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Physical picture

‣ Flux ropes arise from the coronal processing of magnetic helicity.

where A is in suitable gauge – Barnes, Phys Fluids [1988]

‣ In the ideal approximation, e.g. Démoulin & Berger, 
Solar Phys [2003]

DeVore, ApJ [2000] 
Berger & Ruzmaikin, JGR [2000] 
Hawkes & Yeates, A&A [2019]

- differential rotation ~ 5 x 1046 Mx2 /hemisphere/cycle

- active regions ~ 1046 Mx2 /hemisphere/cycle
Georgoulis et al., ApJL [2009]

1. Helicity is injected by flux emergence and 
surface shearing.
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Physical picture

‣ Flux ropes arise from the coronal processing of magnetic helicity.

where A is in suitable gauge – Barnes, Phys Fluids [1988]

1. Helicity is injected by flux emergence and 
surface shearing.

‣ In the ideal approximation, e.g. Démoulin & Berger, 
Solar Phys [2003]

1 2.  Helicity is stored in the corona – filament channels.

2 3. Helicity is ejected in CMEs.
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This picture of the role of CMEs: Low, PoP [1994]; Bieber & Rust, ApJ [1995]

‣ Flux ropes can be present in filament channels 
or formed during the process of eruption.



Modelling

‣ Magneto-friction can follow the quasi-static (near) ideal evolution:

+ imposed flux transport model on solar surface

radial outflow

turbulent 
diffusion



Modelling

‣ Magneto-friction can follow the quasi-static (near) ideal evolution:

Simple axisymmetric example: 
Yeates & Hornig, A&A [2016]

+ imposed flux transport model on solar surface

radial outflow

turbulent 
diffusion



Detecting flux ropes with Lorentz force

‣ Original method: look for points with inward tension 
and outward pressure [+ parallel current].
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The automated procedure for detecting flux ropes then con-
sists of two stages.

1. Point testing. Test individual points on the numerical grid
for the characteristic flux rope structure of sign changes in
the vertical magnetic pressure and tension forces.

2. Clustering. Use a hierarchical clustering algorithm (John-
son 1967) to associate neighboring points which form part
of the same flux rope structure.

First consider stage 1. At each point (ri, !i ,"i) in the
computational grid the vertical components Pz and Tz of the
magnetic pressure and tension forces are computed from the
magnetic field B0. We then require that

Pz(ri!1, !i ,"i) < 0, (7)

Pz(ri+1, !i ,"i) > 0, (8)

Tz(ri!1, !i ,"i) > 0, (9)

Tz(ri+1, !i ,"i) < 0, (10)

for the point (ri, !i ,"i) to be selected. In practice, we do not
need to test all points, but rather test points only up to height
r = 1.44 R", and use a coarser “testing grid” of (21, 93, 120)
points in the (r, !,") directions. In the " direction at the
equator this corresponds to one third of the computational
grid resolution. The testing grid is chosen such that each point
represents an equal 3D volume, by taking equal steps in cos ! ,
", and r3. Using a coarser grid reduces computational effort
and does not affect the results since we are only interested in
well resolved flux rope structures. In order to concentrate the
sample on twisted flux ropes, we have implemented the fifth
condition of a sufficiently strong parallel current at each point
tested, requiring that

|j0 · B0|
B2

0

> ##, (11)

with the threshold ## = 0.7 $ 10!8 m!1 determined by
experiment. By way of example, Figure 4 (a) shows the flux
rope points identified by this first stage on day 202 of run A2,
mid-way through the simulation. The points are projected on a
plot of B0r on the photosphere, showing the PIL dividing regions
of positive (white) and negative (gray) magnetic polarity. The
identified points tend to lie above PILs, as expected from our
basic theory of flux rope formation (Section 3). Furthermore,
the points are mostly grouped into larger structures. Automated
detection of these groupings forms stage 2 of the procedure.

The basic clustering idea is simple. Starting with each point as
an individual entity, the two closest points are grouped together,
and the process repeated until the shortest inter-group distance
(in 3D space) is above some threshold. For this threshold we
choose 5!R", where ! is the heliographic angle in radians
of a computational grid cell at the equator. After running this
clustering algorithm, any groups with fewer than 8 points on
the testing grid are removed. Again this value was determined
by visual inspection of the selected structures. The results after
clustering for day 202 of run A2 are shown in Figure 4(b).
Each individual group of points, or “flux rope,” is identified
by color and a number. The actual magnetic field structures
corresponding to these flux ropes are illustrated in Figure 4(c),
which shows 3D magnetic field lines traced from the selected
flux rope points in each structure.
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Figure 4. Automated detection of magnetic flux ropes in the simulated magnetic
field, for day 202 of run A2. The first two panels show (a) selected points and (b)
clusters, projected on the normal magnetic field B0r in the photosphere (white
shading for positive, gray for negative). Panel (c) shows coronal magnetic field
lines traced from the selected flux rope points (with lighter gray denoting open
field lines), viewed from 180% longitude and 20% latitude.
(A color version of this figure is available in the online journal.)

4.2. Detection of Ejections

An immediate problem is how to define a flux rope ejection
within our simulations. We adopt the practical definition of a
large enough radial velocity in the magnetofrictional code. Thus
we include both losses of equilibrium following gradual build-
up of axial field, and sudden rises caused by nearby bipole
emergence. We also include partial lift-offs where only one end
of a flux rope opens up. Typically the other end is held down by
overlying field from nearby regions. The majority of ejections
remove the main, twisted, part of the flux rope through the top
boundary of the computational box, usually within several days
of the onset of rapid acceleration.

Our automated procedure to find ejections is straight-
forward.

6-month simulations: Yeates & Mackay, ApJ [2009]

642 A.R. Yeates

Figure 4 Flux-rope points are
identified by an inward magnetic
tension force [Tr ] and an outward
magnetic pressure force [Pr ].

Figure 5 Snapshots of the NP model at a sequence of times during Run C80F10, including (a) Cycle 23
Maximum prior to polar reversal, (b) the declining phase, (c) Cycle 23 Minimum, and (d) Cycle 24. In each
case, blue field lines are traced down from the source surface r = 2.5R! , while red field lines are traced from
(a subset of) flux-rope points.

To identify flux-rope ejections, we use the automated post-processing procedure of
Yeates and Mackay (2009). This selects those flux-rope points with v0r > 0.5 km s"1 in
the magneto-frictional code and clusters them both spatially and temporally into separate
ejection events. To be classed as separate events, clusters must be separated by at least five
days in time and have at least eight points (on the grid resolution used here). This yields a
list of times, locations, and sizes of flux-rope ejections during the simulation.

Author's personal copy

‣ Number of flux ropes has no systematic 
dependence on helicity of emerging regions.
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Figure 7. Dependence of flux rope statistics on simulation parameters: (a) total
number of points selected (on testing grid) after clustering, (b) mean latitude
of selected points, (c) number of flux ropes present, and (d) mean number of
points (on testing grid) per flux rope. Colored lines show runs with different
emerging bipole twist ! (see legend in panel (a)). Thick black line shows run
AN, thin solid black line shows run V4, and thin dashed black line shows run
D4. In panel (b) vertical bars show 1" for run A4.

5.2. Rate of Flux Rope Ejections

Using the automated procedure in Section 4.2, we find the
number of ejections per day to have a ramp-up phase of about
40 days, before fluctuating considerably over the rest of the
simulation, as well as varying between runs. Figure 9 shows the
total number of ejections in each run, with error bars showing the
estimated errors in the automated detection procedure (Section
4.2). We immediately see the importance of emerging bipoles for
flux rope ejections. In run AN there are only 23 ± 4 ejections,
as compared to 108 ± 16 in run A0, and more for the runs
with emerging bipole twist—up to 202 ± 30 for run A6. Partly,
this reflects the increased number of flux ropes in runs with
emerging bipoles, and partly it reflects the influence of strong
emerging magnetic fields in reconfiguring the coronal field. The
increasing number of ejections with greater emerging bipole
twist reflects the quicker formation of flux ropes with strong

axial fields, which then lose equilibrium. For example, compare
panels (a) and (c) in Figure 5, which show flux rope points and
radial velocities for runs A2 and A4. The flux rope labeled M in
Figure 5(c), internal to a newly emerged bipole, both forms and
is ejected in run A4. However, in run A2 there is not sufficient
axial magnetic field at this location for a flux rope to be detected
at this time.

There is also a tendency for the runs with the majority
hemispheric sign of bipole twist (A2, A4, and A6) to have
more ejections than the runs with the same magnitude but
opposite sign of twist. This may be related to the larger size
of mid-latitude flux ropes in the first set of runs, as described in
Section 5.1. This is illustrated by comparing run Am2 with run
A2 in Figure 5 (panels (b) and (a), respectively). The black boxes
in Figure 5(b) show decaying bipolar regions where no flux ropes
are detected in run Am2. In run A2, both of these locations have
already formed strong flux ropes which are ejected during this
particular period.

From run V4—shown by a square in Figure 9—we see that
halving the outflow speed has no significant influence on the
number of ejections (giving 178±27). So, just as the outflow has
no major influence on the formation of flux ropes, it has no major
influence on their loss of equilibrium. As before, this is because
it acts only near the upper boundary, which a flux rope reaches
only after equilibrium is lost. In contrast, halving the coronal
diffusivity #0 increases the number of ejections to 233 ± 35
in run D4 (triangle in Figure 9). An example of an additional
ejection not occurring in run A4 is labeled N in Figure 5(d).
The higher number of ejections is explained by the larger, more
twisted flux ropes which are able to form in this case.

Finally, how does the number of ejections produced in our
simulations compare with the number of CMEs observed on
the real Sun during this period? The CDAW catalog (Yashiro
et al. 2004) is the standard manually compiled list of CMEs
observed by the SOHO/LASCO coronagraphs (Brueckner et al.
1995). To avoid the initial ramp-up phase in the simulation, we
compare the rates of ejections between day 183 (1999 July 2)
and day 283 (1999 October 10). Table 3 shows the number of
flux rope ejections per day for each simulation run over this
period, in addition to the observed rate from the CDAW catalog.
Two observed rates are given: the first includes all events in
the catalog, and the second omits events labeled “poor” by
the LASCO operator. We believe the second rate to be more
appropriate for this comparison, as our global simulations relate
to large-scale flux rope events, which are unlikely to be labeled
“poor.” This rate will be a lower estimate for two reasons: firstly
not all far-side events are observed, and, secondly, there are
several gaps in the instrument coverage over the period. Using
this rough estimate, our simulations produce flux rope ejections
at about 50% of the observed CME rate (after the initial ramp-up
phase).

6. CONCLUSION

We have studied the formation and ejection of magnetic
flux ropes in a simplified model of the coronal magnetic field
evolution, to begin to address the question of where and when
CMEs occur in the global context. Loss of equilibrium of
magnetic flux ropes in the low corona is a leading model for
the initiation of CMEs, and the model described in this paper
is, in essence, an extension of previous 2D catastrophe models
of a single eruption to the 3D global corona. Ultimately, we
aim to determine what proportion of observed CMEs may
be explained by the loss of equilibrium mechanism. Using

‣ More emerging helicity (or majority sign) gives 
more ejections.

No. 2, 2009 INITIATION OF CMEs 1035

(b) Day 200(a) Day 197 (c) Day 202

602 yaD (f)502 yaD (e)402 yaD (d)
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Figure 8. Sequence of two high-latitude ejections (E1 and E2) in run A2, seen on days (a) 197, (b) 200, (c) 202, (d) 204, (e) 205, and (f) 206. Gray shading and thin
contours show radial magnetic field B0r on photosphere (white/solid contours for positive, gray/dashed contours for negative). Thick lines show selected coronal
magnetic field lines traced from flux rope points, with lighter gray denoting open field lines.
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Figure 9. Total number of ejections in different simulation runs, as detected
by the automated procedure. Asterisks joined by the solid line show runs Am6,
Am4, Am2, A0, A2, A4, and A6. The dashed line shows run AN (where
emerging bipole twist is irrelevant), triangle run D4, and square run V4. Error
bars show estimated error in automated detection algorithm.

automated detection algorithms, we have tracked the formation,
loss of equilibrium, and ejection of flux rope structures forming
at many locations in the simulated corona, which evolves
continually in response to the emergence of twisted bipolar
active regions, and to large-scale motions on the photospheric
boundary.

In this paper we consider the effect of key simulation
parameters on the flux ropes formed and on the rate of flux
rope ejections. We draw the following main conclusions.

1. The number of flux ropes present at any one time fluctuates
between about 28 and 48, with no systematic dependence

on the helicity of emerging bipoles. If no new bipoles are
emerged, the surface flux decays and the number of flux
ropes decreases due to ejections.

2. The magnitude of emerging bipole helicity has no major
effect on the number of flux ropes present at any one
time, but greater emerging helicity leads to more flux rope
ejections.

3. The sign of emerging helicity also has an effect. If active
regions emerge with the (observed) minority sign of twist
in each hemisphere, then smaller flux ropes are created at
mid-latitudes, and there are fewer ejections. This is because
the surface shearing has first to reverse the direction of the
sheared field that emerged with the minority sign of helicity,
before forming a flux rope with the majority helicity.

4. The results are not sensitive to the upper boundary condition
(radial outflow), but do depend on the turbulent diffusivity
in the corona. A lower diffusivity leads to larger flux ropes
and more ejections.

5. The rate of flux rope ejections in the model is roughly 50%
of the observed LASCO CME rate, depending on the choice
of parameters in the model.

We have shown that the rate of flux rope ejections varies
from 0.67 ± 0.10 per day in run A0 (when bipoles emerge
untwisted) to 1.28 ± 0.19 in run A6 (the greatest amount of
emerging helicity considered). Since we do not, at present,
have reliable measurements of the magnetic helicity in all 119
active regions that emerged during the simulated period, we
cannot predict this ejection rate precisely. However, constraints
from filament chirality observations (Paper II) suggest that
simulation runs A4 and A6 are likely to be most realistic.
Hence our conclusion that the quasi-static model can produce
about 50% of observed CMEs. Since the sign and magnitude of



Detecting flux ropes with Lorentz force

‣ Original method: look for points with inward tension 
and outward pressure [+ parallel current].

Full Cycle simulation: Yeates, Solar Phys [2014]
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Figure 4 Flux-rope points are
identified by an inward magnetic
tension force [Tr ] and an outward
magnetic pressure force [Pr ].

Figure 5 Snapshots of the NP model at a sequence of times during Run C80F10, including (a) Cycle 23
Maximum prior to polar reversal, (b) the declining phase, (c) Cycle 23 Minimum, and (d) Cycle 24. In each
case, blue field lines are traced down from the source surface r = 2.5R! , while red field lines are traced from
(a subset of) flux-rope points.

To identify flux-rope ejections, we use the automated post-processing procedure of
Yeates and Mackay (2009). This selects those flux-rope points with v0r > 0.5 km s"1 in
the magneto-frictional code and clusters them both spatially and temporally into separate
ejection events. To be classed as separate events, clusters must be separated by at least five
days in time and have at least eight points (on the grid resolution used here). This yields a
list of times, locations, and sizes of flux-rope ejections during the simulation.
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Coronal Magnetic Field Evolution from 1996 to 2012 643

Figure 6 Latitude–time distribution of (a) flux ropes and (b) flux-rope eruptions, and (c) time series of the
flux-rope eruption rate. In (a), the colour scale shows flux rope filling factor, while in (b), the colour scale
shows the fraction of flux-rope points erupting in a given latitude–time bin. Bins with no flux-rope points are
coloured black. In (c), the observed CME rate from the CDAW catalogue divided by three is plotted in red
(see text).

4.2. Latitude–Time Distribution

At any one time, there are multiple flux ropes, of varying sizes, present in the simulation.
To show how these vary over latitude and time, Figure 6 summarises the results of the
automated detection routines applied to Run C80F10.

Figure 6(a) shows the distribution of flux ropes in time and latitude. The quantity plot-
ted is the filling factor of flux ropes, namely the proportion of grid points at each latitude
and time that are identified as flux-rope points. There are two features to notice about the

Author's personal copy

Rope filling-factor

Eruption fraction
‣ Large ropes anti-correlate with active 

regions [quasi-static model].

‣ Flux ropes at active latitudes are more 
likely to erupt.

‣ Eruption rate follows Solar Cycle [but 
about a third of observed CDAW].

simulated eruption rate
CDAW rate / 3



Detecting flux ropes with field line helicity

‣ Improved method: look for field lines with high field line helicity.

Berger, A&A [1988]

‣ Measures magnetic flux “winding 
around L”.

‣ Ideal invariant if footpoints fixed.
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Detecting flux ropes with field line helicity

Identify flux ropes by thresholding FLH: Lowder & Yeates, ApJ [2017]
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Detecting flux ropes with field line helicity

Identify flux ropes by thresholding FLH: Lowder & Yeates, ApJ [2017]

flux [Mx]lifetime [days] lifetime [days]

he
li

ci
ty

 [M
x2 ]

he
li

ci
ty

 [M
x2 ]

fl
ux

 [M
x]

‣ Erupting ropes are longer lasting, with greater flux and helicity content 
than non-erupting.



Detecting flux ropes with field line helicity

Identify flux ropes by thresholding FLH: Lowder & Yeates, ApJ [2017]

‣ Erupting ropes are longer lasting, with greater flux and helicity content 
than non-erupting.

‣ Measured magnetic flux and helicity at peak 
strength of pre-erupting rope:
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ejected flux 
per day‣ 3.5 x 1024 Mx magnetic flux over Cycle 23.

‣ 2.4 x 1046 Mx2 magnetic helicity over Cycle 23.

‣ 3 x 1024 Mx.
‣ 2.5 x 1046 Mx2.

cf. magnetic cloud estimates 
Démoulin et al., Solar Phys [2016]
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Evolution at Solar Minimum

Looking in detail at helicity output during Solar Minimum: Bhowmik & Yeates, Solar Phys [2021]

‣ No flux emergence, just surface shearing.

‣ Caused by footpoint shearing:

Eruptive Events During Solar Minimum Page 9 of 30   109 

Figure 1 Global measures. Temporal evolution of free energy and current density are depicted by the black
and red curves, respectively, in the top row. The second row shows the temporal evolution of mean field-line
helicity, over-plotted with the total number of grid points on the outer boundary where B! > 0.02 G. The third
row shows the evolution of open magnetic flux and the maximum amplitude of positive radial-tension force.
In the last row, the helicity volume dissipation and helicity flux through the outer coronal boundary, from
Equation 6, are presented. The vertical lines correspond to the 19 identified epochs of sudden but significant
changes of non-potential measures associated with eruptive “events” of different classes: flux-rope eruptions
(cyan lines) and overlying-arcade eruptions (magenta lines). Two of them (marked by the solid cyan and
magenta-vertical lines) are discussed in more detail.

cf. Mikic & Linker, ApJ [1994]

‣ 8 events were flux-rope eruptions but 
11 were overlying arcade eruptions.



Evolution at Solar Minimum

‣ 8 events were flux-rope eruptions but 
11 were overlying arcade eruptions.

Looking in detail at helicity output during Solar Minimum: Bhowmik & Yeates, Solar Phys [2021]

cf. Mikic & Linker, ApJ [1994]
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‣ Caused by footpoint shearing:

Eruptive Events During Solar Minimum Page 9 of 30   109 

Figure 1 Global measures. Temporal evolution of free energy and current density are depicted by the black
and red curves, respectively, in the top row. The second row shows the temporal evolution of mean field-line
helicity, over-plotted with the total number of grid points on the outer boundary where B! > 0.02 G. The third
row shows the evolution of open magnetic flux and the maximum amplitude of positive radial-tension force.
In the last row, the helicity volume dissipation and helicity flux through the outer coronal boundary, from
Equation 6, are presented. The vertical lines correspond to the 19 identified epochs of sudden but significant
changes of non-potential measures associated with eruptive “events” of different classes: flux-rope eruptions
(cyan lines) and overlying-arcade eruptions (magenta lines). Two of them (marked by the solid cyan and
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Conclusions

‣ Quasi-static modelling can account for the formation of coronal magnetic 
flux ropes and (order of magnitude) ejection rates of magnetic flux and 
helicity.

‣ Future questions:

‣ Do more “detailed” active regions lead to more ejections [of less helicity]?

‣ Improve measurement of helicity flow: how much of the helicity escapes?

‣ What is the effect of plasma density and gravity?

‣ Does small-scale helicity injection matter?
e.g. see Mackay, DeVore, Antiochos & Yeates, ApJ [2018]

‣ How do none flux-rope eruptions affect the overall helicity budget?

‣ Is the evolution outside of active regions realistically calibrated?

https://www.maths.dur.ac.uk/users/anthony.yeates/

