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& Martens, 1989



Flux rope formation: flux cancellation & modelling
For example: 

• Amari et al. (2003, 2010, 2011) 
• Lionello et al. (2002) 
• Aulanier et al. (2010) 
• Zuccarello et al (2012) 
• Gibb et al., (2014) 
• Yardley et al. (2018)

Red & magenta: Forming & erupting weakly twisted flux rope

Cyan & green: moderately sheared overlying arcade

Aulanier et al., (2010)



Flux rope formation: flux cancellation & observations
• Evolutionary stages in isolated bipolar regions 
• Driven by photospheric field evolution
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Flux rope formation: flux cancellation & observations
• Evolutionary stages in isolated bipolar regions 
• Driven by photospheric field evolution
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24 hr12 hrObservations show these flux ropes form on a timescale of ~ few days up to 
14 hours prior to their eruption. But sigmoids are only observed in a sub-set 

of eruptive active regions. 
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• Sigmoids (and their filaments) tend to run along the polarity inversion line (underside likely to 

be line-tied in the dense lower atmosphere) 
– Flux rope axis orientation

• Flux cancellation can be used to probe flux content of the growing rope, which is then 
modified by reconnection during the eruption 
– Utility as boundary condition for CME propagation models

Date 
(2007)

Observed 
cancelled flux 
(10^20 Mx) 

Dec. 4 0

Dec. 5 2.75

Dec. 6 5.15

Dec. 7 7.07



“Added value” of the flux cancellation process

• But:	cancellation	can	only	create	a	flux	rope	from	sheared	fields,	in	fact	it	is	concentrating	free	
energy	along	the	PIL	(Welsch,	2006).		

• The	above	example	shows	that	only	2/3	cancellations	were	forming	a	flux	rope	out	of	the	sheared	
arcade.		

• Flux	in	the	flux	ropes	amounts	to	about	60%-70%	of	the	cancelled	flux	(Savcheva	et	al.,	2012).	

Green,	Kliem,	
Wallace	(2011)
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AND - these flux ropes are likely to be only partially formed, only 

building their coherency during the flare reconnection as the 
eruption takes place. So consideration must be made as to the 

overlying arcade! 
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Zhang et al., 2012
Reeves & Golub, 2013
Cheng et al. ,2013
Nindos et al., 2015



Flux rope formation: coronal recon’n (hot flux ropes)
• Seen at the solar limb. Line-of-sight is ~parallel with the flux rope axis

Patsourakos, Vourlidas, Stenborg (2013)
Ohyama & 
Shibata (1995)

Shibata (1995)

Patsourakos, Vourlidas, Stenborg (2013): 
Flux rope formed on a timescale of 20 

minutes around 7 hours prior to its eruption

See also:

Cheng et al.,  2011
Zhang et al., 2012
Reeves & Golub, 2013
Cheng et al. ,2013
Nindos et al., 2015
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Flux rope formation: coronal 
reconnection

James et al. (2017)

Flux rope formed at least 2 
hours prior to its eruption

Is it possible to gather information on axial field orientation from 
these observations? 



Flux rope formation: coronal reconnection
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Flux rope formation: coronal reconnection
James et al. (2018)

• The flux rope extends high in the corona, with its highest point reaching ≈ 
150 Mm (≈ 0.2 Rs) above the photosphere

• The flux rope contains 4 × 1020 Mx of magnetic flux (≈3% of that in AR)

Flux rope axis runs along the polarity inversion line 



Movie associated with figure 8 in Fan (2017)
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Case study: AR 11675

Green et al. (2017)
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Using remote sensing to predict in situ

Figure 1 in Palmerio et al., 2018
(See earlier work by Bothmer & Schwenn, 
Mulligan et al.)



Using remote sensing to predict in situ
Mixed results! 

e.g. Palmerio et al., 2018 
• 20% of the events have a match 

between the intrinsic and in situ flux rope 
types 

• 55% match when intermediate cases 
(where the orientation at the Sun and/or 
in situ is close to 45°) are considered 

• Difficulties in disentangling flux rope 
rotation from spacecraft crossing 
location 

• You can be far from the axis & far from 
the nose even for Sun-centred eruptions

Figure 1 in Palmerio et al., 2018
(See earlier work by Bothmer & Schwenn, 
Mulligan et al.)



What next?



1. Connecting solar and in situ structures
• Deflection and rotation of CMEs largely take 

place during about first 10% of their journey 
from the Sun to the Earth (e.g., Isavnin et al., 
2014; Kay et al., 2016) 

• Deflection can be found from EUV wave 
prominent direction in some cases 

• Rotation can be found from EUV waves in 
some cases (Attrill et al., 2014) 

i.e. better use of EUV data combined with 
magnetic field modelling (global and local)

its southwest (Fig. 1d), and the erupting CME orientation (see
next section) is consistent with the direction of the photospheric
inversion line in between those two magnetic polarities. The
negative polarity is almost surrounded by positive polarities so
that a coronal magnetic null point and related separatrices are
expected. The study of this magnetic topology is of primary
importance to understand flare reconnection (for example, flare
ribbon locations). A further study, outside the scope of the
present paper, including magnetic field extrapolation and data-
driven magnetohydrodynamic (MHD) simulations, would be
needed to understand precisely the role of the AR magnetic field
complexity on the early CME development. However, as this
topology is local, it is unlikely to be important for the CME
development on scales larger than the AR, which is the focus of
the present paper.

Next, looking at Fig. 1e,f a potential field source surface28

model shows that the streamer belt of closed field lines is highly
inclined with respect to the solar equator (typical of solar
maximum), and runs from north to south right above the strong
active region. The CME source region is not under the streamer,
but close to an area of open flux further west (green field lines in
Fig. 1e,f). This provides some evidence that the CME has erupted
in the direction of least resistance in the solar global field17,
consistent with results of numerical simulations12,13. The solar
observations thus imply that the strongly non-radial motion of
this CME is due to a combination of two effects: (i) the strong
nearby active region magnetic fields to the northeast, and (ii) the
open coronal field to the west of the source. Both processes acted
to channel the CME to the southwest of the solar disk, which was
reflected in the asymmetries of the global coronal wave and
dimmings.

Coronal evolution. We now take a look at multi-viewpoint
coronagraph observations of the CME in Fig. 2a. We used two
methods to estimate the CME propagation direction up to 30
solar radii (R}). The first is the Graduated Cylindrical
Shell (GCS) model, by which a wire-grid of a tapered hollow
tube is fitted onto coronagraph images29,30 by manual variation
of several parameters controlling its shape. The triple viewpoints
from the STEREO-B (COR1/2 (ref. 31)), SOHO (C2/C3)
and STEREO-A (COR1/2) imagers constrain the results very
well30. At the time of the event, the two STEREO spacecraft were
151! ahead (A) and 153! behind (B) in heliospheric longitude
with respect to Earth, at distances of 0.96 AU (A) and 1.08 AU
(B). The CME propagates to the east in STEREO-B, where the
event is seen as backsided, which shows that the CME longitude
must be greater than ! 153!þ 180!¼ 27! west of the Sun–Earth
line. The GCS model was applied between 7 January 18:15 and
19:30 UT, when the resulting model apex position was between
2.1 and 18.5 R}. The average three-dimensional speed of the
CME apex was 2,565±250 km s! 1, derived from a linear fit to
R(t), not far from the fastest speeds ever observed3

(B3,000 km s! 1). A constant CME direction is consistent with
the time evolution in the coronagraph images, which gives
32±10! (west) and ! 25±5! (south, with quoted errors
common for the method30,32). This means that already very
close to the Sun, at 2.1 R}, the final direction of the CME was
attained.

A second method was used to find the speed of the CME
segment that propagates in the ecliptic plane. We applied a
triangulation technique33 to the CME leading edge in SOHO/C2/
C3 and STEREO-A/COR2/HI1 (ref. 34) observations. Our results
are averages of two methods (Fixed-b and Harmonic Mean)
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Figure 1 | Solar observations of the X1.2 flare and associated phenomena on 7 January 2014 18–20 UT. (a) Location of coronal holes and post eruption
arcade in SDO/AIA 193 Å. (b) Extreme ultraviolet (EUV) wave evolution between 18:04 and 18:19 UT derived with the Coronal Pulse Identification
and Tracking Algorithm (CorPITA) algorithm. Colours indicate the position of the wave front at different times. (c) Final extent of the coronal dimming
(SDO/AIA 211 Å). (d) SDO/HMI line-of-sight magnetic field, showing the position of the large active region and the flare. White (black) colours indicate
positive (negative) magnetic field polarities. (e,f) Pre-eruption potential field source surface model of the solar global magnetic field, as seen from Earth (e)
and 40! west of Earth (f). It depicts closed (white) and open field lines (pink negative polarity, green positive polarity). Solar east (west) is to the left (right)
in all images.
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2. Stealth CMEs
• CMEs with no obvious lower corona signatures 

• They originate at altitudes of > 0.1 R_s (Robbrecht et al.,  2009) 

• 30% of all CMEs? (solar minimum study, Ma et al., 2010)

Fig.	4:	Ma	et	al.,	2010



2. Stealth CMEs
Imaging processing techniques are enabling post-event analysis: 
• How do we/should we take knowledge of lower atmospheric flux rope formation/evolution and 

apply it to stealth CMEs? 
• Can photospheric field data be used to predict axial field orientation? 
• Can we determine the handedness/shear of the erupting magnetic field?

Event	included	in	Nitta	&	Mulligan,	2017	

Image	from	O’Kane	et	al.	(in	prep)



3. Bringing in plasma
Four main stages of evolution 

1. 12:00 - approx. 13:00 UT (flux cancellation) 

2.  a rise phase (13:00 – 01:00 UT) 

3. a shallow-exponential phase (01:00 – 

04:40 UT, rope marginally unstable, large 
mass unloading starts at 04:00 UT) 

4. a steep-exponential phase (04:40 onwards)

See Fan (2018) for a complementary 
MHD simulation

Jenkins et al. (2018)


