zone into the corona (see, e.g., Longcope and Welsch, 2000;
Tian and Alexander, 2006; Tian, Alexander, and Nightingale, 2008; Fan, 2009). On the other
hand, observations of strong sunspot rotation without signs of significant flux emergence
have been reported (e.g. Tian and Alexander, 2006, and references therein), suggesting that
intrinsic sunspot rotation of sub-photospheric origin exists. In such cases the rotation rate
tends to be smaller than for sunspot rotations associated with flux emergence (e.g. Zhu,
Alexander, and Tian, 2012).

A number of studies have shown a direct cause–consequence relationship between
higher-than-average sunspot rotation and enhanced eruptive activity. For example, Brown
et al. (2003), Hiremath and Suryanarayana (2003), Hiremath, Lovely, and Kariyappa (2006),
Tian and Alexander (2006), Yan and Qu (2007), Zhang, Liu, and Zhang (2008), Li and
Zhang (2009), Yan et al. (2009, 2012), and Suryanarayana (2010) reported an apparent
connection between rotating sunspots (with total rotation angles of up to 200◦ and more)
and eruptive events. In particular, Yan and Qu (2007) attributed eruptive activity in an ac-
tive region to different rotation speeds in different parts of a sunspot, whereas Yan, Qu,
and Kong (2008) found indications that active regions with sunspots rotating opposite to
the differential-rotation shear are characterised by high X-class-flare productivity. Romano,
Contarino, and Zuccarello (2005) reported a filament eruption that was apparently triggered
by photospheric vortex motions at both footpoints of the filament, without any sign of sig-
nificant flux emergence.

Besides purely observational studies of the relationship between sunspot rotation and
eruptive activity, some authors presented a combination of observations and modelling. For
example, Régnier and Canfield (2006) utilised multi-wavelength observations and modelling
of the coronal magnetic field of the highly flare-productive NOAA Active Region 8210
to show that slow sunspot rotations enabled flaring, whereas fast motions associated with
emerging flux did not result in any detectable flaring activity. Moreover, they also showed
that the deposition of magnetic energy by photospheric motions is correlated with the en-
ergy storage in the corona, which is then released by flaring. Similarly, Kazachenko et al.
(2009) analysed detailed observations of an M8 flare–CME event and the associated rotating
sunspot, and combined them in a minimum-current-corona model. They found that the ob-
served rotation of 34◦ over 40 hours led to a triplication of the energy content and flux-rope
self-helicity, sufficient to power the M8 flare.

Numerical MHD investigations of the relationship between sunspot rotation and eruptive
activity started with Barnes and Sturrock (1972), who modelled the coronal magnetic field of
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a rotating sunspot surrounded by a region of opposite polarity. They found that the rotation
causes an inflation of the magnetic field, and that its energy increases with the rotation angle
until, when the rotation angle exceeds ≈ 180◦, it becomes larger than that of the open-field
configuration with the same boundary conditions, presumably leading to an eruption.

MHD simulations of the formation and evolution of flux-ropes by twisting line-tied po-
tential fields have been widely performed since then. Calculations were done by either twist-
ing uniform fields in straight, cylindrically symmetric configurations (e.g. Mikic, Schnack,
and van Hoven, 1990; Galsgaard and Nordlund, 1997; Gerrard, Arber, and Hood, 2002;
Gerrard et al., 2003) or by twisting bipolar potential fields; the latter yielding arched
flux-ropes anchored at both ends in the same plane (e.g. Amari and Luciani, 1999;
Gerrard, Hood, and Brown, 2004). Most of these simulations focused on the helical kink
instability and its possible role in producing compact flares and confined eruptions. Klim-
chuk, Antiochos, and Norton (2000) studied the twisting of a bipole with emphasis on the
apparently uniform cross-section of coronal loops. Very recently, Santos, Büchner, and Otto
(2011) simulated the energy storage for the active region that was studied earlier by Régnier
and Canfield (2006). They imposed photospheric flows on an extrapolated potential field
and found the formation of pronounced electric currents at the locations of the observed
flare sites. The authors concluded that the main flare activity in the active region was caused
by the slow rotation of the sunspot that dominated the region.

However, none of the above studies were directly related to CMEs. Amari et al. (1996)
were the first to show that the formation and continuous twisting of an arched flux-rope in a
bipolar potential field can lead to a strong dynamic expansion of the rope, resembling what
is observed in CMEs. Later, Török and Kliem (2003) and Aulanier, Démoulin, and Grap-
pin (2005) extended this work by studying in detail the stability properties and dynamic
evolution of such a system. The underlying idea of these simulations is that slow photo-
spheric vortex motions can twist the core magnetic field in an active region up to the point
where equilibrium cannot be longer maintained, and the twisted core field, i.e. a flux-rope,
erupts (for the role of increasing twist in triggering a flux-rope eruption see also Chen, 1989;
Vršnak, 1990; Fan and Gibson, 2003; Isenberg and Forbes, 2007). What has not been studied
yet is whether a twisting of the field overlying an existing flux-rope can lead to the eruption
of the rope.

In this article, we present observations of a large solar eruption that took place in the
vicinity of a rotating sunspot. We suggest that the continuous rotation of the spot triggered
the eruption by successively weakening the stabilizing coronal field until the low-lying core
field erupted. We support our suggestion by MHD simulations that qualitatively model this
scenario.

The remaining part of this article is organised as follows: In Section 2 we describe the
observations, focusing on the initial evolution of the eruption and on the rotation of the
sunspot. In Section 3 we describe the numerical simulations, the results of which are pre-
sented in Section 4. We finally discuss our results in Section 5.

2. Observations

The eruption on 6 July 2006 in NOAA Active Region 10898 was a textbook two-ribbon flare
accompanied by a filament eruption and a halo CME, the latter being most prominent in the
southwest quadrant and reaching a linear plane-of-sky velocity of ≈900 km s−1 (Temmer
et al., 2008). The event was associated with an EIT wave, a type II burst, and very distinct
coronal dimming regions. The flare was of class M2.5/2N, located at the heliographic posi-
tion S9◦, W34◦. It was observed in soft X-rays (SXR) by GOES (peak time at ≈ 08:37 UT)
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Figure 1 Full-disk line-of-sight
SOHO/MDI magnetogram
recorded on 6 July 2006, 07:59
UT. The active region under
study is marked by the white box.

as well as in hard-X rays (HXR) with RHESSI, with the two highest peaks of nonthermal
HXR emission occurring during 08:20 – 08:24 UT.

The evolution of the active region in the days preceding the eruption, and in particular
the rotation of the leading sunspot, can be studied using its photospheric signatures. Pho-
tospheric line-of-sight magnetograms of the region were obtained by the MDI instrument
(Scherrer et al., 1995) onboard the Solar and Heliospheric Observatory (SOHO). The ac-
tive region was a bipolar region of Hale type β , consisting of a compact negative polarity
(the sunspot) that was surrounded by a dispersed positive polarity, most of which was ex-
tending eastwards (see Figure 1). The maximum of the magnetic-field flux density in the
sunspot was about nine times larger than in the dispersed positive polarity. The two polar-
ities were surrounded by a large, “inverse C-shaped” area of dispersed negative flux to the
west of the region.

We measured the magnetic flux of the concentrated leading (negative) and dispersed
following (positive) polarities using a (re-calibrated) SOHO/MDI synoptic map, which pre-
serves the resolution of the original observation. The map includes magnetic features close
to the time of their central meridian passage, when projection effects of the line-of-sight
magnetic fields are at minimum. The total magnetic flux (half of the total unsigned flux) was
found to be (2.1±0.2)×1022 Mx, with the two polarities nearly balanced [(2.0±0.2)×1022

and (−2.2 ± 0.2) × 1022 Mx for the positive and negative flux, respectively]. The error esti-
mates reflect the uncertainty in determining how much of the dispersed positive and negative
polarities belonged to the active region. The leading spot, including the penumbral area, had
a mean magnetic-field strength (magnetic-flux density over 2340 pixels) of 390 G, reaching
1820 G when a smaller, purely umbral, area was considered (240 pixels). However, since
the MDI response becomes non-linear in such a strong, and therefore dark, umbra, the core
field strength there was probably higher (≥ 2000 G) (see, e.g., Green et al., 2003). The pos-
itive dispersed plage had a much lower mean magnetic-field strength of about 50 ± 10 G,
depending on the extent of dispersed positive field measured (magnetic-flux density over
13 060 – 24 600 pixels). Positive flux concentrations (measured over 600 pixels) within the
plage had a characteristic field strength of 220 ± 20 G. In summary, magnetic-flux mea-
surements indicate a mere 5 % negative surplus flux in this major bipolar active region of
2.1×1022 Mx total flux and maximum-field strengths (negative : positive) in a roughly 10 : 1
ratio.
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Figure 2 (a) Representative
images of the sunspot evolution
during 4 – 6 July 2006: MDI
longitudinal magnetic-field maps
(left column); TRACE
white-light images (right
column). The TRACE image in
the bottom panels corresponds to
the time of the M2 flare (starting
in soft X-rays at 8:20 UT). The
dashed yellow line outlines the
major axis of the sunspot that
was used to measure the sunspot
rotation. The corresponding
SOHO/MDI movie is available in
the electronic version of the
article. (b) Sunspot rotation
determined from the MDI
magnetic-field maps over the
period 3 July 2006, 22:00 UT, to
7 July 2006, 8:00 UT, showing
the orientation of the sunspot’s
major axis, measured clockwise
from solar East. (c) Sunspot
rotation rate in degrees per day.

In Figure 2(a) we show snapshots of the sunspot evolution as observed by MDI and
the Transition Region and Coronal Explorer (TRACE: Handy et al., 1999), ranging from
two days before the eruption to one day after it. The images are all differentially rotated
to the first image of the series, when the sunspot was closer to disk centre. The sequence
shows that the sunspot is rotating counter-clockwise during the considered period (see the

http://dx.doi.org/10.1007/s11207-013-0269-9
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Figure 3 Hα filtergram sequence observed before and during the flare on 6 July 2006 by the Kanzelhöhe
(full disk) and Hvar (active region area) Observatories. An apparent double structure of the filament is visible
South of the sunspot. Contour levels of 100 G from an MDI magnetogram taken at 07:59 UT are added in the
top right panel, with white (black) lines corresponding to positive (negative) values.

Electronic Supplementary Material). From the evolution of the MDI magnetic-field maps, we
geometrically determined the major axis of the sunspot and followed its evolution in time.
In Figure 2(b) we plot the sunspot’s rotation angle over the period 3 July 2006, 22:00 UT,
to 7 July 2006, 8:00 UT. The total rotation observed over these three days is about 30◦. The
sunspot’s rotation rate, determined as the temporal derivative of the rotation measurements,
yields a mean value of about 10◦ day−1 during the considered time span (Figure 2(c)). For
comparison, we determined the rotation also from the TRACE white-light images and found
no significant differences.

The flare and the filament eruption were observed in full-disk Hα filtergrams by the
Kanzelhöhe Observatory and, over a smaller field-of-view around the active region, by the
Hvar Observatory (Figure 3). These observations reveal that the filament consisted of a dou-
ble structure before and during the eruption (for a similar case of such a double-structured
filament, see Liu et al., 2012). Significant rising motions of the filament could be seen from
about 08:23 UT on. The Hα flare started by the appearance of very weak double-footpoint
brightening at 08:15 UT.

http://dx.doi.org/10.1007/s11207-013-0269-9
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Figure 4 (a) TRACE
171 Å running-difference image
showing the erupting filament
and the overlying CME front.
Distances are measured at
crossings of the respective
leading edges (red solid lines)
with the dashed line, starting
from the point marked by [x].
(b) Distance–time plot showing
the kinematics of the filament
and the CME front for the entire
distance range. (c) Distance–time
plot for the distance range up to
1.8 R� . The distance between [x]
and the disk centre is added to all
TRACE and EIT data points.
(d) Velocity–time plot over the
distance range up to 1.8 R� . See
text for further details.

Figure 4(a) shows a running-difference image from TRACE 171 Å in which the erupt-
ing filament (the CME core) and the preceding CME front can be identified. From a time
sequence of similar images by TRACE, EIT, and LASCO C2/C3 we estimated the kinemat-
ics of the filament and the CME front, which are shown in Figure 4(b), (c). The distances
were measured in the plane of the sky, from disk centre in the LASCO images and from the
midpoint of the line connecting the pre-eruption filament footpoints in the TRACE and EIT
images. In order to approximately compensate for this discrepancy, we added to the TRACE
and EIT measurements the distance between this point and the disk centre, which corre-
sponds to ≈ 400 Mm. The resulting distances are plotted in Figure 4(b), (c), together with
spline-smoothed curves. We did not correct for foreshortening effects, as projection effects
only result in a multiplication factor and do not alter the profile of the derived kinematical
curves (see, e.g., Vršnak et al., 2007). Additionally, Figure 4(d) gives the velocity profiles
for the filament and the CME front, as derived from the first derivative of the distance–time
measurements and spline-smoothed curves. From these plots we obtain the result that the
coronal loops overlying the filament started their slow rising phase at 08:15 UT, i.e. about
five – ten minutes before the filament. Similarly, the CME front reached its final, almost
constant, velocity a few minutes before the filament.
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Various other aspects of the event (flare, CME, EIT wave, dimming) were studied by
Jiang et al. (2007), McIntosh et al. (2007), Attrill et al. (2008), Temmer et al. (2008), Mik-
lenic, Veronig, and Vršnak (2009), Veronig et al. (2010), and Guo et al. (2010a). We refer
to this work for further details as regards the eruption. Guo et al. (2010a) suggested that the
eruption was triggered by recurrent chromospheric mass injection in the form of surges or
jets into the filament channel. Here we propose a different mechanism, assuming that the fila-
ment was suspended in the corona by a magnetic flux-rope, a picture that is supported by var-
ious magnetic-field models of active regions containing filaments (e.g. Lionello et al., 2002;
van Ballegooijen, 2004; Guo et al., 2010b; Canou and Amari, 2010). We suggest that the
continuous rotation of the sunspot led to a slow expansion of the arcade-like magnetic field
overlying the filament (i.e. to a continuous weakening of its stabilizing tension), until a
critical point was reached at which equilibrium could not be maintained and the flux-rope
erupted. We note that we do not claim that the eruption was triggered exclusively by this
mechanism. Filaments are often observed to spiral into the periphery of sunspots (e.g. Green
et al., 2007), and also in our case an inspection of the TRACE and Hα images during the
early phase of the eruption suggests a possible magnetic connection between the western
extension of the filament-carrying core field and the sunspot area. Thus, the sunspot rotation
may have added stress to this field, thereby possibly contributing to drive it towards erup-
tion. On the other hand, for an injection of twist as suggested by the simulations mentioned
above to occur, the core field must be rooted in the centre of the sunspot, not just in its
periphery, which is difficult to establish from observations. It appears reasonable to assume
that a clear connection between core field and sunspot centre is not always present, and that
the stressing of the overlying ambient field by sunspot rotation may be more relevant for the
destabilisation of the system in such cases. In order to test this scenario, we perform a series
of three-dimensional (3D) MHD simulations, which are described in the following sections.

3. Numerical Simulations

The purpose of the numerical simulations presented in this article is to show that the rotation
of photospheric-flux concentrations can trigger the eruption of an initially stable flux-rope
that is embedded in their fields. Differently from previous work (e.g. Amari et al., 1996;
Török and Kliem, 2003; Aulanier, Démoulin, and Grappin, 2005), the photospheric vortex
motions do not directly affect the flux-rope in our simulations, but solely the field surround-
ing it.

The first simulation (hereafter run 1) involves a relatively simple magnetic configuration,
consisting of a flux-rope embedded in a bipolar potential field (see Figure 5(c)). The initially
potential field gets twisted at its photospheric-flux concentrations on both sides of the flux-
rope in the same manner. This simulation is very idealised with respect to the observations
presented in Section 2, in particular because both the initial magnetic configuration and the
imposed driving possess a high degree of symmetry.

We then consider a more complex initial magnetic field (hereafter run 2), which is chosen
such that it resembles the magnetic-field structure prior to the eruption described in Section 2
(see Figure 5(d)). As in run 1, this configuration contains a flux-rope embedded in a potential
field, but the latter is now constructed by a significantly larger number of sub-photospheric
sources, in order to mimic the main features of the observed photospheric flux distribution
and the extrapolated coronal magnetic field (see Figure 5(c)). Differently from run 1, only
one flux concentration is twisted in this case, as suggested by the observations. The purpose
of run 2 is to verify that the mechanism studied in run 1 also works in a highly asymmetric



T. Török et al.

configuration. We do not attempt here to model the full eruption and evolution of the CME,
for reasons that are specified below.

To construct our magnetic configurations, we employ the coronal flux-rope model of
Titov and Démoulin (1999, hereafter TD). Its main ingredient is a current ring of major
radius [R] and minor radius [a] that is placed such that its symmetry axis is located at a
depth [d] below a photospheric plane. The outward-directed Lorentz self-force (or “hoop
force”) of the ring is balanced by a potential field created by a pair of sub-photospheric
point sources [±q] that are placed at the symmetry axis, at distances ±L from the ring
centre. The resulting coronal field consists of an arched and line-tied flux-rope embedded
in an arcade-like potential field. In order to create a shear component of the ambient field,
TD added a sub-photospheric line current to the system. Since the latter is not required for
equilibrium, we do not use it for our configurations (see also Roussev et al., 2003; Török
and Kliem, 2007).

Previous simulations (e.g. Török and Kliem, 2005; Schrijver et al., 2008) and analytical
calculations (Isenberg and Forbes, 2007) have shown that the TD flux-rope can be subject to
the ideal-MHD helical kink and torus instabilities. Therefore, we adjust the model param-
eters such that the flux-rope twist stays below the typical threshold of the kink instability
for the TD flux-rope (see Török, Kliem, and Titov, 2004). To inhibit the occurrence of the
torus instability in the initial configurations, we further adjust the locations and magnitude
of the potential field sources such that the field drops sufficiently slowly with height above
the flux-rope (see Kliem and Török, 2006; Török and Kliem, 2007; Fan and Gibson, 2007;
Aulanier et al., 2010). While this is a relatively easy task for the standard TD configuration
used in run 1, an extended parameter search was required for the complex configuration used
in run 2, until an appropriate numerical equilibrium to start with could be found.

3.1. Numerical Setup

As in our previous simulations of the TD model (e.g. Török, Kliem, and Titov, 2004; Kliem,
Titov, and Török, 2004), we integrate the β = 0 compressible ideal-MHD equations:

∂tρ = −∇ · (ρu), (1)

ρ∂tu = −ρ(u · ∇)u + j × B + ∇ · T , (2)

∂tB = ∇ × (u × B), (3)

where B, u, and ρ are the magnetic field, velocity, and mass density, respectively. The cur-
rent density is given by j = μ−1

0 ∇ × B. T denotes the viscous stress tensor, included to im-
prove numerical stability (Török and Kliem, 2003). We neglect thermal pressure and gravity,
which is justified for the low corona where the Lorentz force dominates.

The MHD equations are normalised by quantities derived from a characteristic length
[l] taken here to be the initial apex height of the axis of the TD current ring above the
photospheric plane [l = R−d], the maximum magnetic-field strength in the domain [B0 max],
and the Alfvén velocity [va0]. The Alfvén time is given by [τa = l/va0]. We use a Cartesian
grid of size [−40,40] × [−40,40] × [0,80] for run 1 and [−40,40] × [−30,30] × [0,60]
for run 2, resolved by 247 × 247 × 146 and 307 × 257 × 156 grid points, respectively. The
grids are non-uniform in all directions, with an almost uniform resolution � = 0.04 (run 1)
and � = 0.05 (run 2) in the box centre, where the TD flux-rope and the main polarities
are located. The plane z = 0 corresponds to the photosphere. The TD flux-rope is oriented
along the y-direction in all runs, with its positive-polarity footpoint rooted in the half-plane
y < 0. We employ a modified two-step Lax–Wendroff method for the integration, and we



CME Initiation by Sunspot Rotation

additionally stabilise the calculation by artificial smoothing of all integration variables (Sato
and Hayashi, 1979; Török and Kliem, 2003).

The boundary conditions are implemented in the ghost layers. The top and lateral bound-
aries are closed, which is justified given the large size of the simulation box. Below the
photospheric plane, the tangential velocities are imposed as described in Section 3.3. The
vertical velocities are zero there at all times, and the mass density is fixed at its initial values.
The latter condition is not consistent with the imposed vortex flows, but is chosen to ensure
numerical stability (see Török and Kliem, 2003). Since we use the β = 0 approximation,
and since the evolution is driven quasi-statically at the bottom plane, fixing the density in
z = −�z is tolerable. The tangential components of the magnetic field [Bx,y ] are extrapo-
lated from the integration domain, and the normal component [Bz] is set such that ∇ · B = 0
in z = 0 at all times (see Török and Kliem, 2003). Since our code does not ensure ∇ · B = 0
to rounding error in the rest of the domain, we use a diffusive ∇ · B cleaner (Keppens et al.,
2003), as well as Powell’s source-term method (Gombosi, Powell, and de Zeeuw, 1994), to
minimise unphysical effects resulting from ∇ · B errors.

3.2. Initial Conditions

The parameters of the TD equilibrium employed in run 1 are (in normalised units): R = 2.2,
a = 0.7, d = 1.2, L = 1.2, and q = 1.27. The magnetic axis of the TD flux-rope (which is
located above the geometrical axis of the current ring, see Valori et al., 2010) has an apex
height z = 1.09. The potential field connects two fully symmetric flux concentrations and
runs essentially perpendicular above the TD flux-rope. The apex of the central field line, i.e.
the field line connecting the centres of the potential-field polarities, is located at z = 3.40.
After the initial relaxation of the system (see below), these heights become z = 1.22 and
z = 3.62, respectively. Figures 5(c) and 6(a) show the configuration after the relaxation.

The magnetic configuration used in run 2 is a step towards a more realistic modelling
of the coronal field during the 6 July 2006 eruption. Figure 5(b) shows a coronal potential-
field source-surface (PFSS) model (Schatten, Wilcox, and Ness, 1969), obtained from a
synoptic MDI magnetogram for Carrington Rotation 2045, using the SolarSoft package pfss
provided by LMSAL (http://www.lmsal.com/~derosa/pfsspack/). It can be seen that the field
lines rooted in the main polarity (the sunspot) form a fan-like structure, which partly over-
lies the filament. We again consider a standard TD flux-rope, with R = 2.75, a = 0.8, and
d = 1.75, but now we use an ensemble of ten sub-photospheric sources (five point sources,
and five vertically oriented dipoles like the ones used by Török and Kliem, 2003) for the
construction of the ambient field, in order to resemble the main properties of the observed
photospheric flux distribution and the corresponding PFSS field. By adjusting the positions
and strengths of the sources, we tried to mimic the approximate flux balance between the
concentrated leading negative polarity and the dispersed following positive polarity, the ra-
tio of approximately 10:1 between the peak field strengths in the leading polarity and the
following polarity, the size ratio between these polarities, the presence of an “inverse C-
shaped” area of dispersed negative flux to the West of the leading polarity (see Section 2), as
well as the fan-like shape of the coronal field rooted in the leading polarity. The position of
the flux-rope within the ambient field is guided by the observed location of the filament (Fig-
ure 5(b)). Since the model is still relatively idealised, all of these features can be matched
only approximately. The resulting configuration (after initial relaxation) is shown in Fig-
ure 5(d) and in Figure 8(a) below. It can be seen that the TD flux-rope is stabilised by flux
rooted towards the southern edge of the main polarity. The rope is inclined with respect to
the vertical, which is due to the asymmetry of the potential field surrounding it.

http://www.lmsal.com/~derosa/pfsspack/
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Figure 5 (a) Same as Figure 1. (b) Magnetic-field lines in the active-region area (marked by the white square
in panel a) from a potential field source surface (PFSS) model that was calculated for 6 July 2006, 06:04 UT,
overlaid on a synoptic MDI magnetogram for the corresponding Carrington Rotation 2045. The model corona
is a spherical shell extending from 1.0 to 2.5 R�. Pink (white) field lines depict open (closed) fields. The outer
contours of the filament, based on Hα data taken at 07:59 UT on 6 July 2006, are outlined with black lines.
For better illustration, the area is rotated to disk centre. (c), (d): Top view on the magnetic configurations
used in runs 1 and 2, respectively, after the initial relaxation of the system (see Section 3 for details). The
core of the TD flux-rope is shown by orange field lines, green field lines depict the ambient potential field.
Bz is shown in the bottom plane, where red (blue) colours corresponds to positive (negative) values. The
colour scale in panel d) is saturated at about 4 % of the maximum Bz , in order to depict also weaker flux
distributions.

In contrast to the configuration used in run 1, the magnetic field in run 2 is dominated by
one main polarity. Rather than closing down to an equally strong polarity of opposite sign,
the flux emanating from the main polarity now spreads out in all directions, resembling a
so-called fan–spine configuration (e.g. Pariat, Antiochos, and DeVore, 2009; Masson et al.,
2009; Török et al., 2009). Note that this flux does not contain fully open field lines, as was
presumably the case during the 6 July 2006 eruption (see Figure 5(b)). This is due to the fact
that the flux distribution shown in Figure 5(d) is fully surrounded by weak positive flux in
the model (imposed to mimic the isolated “inverse C-shaped” weak negative polarity to the
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Figure 6 Magnetic-field lines outlining the evolution of the TD flux-rope (orange) and the twisted overlying
field (green) for run 1, at t = 0,204,239,244τA , respectively; panel (a) shows the system after the initial
numerical relaxation. The normal component of the magnetic field [Bz] is shown at the bottom plane z = 0,
with red (blue) corresponding to positive (negative) values. The transparent grey-scale shows the logarithmic
distribution of the current densities divided by the magnetic field strength [|J|/|B|] in the plane x = 0. The
sub-volume [−8.5,8.5] × [−8,8] × [0,16] is shown in all panels. An animation of this figure is available in
the electronic version of this article.

West of the main polarity), so that the positive flux in the total simulation domain exceeds
the negative flux shown in Figure 5(b). Note that this “total” flux ratio shall not be confused
with the flux ratio between the main polarity and the dispersed positive polarity to its East,
which is approximately balanced in the model, in line with the observations.

As in Amari et al. (1996), Török and Kliem (2003) and Aulanier, Démoulin, and Grappin
(2005), we use an initial density distribution ρ0(x) = |B0(x)|2 corresponding to a uniform
initial Alfvén velocity. For the configuration used in run 2 we also ran a calculation with
ρ0(x) = |B0(x)|3/2, i.e. with a more realistic Alfvén velocity that decreases with distance
from the flux concentrations. We found that the evolution was qualitatively equivalent, but
somewhat less dynamic.

http://dx.doi.org/10.1007/s11207-013-0269-9
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In order to obtain a numerical equilibrium as a starting point of the twisting phase, we
first performed a numerical relaxation of the two configurations used. This is done for 54τa

for the system used in run 1, and for 75τa for the system used in run 2, after which the time
is reset to zero in both cases.

3.3. Photospheric Driving

The velocity field used to twist the potential fields is prescribed in the plane z = −�z and lo-
cated at their main flux concentrations. It produces a horizontal counter-clockwise rotation,
chosen such that the velocity vectors always point along the contours of Bz(x, y,0, t = 0),
which ensures that the distribution of Bz(x, y,0, t) is conserved to a very good approxima-
tion. The flows are given by

ux,y(x, y,−�z, t) = v0f (t)∇⊥{
ζ
[
B0z(x, y,0,0)

]}
, (4)

uz(x, y,−�z, t) = 0, (5)

with ∇⊥ := (∂y,−∂x). A smooth function

ζ = B2
z exp

((
B2

z − B2
zmax

)
/δB2

)
, (6)

chosen as by Amari et al. (1996), defines the vortex profile. The parameter δB determines the
vortex width (see Figure 3 in Aulanier, Démoulin, and Grappin, 2005). We use δB = 0.7 for
run 1 and δB = 2 for run 2. The parameter v0 determines the maximum driving velocity. We
choose v0 = 0.005vA for both runs to ensure that the driving is slow compared to the Alfvén
velocity. The velocities are zero at the polarity centre and decrease towards its edge from
their maximum value to zero (see Figure 2 in Török and Kliem, 2003). The twist injected
by such motions is nearly uniform close to the polarity centre and decreases monotonically
towards its edge (see Figure 10 below and Figure 9 in Török and Kliem, 2003). The polarity
centres are located at (±1.2,0,0) for the configuration used in run 1 and the vortex flows
are applied at both flux concentrations. In run 2, we twist the potential field only in the main
negative polarity, the centre of which is located at (−2,0,0). The function f (t) describes
the temporal profile of the imposed twisting. The twisting phase starts with a linear ramp
(0 ≤ t ≤ tr ) from f (0) = 0 to f (tr ) = 1, which is then held fixed. If a final relaxation phase
is added, f (t) is analogously linearly reduced to zero and held fixed. In all simulations in
this article tr = 10τa .

In contrast to the symmetric configuration used in run 1, where most of the flux emanat-
ing from the main polarities arches over the flux-rope, the flux that initially stabilises the
rope in run 2 is concentrated towards the southern edge of the polarity, where the imposed
vortex velocities are relatively small. In order to obtain the eruption of the TD rope within a
reasonable computational time in run 2, we therefore use a δB that is larger than in run 1.

4. Simulation Results

4.1. Run 1

We first consider the more idealised and symmetric case, in which the vortices are applied
at both photospheric polarities of the potential field. As a result of the imposed motions, the
field lines rooted in the polarities become increasingly twisted and a relatively wide twisted
flux-tube is formed, which expands and rises with increasing velocity (Figure 6).
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Figure 7 Kinematics of the TD flux-rope (thick blue lines) and of the overlying twisted flux-tube (solid red
lines) during the twisting phase in run 1. (a) Height of the axis apex as a function of time. The initial heights
are 1.22 for the TD rope and 3.62 for the twisted flux-tube. (b) Logarithmic presentation of the corresponding
vertical velocities. The dashed lines show linear fits, obtained within the time periods marked by the vertical
dotted lines of the same colour.

Detailed descriptions on the evolution of such twisted fields have been given by Amari
et al. (1996), Török and Kliem (2003), and Aulanier, Démoulin, and Grappin (2005). Since
here we are merely interested in how the rising flux affects the stability of the TD flux-rope,
we only note that the rise follows the exponential behaviour found in this earlier work. This
is shown in Figure 7, where the kinematics of the two flux systems (the twisted flux-tube
and the TD flux-rope) are followed in time by tracking the position of the respective central
field-line apex. The exponential rise phase of the twisted flux-tube, preceded by a slower
transition, can be clearly seen between t ≈ 80τa and t ≈ 180τa .

The slow rise of the flux-tube successively weakens the stabilizing magnetic tension on
the TD rope, so that the latter starts to ascend as well. As can be seen in Figure 7(b), the
rise of the TD rope also follows an exponential behaviour up to t ≈ 130τa . While its growth
rate is slightly larger than for the twisted flux-tube, its velocity remains about one order
of magnitude smaller. In order to check that this slow exponential rise of the TD rope is
indeed an adaptation to the changing ambient field, rather than a slowly growing instability,
we performed a relaxation run by ramping down the photospheric driving velocities to zero
between t = 100τa and t = 110τa and following the evolution of the system until t = 181τa .
Both the twisted flux-tube and the TD rope relax towards a numerical equilibrium in this run,
without any indication of instability or eruption. Hence, during its slow rise phase until t ≈
130τa , the TD rope experiences a quasi-static evolution along a sequence of approximately
force-free equilibria, generated by the slowly changing boundary conditions (in particular,
the changing tangential components of the magnetic field at the bottom plane).

Starting at t ≈ 130τa , the TD rope undergoes a successively growing acceleration which
ends in a rapid exponential acceleration phase between t ≈ 220τa and t ≈ 250τa that is
characterised by a growth rate significantly larger than during the quasi-static phase (see
also the bottom panels of Figure 6). The rope finally reaches a maximum velocity of 0.45va0

at t = 252τa , after which it starts to decelerate. Such a slow rise phase, followed by a rapid
acceleration, is a well-observed property of many filament eruptions in the early evolution
of CMEs (see, e.g., Schrijver et al., 2008, and references therein), and is also seen for the
event studied in this article (see Figure 4(d)). The evolution of the TD rope after t ≈ 130τa

can be associated with the development of the torus instability (Bateman, 1978; Kliem and
Török, 2006; Démoulin and Aulanier, 2010), as has been shown under similar conditions in
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various simulations of erupting flux-ropes (Török and Kliem, 2007; Fan and Gibson, 2007;
Schrijver et al., 2008; Aulanier et al., 2010; Török et al., 2011).

During the transition of the TD rope to the torus-unstable regime, the overlying twisted
flux-tube continues its slow exponential rise at almost the same growth rate for about 100
Alfvén times, which excludes the possibility that the additional acceleration of the TD rope
after t ≈ 130τa is due to an adaptation to the evolving environment field. At t ≈ 230τa , how-
ever, the rise speed of the TD rope begins to exceed the rise speed of the flux-tube, and the
latter gets significantly accelerated from below by the strongly expanding rope. The over-
taking of the twisted flux-tube by the faster TD rope, and the resulting interaction between
the two, is reminiscent of the so-called CME cannibalism phenomenon (e.g. Gopalswamy
et al., 2001; Lugaz, Manchester, and Gombosi, 2005). The investigation of this interaction
is, however, beyond the scope of the present article, so that we stopped the simulation at this
point.

Run 1 shows that the rotation of the footpoints of a flux system overlying a stable flux-
rope can lead to the eruption of the rope, by progressively lowering the threshold for the
torus instability. We suggest that this mechanism may have been at the origin of the CME
event described in Section 2.

The numerical experiment presented here has a high degree of symmetry, with respect to
both the initial magnetic-field configuration and the driving photospheric motions. A practi-
cally identical result is obtained if only one of the polarities of the overlying field is twisted,
as long as the driving velocity is clearly sub-Alfvénic. In particular, we found that twisting
only one flux concentration does not significantly affect the rise direction of the TD rope,
indicating that slow asymmetric twisting does not necessarily lead to a non-radial rise of the
erupting flux-rope if the overlying field is symmetric. A more general case, which exhibits
a strongly non-radial rise, is presented in the following section.

4.2. Run 2

We now consider a much less symmetric initial condition for the magnetic field, together
with a driving that is applied to one polarity only. The configuration is still idealised, but
closer to the observations (see Sections 2 and 3.2). The purpose of run 2 is to verify that the
CME initiation mechanism suggested in Section 4.1 can work also in a more realistic and
general setting.

The fan-like structure of the ambient field makes it difficult to follow its evolution during
the twisting phase using a single point as a tracer of the whole three-dimensional structure,
as was done for run 1. We therefore follow here only the apex of the TD rope axis in time.
The inclination of the rope makes it complicated to find the exact position of the axis apex,
so we determined it only approximately. Consequently, the trajectories presented in Figure 9
below are somewhat less precise than for run 1.

Figure 8(a) shows that electric currents are formed in the ambient field volume during
the initial relaxation of the system. The strongest current concentrations are located in the
front of the flux-rope and exhibit an X-shaped pattern in the vertical cut shown. This pat-
tern outlines the locations of quasi-separatrix layers (QSLs: e.g. Priest and Forbes, 1992;
Démoulin et al., 1996) that separate different flux systems. The QSLs are present in the
configuration from the very beginning and arise from the complexity of the potential
field (see Section 3.2). Their presence is evident also in the left panel of Figure 8(a):
the green field lines show strong connectivity gradients in the northern part of the main
polarity and in the vicinity of the western flux-rope footpoint. It has been demonstrated
that current concentrations form preferably at the locations of QSLs and other structural
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Figure 8 Snapshots of run 2 at times t = 0, 90, 174, 211τa , respectively, showing the same features as in
Figure 5(d). The system is shown after the initial relaxation (a), during the slow rise phase (b), at the time
of the peak flux-rope velocity (c), and during the deceleration of the flux-rope (d). The left panels use a
view similar to the observations presented in Section 2, the right panels show a side view. The transparent
grey-scale in the right panels depicts the logarithmic distribution of |j|/|B| in the plane x = 0, outlining the
locations of strong current concentrations. The sub-volume [−10,16] × [−11,11] × [0,18] is used for all
panels. An animation of this figure is available in the electronic version of this article.

features like null points, separatrix surfaces, and separators, if a system containing such
structures is dynamically perturbed (e.g. Baum and Bratenahl, 1980; Lau and Finn, 1990;
Aulanier, Pariat, and Démoulin, 2005). In our case the perturbation results from the – rela-
tively modest – dynamics during the initial relaxation of the system.

http://dx.doi.org/10.1007/s11207-013-0269-9
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Figure 9 Kinematics of the TD flux-rope in run 2. (a) Red lines show the distances of the axis apex from
its initial position, (x0, y0, z0) = (0.075,0,1.076), for all three spatial dimensions as a function of time. The
solid line shows x − x0, the dashed one y − y0, and the dotted one z − z0. The thick blue line shows the
total deviation from the initial position. (b) Logarithmic presentation of the total velocity of the axis apex as
a function of time (solid blue line). As in Figure 7, the dashed lines show linear fits obtained for the time
periods marked by dotted lines of the same colour.

After the relaxation, at t = 0, we start twisting the main negative polarity. Due to the
pronounced fan-structure of the field rooted in the main polarity, the photospheric twisting
does not lead to the formation of a single twisted flux tube that rises exactly in vertical
direction above the TD rope, as was the case in run 1. Rather, the twisting leads to a slow,
global expansion of the fan-shaped field lines (see Figure 8 and the corresponding online
animations). Since we are mainly interested in the destabilisation of the flux-rope, we did
not study the detailed evolution of the large-scale field. We expect it to be very similar
to the one described by Santos, Büchner, and Otto (2011), since the active region those
authors simulated was also dominated by one main polarity (sunspot), and the field rooted
therein had a very similar fan-shaped structure (compare, for example, our Figure 8 with
their Figure 1).

Important for our purpose is the evolution of the arcade-like part of the initial potential
field that directly overlies the TD flux-rope. Those field lines are directly affected only by a
fraction of the boundary flows and therefore get merely sheared (rather than twisted), which
still leads to their slow expansion. As was the case for run 1, the TD rope starts to expand as
well, adapting to the successively decreasing magnetic tension of the overlying field. This
initial phase of the evolution is depicted in Figure 8b. Note that some of the flux at the front
of the expanding arcade reconnects at the QSL current layer (see the online animation),
which can be expected to aid the arcade expansion to some degree. As in run 1, the TD rope
rises, after some initial adjustment, exponentially during this slow initial phase (Figure 9).

As the twisting continues, a transition to a rapid acceleration takes place, which can be
seen in Figure 9b after t ≈ 100τa , when the rise curve leaves the quasi-static regime. After
the transition phase, the TD rope again rises exponentially, but now with a significantly
larger growth rate than during the slow rise phase. As for run 1, we attribute this transition
and rapid acceleration to the occurrence of the torus instability.

The right panels in Figure 8 show that the trajectory of the flux-rope is far from
being vertical. As can be seen in Figure 9, the rope axis has reached an inclination
of about 45 degrees at the time of its peak rise velocity. Such lateral eruptions have
been reported frequently in both observations and simulations (Williams et al., 2005;
Aulanier et al., 2010; Bi et al., 2011; Panasenco et al., 2011; Zuccarello et al., 2012;
Yang et al., 2012, and references therein), and are usually attributed to an asymmetric
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structure of the field overlying the erupting core flux. We believe that this causes the lat-
eral rise also in our case, in particular since we found that asymmetric twisting of a sym-
metric configuration does not lead to a non-vertical trajectory of the flux-rope (see Sec-
tion 4.1). We note that such a lateral rise during the very early phase of a CME is dif-
ferent from the often observed deflection of CMEs at coronal holes, where the ejecta is
channelled by the structure of the coronal field at larger heights (Kahler, Akiyama, and
Gopalswamy, 2012, and references therein). As the eruption continues, the trajectory of
the flux-rope becomes increasingly horizontal, resembling the so-called “roll effect” (e.g.
Panasenco et al., 2011) and indicating that the rope cannot overcome the tension of the
large-scale overlying field. Moreover, as a consequence of its increasing expansion, the flux-
rope strongly pushes against the QSL current layer, which results in reconnection between
the front of the rope and the ambient field. Eventually, the rope splits into two parts, simi-
lar to what has been found in simulations of confined eruptions (Amari and Luciani, 1999;
Török and Kliem, 2005). These two effects – which both are not present in run 1 – slow
down the rise of the rope after t ≈ 175τa and inhibit its full eruption (i.e. the development
of a CME) in our simulation.

Since QSLs can affect the evolution of an eruption, but are not expected to play a sig-
nificant role for its initiation, we did not investigate in detail whether or not QSLs were
present in the pre-eruption configuration of the 6 July 2006 event. The PFSS extrapolation
indicates their presence to the North and the West of the main polarity (see the field-line
connectivities in Figure 5(b), but less clearly so to its South. The possible absence of a QSL
in front of the erupting core field in the real event is in line with the “smooth” evolution
of the observed CME, while in our simulation the coherence of the flux-rope is destroyed
before it can evolve into a full eruption. Also, the real large-scale field was probably less
confining than our model field: the PFSS extrapolation indicates the presence of open field
lines, which are fully absent in our simulation. Since, as stated earlier, we merely aim to
model the initiation of the eruption rather than its full evolution into a CME, we refrained
from further improving our model to obtain a configuration without a strong QSL in front
of the flux-rope and with more open flux.

As for run 1, we check how the system evolves when the twisting is stopped before the
flux-rope erupts. When the vortex flows are ramped down to zero during t = (35 – 45)τa –
corresponding to an effective twisting time of 35τa – no eruptive behaviour is seen in the
subsequent evolution for almost 300τa , after which we stopped the calculation. However,
the system does not fully relax to a numerical equilibrium as it was the case for the simpler
configuration (see Section 4.1). Rather, the flux-rope continues to rise very slowly, with
velocities smaller than 10−3va0. This indicates that the system has entered a meta-stable
state, which is possibly supported by continuous slow reconnection at the QSL current layer
due to numerical diffusion, so that it can be expected that the rope would finally erupt if
the integration were continued sufficiently long. When somewhat more twisting is applied,
the system behaves as in the continuously driven configuration, i.e. a phase of slow rise is
followed by a transition to rapid acceleration and the final eruption of the flux-rope, except
that the evolution leading up to the eruption takes the longer the less twist is imposed. For
example, for an effective twisting period of 45τa , the rapid acceleration of the rope sets in
at ≈265τa , significantly later than in the continuously driven system.

While it is tempting to quantitatively compare the amount of rotation in the simulation
with the observed sunspot rotation, we think that such a comparison can be misleading,
since the amount of rotation required for eruption will depend on parameters that have not
been studied here and are not available from the observations (see Section 5: Summary and
Discussion). Moreover, a quantitative comparison is not straightforward, since the model
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Figure 10 Rotation profile for
run 2 as a function of distance
from the vortex centre; shown at
t = 100τa , approximately when
the transition from slow to fast
rise sets in (see Figure 9(b)).

rotation is highly non-uniform (Figure 10), while in the observed case a rigid rotation of the
spot was measured (Figure 2). For example, at t ≈ 100τa , when the transition from slow to
fast rise starts in the continuously driven simulation, the field lines rooted very close to the
main polarity centre have rotated by about 200◦. However, those field lines do not overlie
the TD flux-rope directly, rather they connect to the positive polarity region located to the
East of the rope (see Figures 5d and 8) and should therefore not significantly influence
the rope’s stability. On the other hand, the arcade-like field lines that are located directly
above the rope are rooted at a distance of r ≈ 0.4 from the polarity centre, towards its
southern edge. As can be seen in Figure 10, the flux surface containing these field lines is
rotated by a much smaller amount, about 40◦ at t = 100τa . For the run with an effective
twisting time of t = 45τa mentioned above, the imposed total rotation at this flux surface is
even smaller, slightly below 20◦. These values are similar to the observed sunspot rotation,
but, in addition to the reasons given above, such a comparison should be taken with care.
While the expansion of the field lines located directly above the TD flux-rope presumably
depends mainly on the driving imposed at their footpoints, it is also influenced to some
degree by the expansion of higher-lying fields which, in turn, depends on the (significantly
larger) amount of rotation closer to the polarity centre. Moreover, the values obtained from
the model refer to an overlying field that is initially potential (except for the QSL-related
current layers), while the real overlying field may have already contained some stress at the
onset of detectable rotational motions. Finally, as discussed at the end of the Introduction,
the sunspot rotation may have injected stress also directly into the filament. In both cases,
presumably less rotation as suggested by the model would have been required to trigger the
eruption.

In summary, the simulation successfully models the early phases of the eruption (the slow
rise and the initial rapid acceleration of the flux-rope) in a setting that is qualitatively similar
to the observed configuration of the active region around the time of the CME described in
Section 2. Hence, the CME-initiation mechanism described in run 1 can work also in more
complex and less symmetric configurations.

5. Summary and Discussion

We analyse a filament eruption, two-ribbon flare, and CME that occurred in NOAA Active
Region 10898 on 6 July 2006. The filament was located South of a strong sunspot that
dominated the region. In the evolution leading up to the eruption, and for some time after it,
a counter-clockwise rotation of the sunspot of about 30◦ was observed. Similar events, which
occurred close to a dominant rotating sunspot, were presented by, e.g., Tian and Alexander
(2006) and Régnier and Canfield (2006). The triggering of such eruptions is commonly
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attributed to the injection of twist (or helicity) beyond a certain threshold by the sunspot
rotation (e.g. Török and Kliem, 2003). However, while filaments are frequently observed to
spiral into the periphery of main sunspots, the erupting core flux may not always be rooted
in the spot itself. Here we suggest that the continuous expansion due to sunspot rotation of
the magnetic field that stabilises the current-carrying core flux, i.e. the successive decrease
of magnetic tension, can also lead to filament eruptions and CMEs in such configurations.

We support this scenario by MHD simulations, in which a potential field overlying and
stabilizing a pre-existing flux-rope is slowly twisted at its photospheric-flux concentra-
tion(s). The flux-rope is not anchored in these concentrations and is therefore not twisted.
In a first configuration, the rope is initially kept in equilibrium by a field rooted in two
“sunspots” of opposite polarity that are located at opposite sides of the rope. The twisting
of the flux concentrations reproduces the known behaviour of twisted bipolar fields (see,
e.g., Amari et al., 1996): a twisted flux tube is generated that expands and rises at an ex-
ponentially increasing rate. As a consequence, the magnetic tension of the field above the
pre-existing flux-rope is successively weakened. The rope undergoes a quasi-static adap-
tation to the changing surrounding field, which is manifested in a slow rise phase. As the
weakening of the overlying field reaches an appropriate level, the torus instability sets in and
rapidly accelerates the rope upwards, leading to a second, fast rise phase and eruption. This
evolution in two phases resembles the often-observed slow rise phase and subsequent strong
acceleration of filaments in the course of their eruption (see Figure 4, as well as Schrijver
et al., 2008, and references therein). Eventually, since the flux-rope erupts faster than the
twisted flux-tube rises, the rope catches up and starts to interact with the flux-tube, at which
point we stop the simulation.

As a step towards more realistic configurations, we consider a second setup in which the
initial ambient field surrounding the flux-rope is created by an ensemble of sub-photospheric
sources that qualitatively reproduce the photospheric flux distribution and magnetic-field
structure of the active region around the time of the 6 July 2006 event. In particular, the
highly asymmetric flux density and the resulting overall fan shape of the active-region field
are recovered, while the approximative flux balance of the region is kept. The rotation of
the dominant negative polarity (mimicking the observed sunspot rotation) leads to the same
qualitative behaviour as in the much more symmetric configuration: after a slow rise phase
resembling the quasi-static adaptation of the flux-rope to the expanding ambient field, the
rope undergoes a second, strong acceleration phase. In this case, the asymmetry of the ambi-
ent field leads to a markedly lateral eruption. However, in contrast to the first configuration,
the presence of a QSL-related current layer in the front of the erupting flux-rope leads to
reconnection which eventually splits the rope before it can evolve into a CME. Although we
are not able to follow the expansion of the flux-rope beyond this phase, we can assert the
effectiveness of the proposed mechanism in triggering an eruption also in this more realistic
case.

The proposed mechanism requires the presence of a flux-rope in the corona prior to the
onset of the twisting motions, which is in line with the relatively small observed rotation
of about 30◦ in our event. Far larger rotations appear to be required to produce a flux-rope
that can be driven beyond the threshold of instability by such small additional rotation (e.g.
Török and Kliem, 2003; Aulanier, Démoulin, and Grappin, 2005; Yan et al., 2012). It can
be expected that the amount of rotation required to initiate the eruption of a pre-existing
flux-rope by rotating its overlying field depends on two main parameters: i) the “distance”
of the flux-rope from an unstable state and ii) the “effectiveness” of the rotation in reducing
the stabilisation by the overlying field. For example, it will take a longer time for a low-lying
flux-rope to slowly rise to the critical height required for the onset of the torus instability
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than it does for a rope that is already close to this height. Also, the required rotation will
be larger if mostly high-arching field lines, rather than field lines located directly above
the rope, are twisted. Thus, the amount of rotation required for eruption appears to depend
strongly on the details of the configuration. A proper assessment of this question demands
an extensive parametric study that is beyond the scope of this article. Here we merely aim
to provide proof-of-concept simulations that illustrate the physical mechanism.

In summary, the main result of our study is that the rotation of sunspots can substantially
weaken the magnetic tension of the field in active regions, in particular in cases where the
sunspot dominates the region. This can lead to the triggering of eruptions in the vicinity of
the spot, even if the erupting core flux (the filament) is not anchored in it. The mechanism
that we suggest provides an alternative to the common scenario in which eruptions in the
vicinity of rotating sunspots are triggered by the direct injection of twist into the erupting
core flux.
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The Challenge in Making Models of Fast CMEs
Zoran Mikić, Tibor Török, Viacheslav Titov, Jon A. Linker, Roberto Lionello,

Cooper Downs and Pete Riley

Predictive Science, Inc., 9990 Mesa Rim Road, San Diego, CA 92121

Abstract. It has been a challenge to explain theoretically how fast CMEs (exceeding ∼ 1,000km/s) occur. Our numerical
models suggest that it is not easy to release enough magnetic energy impulsively from an active region. We have been studying
CME models that are constrained by observed magnetic �elds, with realistic coronal plasma density and temperature pro�les,
as derived from thermodynamic models of the corona. We �nd that to get fast CMEs, the important parameters are the
magnetic energy density, the magnetic �eld drop-off index, and the Alfvén speed pro�le in active regions. We describe how
we energize active regions, and how we subsequently initiate CMEs via �ux cancellation. We contrast CMEs from idealized
zero-beta models with more sophisticated models based on thermodynamic solutions.
Keywords: Coronal Mass Ejections, Solar Corona, Magnetohydrodynamics (MHD)
PACS: 96.60.P-, 96.60.ph, 96.60.qf, 95.30.Qd

INTRODUCTION
It has been dif�cult to develop successful models of fast
coronal mass ejections (CMEs). By fast CMEs we mean
those whose speed signi�cantly exceeds the ambient so-
lar wind speed (i.e., exceeding ∼ 1,000km/s). In order
to explain fast CMEs, we need to demonstrate that a sig-
ni�cant fraction of the magnetic energy in an active re-
gion can be converted into kinetic energy to accelerate
the CME, produce a shock wave low in the corona, open
overlying closed magnetic �eld lines, and accelerate en-
ergetic particles. Our numerical models suggest that it is
not easy to release enough magnetic energy impulsively
for these purposes. This has to be done using realistic pa-
rameters (magnetic �eld strength, coronal density, active
region size, solar wind, and global �eld model). It is de-
sirable to use self-consistent CME initiation mechanisms
(e.g., photospheric shearing �ows, �ux cancellation, �ux
emergence), rather than starting from con�gurations that
are initially out of equilibrium.

To understand CMEs theoretically it is helpful to ide-
alize the problem to the simplest possible con�guration
that retains the essential characteristics of CMEs. This
is a dif�cult task, since this simpli�cation might com-
promise the very goal of getting a fast CME. The pho-
tospheric magnetic �eld that is used in models is typ-
ically smoothed because simulations with large Alfvén
speed and high-resolution meshes are computationally
challenging. This smoothing tends to reduce the size of
the photospheric �eld. In our experience, models with
overly smoothed �elds do not tend to produce fast CMEs.
The smoothing process reduces the magnetic energy den-
sity in the active region and the magnitude of the Alfvén
speed in the corona, and it is likely that these reductions
may lower the speed of CMEs.

The plasma density can also affect the speed of CMEs
(presumably via the Alfvén speed). Therefore, the mod-
els need to have a realistic density pro�le, requiring an
accurate energy equation in the model, and a reason-
able coronal heating model. With a sophisticated energy
equation [1], we are able to model the cold, dense promi-
nences that frequently erupt together with the CME. As
we describe below, the mass trapped in the prominence
may affect the speed of the CME, requiring an accurate
model of the lower corona and chromosphere.

Finally, the magnetic �eld overlying the active region
may affect how the CME is con�ned and the nature of
the eruption. Since this �eld arises from distant magnetic
�eld sources, a global model whose scale is much larger
than the source active region may be required to properly
model the CME.

It is apparent that all these aforementioned considera-
tions make the modeling of fast CMEs dif�cult. This may
be the reason that models have generally not been able to
produce fast CMEs.

AN IDEALIZED MODEL
We illustrate our methodology by developing an ideal-
ized model of a CME that was observed on 12 May
1997. We have studied this event for many years. Even
though this CME occurred in the SOHO era, it is still
relevant today, simply because it is not very well under-
stood yet. The halo CME originated in a “simple” small
bipolar active region (AR 8038) at N21◦W08◦, and was
accompanied by a C1.3 �are at 04:42UT. The projected
CME speed was ∼ 250km/s; the estimated actual CME
speed was∼ 600km/s. This CME has been described by
Plunkett et al. [2] (LASCO); Thompson et al. [3] (EIT
waves); Webb et al. [4] (interplanetary magnetic cloud);
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Idealized Model of the 12 May 1997 Photospheric Magnetic Field Br
MDI Synoptic Map Model v1 Model v2

50250-25-50

Br [Gauss]

FIGURE 1. The two idealized models of the 12 May 1997
photospheric magnetic �eld, compared to the SOHO/MDI
magnetogram.

Ambastha and Mathew [5] (�ux cancellation); Gopal-
swamy and Kaiser [6] (Type II radio); Attrill et al. [7]
(coronal dimmings); and Crooker and Webb [8] (inter-
change reconnection).

Despite the fact that this was not a fast CME, it is
an excellent case to study for the following reason. Our
simulations of the pre-eruption corona with a thermo-
dynamic model reproduce several characteristics of the
observations, including signatures in EUV and X-ray
emission (coronal hole morphology, quiet Sun and active
region emission, sigmoid). Furthermore, our simulated
eruptions also match the observations, including promi-
nence formation, dimming regions in EUV and X-rays,
post-�are loops, and EIT waves. Nevertheless, all our at-
tempts to simulate this CME produce an eruption that is
less energetic than the observed CME.

A procedure for developing a simpli�ed model using
a global sun-centered dipole and a sub-surface bipole to
represent the active region (AR) was described by Titov
et al. [9]. We adopt a similar procedure, matching the
observed AR �ux (∼ 5× 1021Mx) and the total global
�ux (∼ 4.3× 1022Mx). The resulting global dipole has
Br = 2.8G at the poles.

We are studying two versions of the model: v1 has a
smoother version of the magnetogram with Br(max) =
50G in the AR; v2 has less smoothing with Br(max) =
180G. The idea is to determine if the reduction of pho-
tospheric magnetic �eld by smoothing reduces the speed
of the CME. Both models match the observed AR mag-
netic �ux. Figure 1 shows the models compared to the
photospheric �eld observed with the SOHO/MDI mag-
netogram.

The simulations are performed with our spherical 3D
resistive MHD code, using a semi-implicit technique to
overcome the time step limit imposed by the Alfvén
speed, and a fully implicit scheme to advance the resis-
tive, viscous, and thermal conduction terms [10, 11]. In
the transverse direction, the smallest cells (in the AR)
have a size of 2,300km (690km) for a medium (high)
resolution mesh. In the vertical direction, for the thermo-
dynamic model, the smallest cells have a size of 220km
(60km) for a medium (high) resolution mesh. The resis-
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FIGURE 2. The �eld drop-off index (vertically above the
neutral line) for the high-resolution MDI data and for Models
v1 and v2.

tivity is chosen to be uniform, with a Lundquist number
S= 106.

Kliem and Török [12] have described how the drop-
off of the poloidal component of the potential �eld that
con�nes a �ux rope affects its stability. Assuming that
locally Bpol = B0(h/h0)−n, where h = r − R� is the
height above the photosphere, the local drop-off index is
n=−d(lnBpol)/d(lnh). A heuristic condition for stabil-
ity is: when n � 1.5 above the �ux rope, the rope erupts
more easily; when n � 1.5, the rope tends to be sta-
ble [12]. Démoulin and Aulanier [13] consider the criti-
cal value to be closer to 1.1–1.3. Török and Kliem [14]
have investigated the effect of n on the speed of CMEs.
Fields that fall off rapidly with height (larger n) are eas-
ier to disrupt, and may produce faster CMEs. An exam-
ple is a quadrupolar con�guration, as exempli�ed by the
Breakout Model [15]. Figure 2 compares n for the high-
resolution MDI magnetogram, and for Models v1 and
v2 (using a PFSS model). It can be seen that Model v2
matches n of the high-resolution data, whereas Model v1
has a lower n. This is an indication that Model v1 may
have been smoothed too much and may have dif�culty
producing fast CMEs, consistent with our preliminary re-
sults. Full con�rmation will require a detailed compari-
son of models v1 and v2 (work in progress).

ACTIVE REGION ENERGIZATION AND
CME TRIGGERING

We brie�y describe how we typically energize the active
region in our model, and how we trigger the eruption.
We start with a potential �eld, and energize the AR by
emerging transverse magnetic �eld along the polarity
inversion line (PIL), speci�ed via a boundary condition
at r = R� on the transverse electric �eld, Et = ∇tΦ.
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FIGURE 3. The potential Φ used to energize the AR by
emerging transverse magnetic �eld along the PIL (green).

The potential Φ is chosen to change sign across the
PIL; see Fig. 3. Since Et is the gradient of a scalar, this
electric �eld does not change Br in the photosphere. We
�nd that the transverse magnetic �eld emerged by this
process introduces shear at the neutral line. The magnetic
energy in the active region is raised signi�cantly above
the potential �eld energy.

After the energization is complete, the eruption is trig-
gered by applying �ux cancellation at the PIL. There
is evidence that �ux cancellation preceded the 12 May
1997 CME [5], and may have been its trigger. MDI mag-
netograms show clear evidence of cancellation of �ux at
the PIL. This �ux cancellation is speci�ed by imposing
converging �ows at r = R�, together with photospheric
diffusion [e.g., 16, 17, 18]. Figure 4 shows a typical ex-
ample of the �ow used. In its early stages, �ux cancella-
tion converts the highly sheared �eld along the PIL into
a �lament. We have found these techniques to be a very
�exible way to energize and trigger CMEs.

ZERO BETA AND THERMODYNAMIC
MODELS

The full thermodynamic model with an improved en-
ergy equation is very costly to run, since it requires
high-resolution meshes and small time steps. A “zero-
beta” model, in which gravity and pressure forces are ne-
glected, is a useful approximation. In this model, the en-
ergy equation is not solved (since p = 0). The zero-beta
model is numerically more ef�cient, and is frequently
used for the rapid investigation of stability. It is important
to note that the coronal density pro�le ρ(x) can be cho-
sen freely in this model. This choice affects the Alfvén
speed pro�le. In general, it is dif�cult to choose a real-
istic ρ pro�le, especially when the magnetic �eld varies
over a large range (as is the case for global simulations
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FIGURE 4. Flow applied at r = R� that converges towards
the PIL (green), resulting in cancellation of �ux. This fre-
quently triggers the initiation of a CME. The contours show
the photospheric resistivity.

with high resolution in active regions). That is a primary
reason to use a thermodynamic model in which ρ is de-
termined self-consistently. We have found that the choice
of ρ(x) can dramatically in�uence the assessment of a
fast CME model.

We studied the energization and eruption of Model
v1 using the zero-beta and thermodynamic models. We
found that when an arbitrary, though reasonable, density
pro�le was speci�ed in the zero-beta model, the CME
reached a certain speed. When we repeated this case us-
ing a density pro�le that was derived from the thermo-
dynamic model (which is more realistic), the CME speed
was signi�cantly different. The case with the “fake” den-
sity pro�le was appreciably more energetic. (It turned out
to have a higher coronal Alfvén speed.) This ought to be
a cautionary tale for users of zero-beta models.

Furthermore, we noticed that the thermodynamic
model generally gave less energetic eruptions for the
same conditions (energization and �ux cancellation), as
illustrated in Fig. 5. The thermodynamic model has a
smaller burst of kinetic energy, and a correspondingly
more gradual release of magnetic energy, than the zero-
beta model. (In this case the zero-beta model used the ρ
pro�le from the thermodynamic model to make the com-
parison as similar as possible.) In the thermodynamic
model, the lower �eld lines in the erupting �lament ap-
pear to be trapped by the dense plasma in the chromo-
sphere/low corona, in contrast to the zero-beta model, as
seen in Figure 6. The thermodynamic model shows the
self-consistent formation of a prominence (cool, dense
material) in the �lament channel, an exciting develop-
ment in its own right. Since the physics in the thermo-
dynamic model is more accurate, conclusions about the
speed of CMEs based on the zero-beta model need to be
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Zero Beta vs. Full Thermodynamic Cases
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FIGURE 5. The magnetic and kinetic energy for zero-beta
and a full thermodynamic simulations. The kinetic energy for
the thermodynamic case is that above the initial value.
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FIGURE 6. The evolution of selected �eld lines for zero-beta
and full thermodynamic simulations.

made carefully.

CONCLUSIONS
It is apparent that models of fast CMEs do not come
easily. Although our analysis is not complete, there are
strong indications that magnetograms of active regions

used in models must not be smoothed too much, to max-
imize the chances of getting a fast CME. It appears to
be necessary for the models to maintain high Alfvén
speeds. The presence of a large �eld drop-off index low
in the corona also helps. Zero-beta models are very use-
ful, but need to be used carefully when making con-
clusions about the speed of CMEs. Full thermodynamic
models offer promise to model the formation of promi-
nences and their eruption within CMEs.
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