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Outlines

§ CMEs are among the most energetic events in the 
heliosphere, and have been observed and measured by 
generations of coronagraphs and other instruments.

§ The typical three-part plasma structure of a white-
light CME is often interpreted as representative of a 
magnetic flux rope, and its properties are studied from 
in-situ measurements of ICMEs.

§ Unravelling mechanisms generating and accelerating 
CMEs in the solar corona helps predict space weather.



Energy release on the Sun in a day



A perfect solar eruption on 2017-09-10

TMR + Civ TMR (He II 1640) He II 304 

(Seaton & 
Darnel 2018)



A flux rope in close look

TMR + Civ TMR (He II 1640) He II 304 

AIA view (Long et al. 2018)



CMEs best seen by coronagraphs

Large Angle and Spectrometric COronagraph (LASCO, 1995 -) observes CMEs 
from earth view, with the FOV in solar radii,  C2: 1.5 - 6, C3: 3.5 – 30



CMEs best seen by coronagraphs

STEREO (2006 - ) carries EUVI (0 – 1.7), 
COR1 (1.5– 4), COR2 ( - 15), HI (- 1AU) 
instruments in a twin spacecraft A & B.

WISPR/PSP (2018 - ) have observed at 
the distance of ~30 solar radii. 

(Liewer et al. 2020)



Early observations and models of CMEs

CMEs observed during solar 
eclipses showing their three-part 
structure. (Hundhausen et al, 80-90s, 
Low, Gibson et al., Low 1996).
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and can be seen in white light when they extend high enough and
are favorably oriented to and reasonably unobstructed along the
line of sight.

Early analyses of eclipse data made it clear that the cavities
represented regions of reduced electron density (Waldmeier1941,
p. 234). A few quantitative estimates of this density depletion
weremade from these eclipse observations, with estimates of 80%
or higher (Saito&Hyder 1968; Saito&Tandberg-Hanssen 1973).
These estimates should be considered with great caution, how-
ever, as they use low-resolution eclipse photographs to estimate
coronal brightness and from this determine coronal density, and
they use highly simplified model assumptions of coronal mor-
phology. Estimateswere alsomade using radio observations of fil-
ament cavities and ranged from depletions of 20%–30% (Kundu
et al. 1978) to 50% (Straka et al. 1975), to a recent estimate (Marqué
2004) of 25%–50%.Note that these radio estimates were relative
to the ‘‘unperturbed’’ corona, as opposed to the white-light de-
pletion estimates, which are relative to neighboring bright arches,
and that they also make assumptions of coronal morphology and
temperature. Early temperature estimates using EUVobservations
implied that cavities were at coronal temperatures (Schmahl
1979). More recent observations from the Yohkoh satellite have
demonstrated interesting temperature structure occasionally vis-
ible within the cavity, for example, a hot sheath around the cold
filament lying at its core (Hudson et al. 1999; Hudson& Schwenn
2000).

As coronagraph observations became available, it became
possible to directly study the relationship of quiescent cavities
to CMEs. Cases were found in which a quiescent cavity was
observed to gradually rise, swell, and ultimately be released in
a CME (Fisher & Poland 1981; Illing & Hundhausen 1985;
Hundhausen 1999; Srivastava et al. 1999).More recently, Maricic
et al. (2004) reported the eruption of a previously quiescent
white-light cavity observed by the MLSO Mk4 coronameter,
and a detailed kinematic study of this event was done using Mk4
and Solar and Heliospheric Observatory (SOHO) observations
(Vrsnak et al. 2004). Two other such events were observed by
SOHO EUV Imaging Telescope (EIT) and Large Angle and
Spectrometric Coronagraph Experiment (LASCO) and were de-
scribed in Yurchyshyn (2002) and Sterling & Moore (2004):
although these eruptions occurred during Mk4 nighttime, the
precursor cavities were observed byMk4 on the days prior to the
eruptions. We discuss the three CMEs described in Yurchyshyn
(2002),Maricic et al. (2004), and Sterling&Moore (2004) further
in x 4.

Direct low corona observations of the eruption of quiescent
cavities have been few to date, however, because the transition
from quiescent cavity into an erupting CME is not easy to cap-
ture observationally. The CME has to occur near enough in time
to when a cavity is visible at the limb, and that visibility is very
sensitive to cavity size, orientation, and obscuration by structures
along the line of sight. Because cavities occur in the low corona,
which has traditionally been observed inwhite light using ground-
based coronameters, nighttime data gaps often interrupt obser-
vations. It is only the recent accumulation of high-quality, low
coronal white-light observations that has allowed us to discover
multiple cases of directly observed eruptions of quiescent cavities,
which we present in x 4.

3. OBSERVATIONAL PROPERTIES OF Mk4 CAVITIES

3.1. Unique Benefits of Mk4 Data Set

Cavities observed in white light can be unambiguously iden-
tified as regions of lower density. EUVor X-ray off-limb observa-
tions do not require an occulting disk, and so have the advantage
of imaging the cavity down to the solar limb. However, such emis-
sion observations often miss cavities visible in white light due to
obscuration from nearby bright features, or else do not show the
top of the cavity, so that its off-limb appearance is indistinguish-
able from a coronal hole. White-light cavity observations are also
particularly useful for directly and quantitatively connecting these
precursor structures to CMEs, generally also observed in white
light.

The MLSO Mk4 coronameter provides unique low corona
white-light observations. It has been in operation since 1998
November and is a significant improvement on the previous
MLSO coronameter (Mk3) with regard to signal to noise, field
of view, and spatial resolution. Mk4 also observes lower in the
corona (down to 1.12 R!) and has a longer observing day (up to
9 hr) thanMk3. At present, it is the only white-light coronameter
regularly observing at heights low enough to include cavities.
Data are freely available online in both fits and jpeg format.3

3.2. Identification of White-Light Cavities for Analysis

We define cavities as regions of coronal white-light intensity
depletion, possessing two clearly distinguishable sides and a top.
Our purpose here is not to attempt a truly systematic study, in the
sense that we have not identified and analyzed every possible
quantifiable cavity in the Mk4 observations. Indeed, Figure 2,
which indicates three examples of cavities in our study with
arrows, also shows several additional cavities not included in
our study (examples include the cavities seen within the north-
west streamer of the left-hand image and also within the southeast
streamer of the middle image). Instead, we begin with a primary
data set (set 1) that includes 88 days of cavity observations that
relate to a seed set of 12 ‘‘best-case’’ cavities. These cavities
were chosen because they were particularly clearly visible due to
their size, intensity contrast, etc., when we surveyed all Mk4 ob-
servations from 1999 to 2004. Amore systematic studywould be
worthwhile, as our best-case technique introduces a bias toward
cavities associated with polar crown filaments (PCFs), which are
filaments that are located at high latitudes and are usually lon-
gitudinally extended, so that line-of-sight obscuration is mini-
mal. We have remedied this to some degree by also studying a
secondary data set (set 2) of 10 days of quiescent cavity obser-
vations identified by working backward from seven clear three-
part CMEs, which include smaller, less well defined, and often

Fig. 1.—Three-part structures in white-light-containing cavities. Three-part
CME in eruption (left) on 1980 August 18 (High Altitude Observatory/Solar
Maximum Mission coronagraph). Quiescent prominence plus cavity (right) is
seen in the 1988 March 18 Philippines eclipse image (National Center for At-
mospheric Research/High Altitude Observatory Newkirk White-Light Coronal
Camera [WLCC] telescope).

3 See http://mlso.hao.ucar.edu.
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CME as a magnetic flux rope

those of set 2. This illustrates an important consequence of se-
lecting cavities based on visibility. A cavity is most visible when
it is large and elongated, lies away from obscuring structures,
and is oriented along the viewer’s line of sight. Smaller cavities,
cavities lying along sheared neutral lines, and cavities lying in
the midst of active regions will tend to be less visible, and these
very factors that reduce their visibility may increase their like-
lihood of producing, on average, more highly energetic CMEs.
By grouping our cavities based essentially on visibility, we ob-
tained two physically distinct sets, one including cavities asso-
ciated with older, high-latitude filament channels (set 1), and the
other including cavities associated with younger filaments lying
in the midst of active regions (set 2).

The commonalities between these distinct sets are very inter-
esting, however. In quantifying the morphological and intensity
contrast properties of our cavities, we find a significantly con-
stant aspect ratio between cavity width and height that holds true
for all cavities. This, in combination with the appearance of cav-
ity ‘‘necking,’’ is evidence for a common cavity morphology
possessing an O-type cross section.We also find a correlation for
all cavities between poleward intensity depletion and sharpness
of the poleward edge of the cavity. Our data set suggests that the
degree of intensity depletion within the cavities may decrease
with height, which could indicate that the density drops off ra-
dially more slowly within cavities than in their surrounding bright
rims. This may have implications for the magnetostatic force
balance of the cavities. Alternatively, it could be a projection effect
if, for example, the arcade loops surrounding the cavity contribute
more to the line-of-sight integration with increasing height. Both
morphological and MHD models need to be considered in con-
junction with a larger statistical set of data to resolve this issue.

Although set 1 cavities possess larger intensity depletion and
cavity sharpness on average than those of set 2, the case of max-
imum depletion and cavity sharpness was a set 2 cavity. The de-
pletion at 1.2 R! within this cavity was 43%, but it is important
to emphasize that this is an intensity depletion, dependent on a
weighted integral of densities along the line of sight. Since set
2 cavities are more prone to the reduction of intensity depletion
by structures along the line of sight, it is possible that both sets
have similar actual cavity density depletions. In order to inves-
tigate this more completely, we have begun detailed studies us-
ing three-dimensional morphological models based on those of
Gibson et al. (2003) to examine how cavity visibility is likely to
depend on cavity size, neutral line orientation, and other line-of-
sight projection effects (see also Cremades & Bothmer 2004 for a
discussion on line-of-sight projection and neutral-line orientation
effects). This will be the subject of a future paper.

We have found multiple cases of cavities erupting bodily as
CMEs, including examples from both sets 1 and 2. As discussed
above, this is evidence for the presence of magnetic flux ropes in
the corona prior to the CME. Considering that many pre-CME
cavities may be too small, too faint, too far off-limb, or too ob-
scured by structures along the line of sight to be visible in white
light prior to eruption, along with the fact that Mk4 only ob-
served for part of each day (or less, depending on weather), the
fact that we found nine cavity-to-CMEs directly observed by
Mk4 and seven more implied cases between 1998 and 2003 in-
dicates that they are not uncommon occurrences. Whether it is
possible that all CMEs originate in some sort of cavity requires
further analysis, preferably using the multiple lines of sight that
will be available when Mk4 observations can be combined with
those of the STEREO COR1 coronagraphs.

Fig. 17.—Left: Magnetic flux rope model of CMEs and quiescent cavities (Low & Hundhausen 1995). Right: Gibson & Low (2000) quantitative MHD model
prediction of coronal white-light intensity ( pB; left) and magnetic field lines (right).
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Magnetic Cloud, an Interplanetary CME

§ 1954 Morrison: unusual magnetized clouds of plasma 
emitted by the active sun.

§ 1958 Cocconi et al.: magnetic loop or bottle anchored 
in the sun.

§ 1958 Piddington: magnetic bubble detached from the 
sun by reconnection.

§ 1959 Gold: shocks preceding these magnetic loops
§ 1980-81 Burlaga: first coined “magnetic cloud”
§ 1990, 1997, Lepping: magnetic cloud properties

(Burlaga et al, 1981, JGR, 86, 6673-6684)



In-situ measurements of Magnetic Cloud

Tightly wound helix
B: 10 - 100 nT
Low temperature
T : 105 K, n: 10 – 100 
cm-3, b: 0.01 – 0.1
Higher speed than 
ambient solar wind
v: 300 - 800 km s-1
Preceded by shocks 
and sheaths

(Burlaga et al 1981; 
Lepping et al. 1990)

Liu R. et al. 2017
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In-situ measurements of Magnetic Cloud

Tightly wound helix
B: 10 - 100 nT
Low temperature 
T : 105 K, n: 10 – 100 
cm-3, b: 0.01 – 0.1
Higher speed than 
ambient solar wind
v: 300 - 800 km s-1
Preceded by shocks 
and sheaths

(Burlaga et al 1981; 
Lepping et al. 1990)

Hu et al. 2014
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From in-situ observations, 
a flux rope may be 
reconstructed with various 
methods (Riley et al. 2004, 
Dasso et al. 2006 for a 
summary of these methods), 
assuming a 2d cylindrical 
structure of the CME flux 
rope, which is a force-free 
or magnetostatic solution.

Magnetic Cloud:   interplanetary flux rope 
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(Lepping et al. 1990, Lynch et al. 2005)

Least-squares fitting of the data 
points to determine parameters, 
including the rope axis orientation, 
radius, and axial field B0.

R0
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MC flux rope: the Lundquist solution

18 MC flux ropes by Lepping et al. 1990, 
and 132 MC ropes by Lynch et al. 2005)

[14] We have improved the event selection procedure of
LY03 by applying a more quantitative treatment of the low
proton temperature requirement. Following Richardson
and Cane [1995], we compare the proton temperature to
their empirical expected proton temperature Tex. If hTpi !
0.5 hTexi (the averages are over the event interval), the
event immediately met the low proton temperature require-
ment. If 0.5 hTexi < hTpi ! hTexi, we looked at the event
averaged value of bp = npkTp/(B

2/2m0). Events with hbpi !
O(0.1) were also included.
[15] Using published and public ICME and magnetic

cloud lists from LY03, Cane and Richardson [2003],
Zhang et al. [2004], and the Wind spacecraft (http://
lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub1.html) as guides,
we have compiled an event list of 132 magnetic clouds
from 1995 through 2003 and fit each event with the

cylindrically symmetric, linear force-free model. The total
event list and the model fit parameters described in the
following section can be found as auxiliary material to this
paper.1

2.2. Linear Force-Free Model and Parameter Fitting

[16] The structured internal fields are modeled with the
standard Burlaga [1988] approach and fit via a two-step
least squares procedure, similar to Lepping et al. [1990].
However, our model differs from the standard Lepping et al.
[1990] implementation in that we assume the closest point
of approach is necessarily at the temporal midpoint of the
cloud event and the cloud radius Rc is not an additional free
parameter but determined strictly from the geometry of a
static cylinder.
[17] The magnetic cloud model is the linear force-free,

constant-a solution of the equation r " B = aB in
cylindrical coordinates. This is given by the Lundquist
[1950] Bessel function solution,

B ¼ HB0J1 arð Þf̂þ B0J0 arð Þẑ: ð1Þ

In our implementation of this model, there are five
parameters. The three-dimensional (3-D) orientation of the
cylinder in space is described the two angles f0, q0 of
the symmetry axis and the impact parameter r0 indicating
the minimum distance between the spacecraft and the
cylinder axis. B0 is the magnetic field strength on the
cylinder axis and H is the model handedness or chirality of
the flux-rope. Right-handed and left-handed rotations have
H = +1 and H = '1, respectively.
[18] Figure 1 shows a magnetic cloud observed by the

ACE spacecraft on 17 April 2002. The magnetic field
magnitude and field components in GSE coordinates are
shown, along with the radial velocity, proton temperature,
and density. The vertical dotted lines indicate the cloud
region and the thick solid lines are the best-fit linear
force-free cylinder model to the field rotations. The cloud
region shows the characteristic linear decrease in radial
velocity, indicating cloud expansion, and depressed proton
temperatures.
[19] Our implementation of the linear force-free cylinder

model has been rewritten since LY03 to allow for greater
ease of comparisons with other authors’ versions of similar
models. The first minor change was conversion to a GSE
coordinate system. The fit parameter angles are now defined
in the GSE sense, i.e., positive f0 goes from +x̂ (pointing
toward the Sun) to +ŷ (pointing east when looking from the
Earth). Our parameter H has been redefined so that it
represents the flux-rope handedness independent of coordi-
nate system. This eliminates the need for equation (5) of
LY03. Also, r0 is allowed to vary between ('1, 1) as it
represents the normalized y-axis intercept in the cloud
frame.
[20] The best fit parameters are obtained by minimizing

error norms associated with the direction and magnetic field
magnitude separately, comparable to Lepping et al. [1990].
The details of this procedure are described in section 3.2 of
LY03, and we shall avoid repeating them here.

Figure 1. The magnetic cloud event of 17 April 2002
observed by the ACE spacecraft. The data shown from top
to bottom are hourly averages of the magnetic field
magnitude, field components in GSE coordinates, the radial
velocity, proton temperature, and proton density. The
vertical dotted lines indicate the cloud region and the thick
solid black lines are the linear force-free model fit with
parameters f0 = 271!, q0 = '21.3!, r0 = 0, H = +1, and B0 =
14.6 nT.

1Auxiliary material is available at ftp://ftp.agu.org/apend/ja/
2005JA011137.
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MC flux rope: the GS solution

2d magnetostatic non-force-
free Grad-Shafranov equation
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MC flux rope: the GS solution

MC flux ropes 
carry an 
average twist 
of t > 3 per 
AU. (Hu et al. 
2014, 2015; Kahler
et al. 2011).

Hu et al. (2014)

twist



[Larson et al., 1997]. The two models used here have
revealed an important result that the definitive MC model
tests with the particle data must be done in the outer regions
of the MCs. The model MC field line lengths there are
significantly longer than estimated Parker spiral lengths and
thus provide good tests for the deduced path lengths only
when r/R0 > 0.5 (Figures 4 and 5). If we take a field line
length of 4 AU as the lower limit for a definitive flux rope
model test prediction, then this study was limited to 10 cases
of the Lundquist model and 5 of the Flux Conservation
model. However, there is little overlap between those model
lengths and the Le > 2.5 AU points of Figures 4 and 5.

[24] Figures 4 and 5 also show that calculated field line
lengths near the MC boundaries are highly model dependent.
The agreement between our twomodels appears best forMCs
6 and 54 and worst for MCs 21 (Figure 4) and 72.2. In MC 21
the LFC field line lengths reached maximum well inside the
boundaries of the MC at r/R0 = 0.6 and then decreased toward
the MC boundary. This same effect occurred for LFC at the
initial 18 October MC encounter in Figure 1, where MC
parameters different from ours were used for that calculation
[Larson et al., 1997]. In contrast, the Lundquist model we
used required that the longest LL occurs at the MC boundary.
This fundamental difference in model field line lengths at or
nearMC boundaries stands out whenwe consider the first and
last events of MC 21 (Table 1), which occurred near the MC

Table 2. Comparison of MC Start and End Times With Other Work

MC Onset Time (UT) End Time (UT) Referencea Time Ranges and Notesb

6 18 Oct 1995 19.8 20 Oct 1995 01.3 MFI 1, 0 h
18 Oct 1995 19.0 20 Oct 1995 01.6 L97
18 Oct 1995 19.0 20 Oct 1995 01.6 J06

21 18 Sep 1997 00.5 20 Sep 1997 12.5 MFI 3, 9 h
18 Sep 1997 03.0 19 Sep 1997 21.0 H05 18 Sep 1997, 20 events outside MC

no listing no listing CRC03
18 Sep 1997 04.0 20 Sep 1997 12.0 J06 18 Sep 1997 event outside MC

32 2 May 1998 12.3 3 May 1998 17.3 MFI 8, 5 h
2 May 1998 13.0 3 May 1998 12.0 S99
2 May 1998 12.0 3 May 1998 17.0 H05
2 May 1998 05.0 3 May 1998 17.0 CR03
2 May 1998 09.0 3 May 1998 17.0 J06

54 6 Nov 2000 23.1 7 Nov 2000 18.1 MFI 1, 12 h
6 Nov 2000 22.0 7 Nov 2000 15.0 H05 7 Nov 2000 event just outside MC
6 Nov 2000 22.0 7 Nov 2000 18.0 CR03
6 Nov 2000 22.5 8 Nov 2000 03.4 J06 7 Nov 2000 events (3) outside MC

61 10 Jul 2001 17.3 12 Jul 2001 08.8 MFI 38, 10 h
10 Jul 2001 17.0 11 Jul 2001 23.0 H05 12 Jul 2001 event outside MC
10 Jul 2001 17.0 12 Jul 2001 09.0 CR03
9 Jul 2001 03.0 12 Jul 2001 03.0 J06

72.2 30 Sep 2002 22.6 1 Oct 2002 11.9 MFI 1, 3 h
30 Sep 2002 23.0 1 Oct 2002 15.0 H05
30 Sep 2002 22.0 1 Oct 2002 13.0 CR03
30 Sep 2002 22.0 1 Oct 2002 14.5 J06

80 24 Jul 2004 12.8 25 Jul 2004 13.3 MFI 2, 2 h
24 Jul 2004 14.0 25 Jul 2004 15.0 CR03 25 Jul 2004 event inside MC
24 Jul 2004 12.1 25 Jul 2004 15.6 J06 25 Jul 2004 event inside MC

81 29 Aug 2004 18.7 30 Aug 2004 20.8 MFI 10, 2 h
29 Aug 2004 19.0 30 Aug 2004 22.0 CR03
29 Aug 2004 09.1 30 Aug 2004 20.3 J06

aMFI [Lepping et al., 2006], L97 [Larson et al., 1997], S99 [Skoug et al., 1999], H05 [Huttunen et al., 2005], CR03 [Cane and Richardson, 2003] (http://
www.ssg.sr.unh.edu/mag ace/ACElists/ICMEtable.html), J06 [Jian et al., 2006].

bMaximum differences in onset, end times in hours. Also, any displacements of electron event MC locations relative to the MFI onset and end times.

Figure 6. Plot of the field line lengths LL versus the aver-
aged electron event field line lengths Le for all events of
Table 1. Solid dots are points inside the MCs, and crosses
are points outside the MCs. Diagonal line marks LL = Le. Figure 7. Same format as in Figure 7, but for LFC.
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Field line length of MC flux rope

Lengths of MC field lines 
are also measured from 
electron travel times, Le = 
ve Dt, to compare with 
models (Larson et al 1997, 
Kahler et al 2011, Hu et al. 2015)

evidence of a separate BDE population [Feuerstein et al.,
2004] indicating closed magnetic topologies. Owens et al.
[2009] modeled the behavior of the 272 eV electron strahl
widths in MCs as a function of distance from the MC mag-
netic axis. They assumed the standard Lundquist fit to a
constant‐a force‐free flux rope, self‐similar expansion and
kinematic distortion of theMCwith heliocentric distance, and
adiabatic focusing and pitch‐angle scattering of the electrons.
Their model strahl widths were broadest in the poloidal fields
near the boundaries and narrowest at the more toroidal fields
closest to the MC axes. Their superposed epoch profiles of
74 MC strahl widths showed some evidence for that shape,
but the trend was much weaker than predicted by their model.
Thus while the BDEs provide an intuitively satisfying sig-
nature of closed magnetic fields in ICMEs, our confidence in
that interpretation is not secure.
[5] Perhaps the optimum energetic particle population for

probing ICME orMC structures are solar energetic (≥10 keV)
electron events. E > 40 keV electron events have been re-
ported in four ICMEs out to 5.4 AU on the Ulysses spacecraft
[Malandraki et al., 2000, 2001], indicating continued solar
magnetic connection well beyond 1 AU and including one
ICME extending to 4.1 AU well south of the ecliptic at 43°S
heliograph latitude. Observed electron BDEs in the ICMEs
indicated possible closed loops or reflection from magnetic
mirrors formed beyond the spacecraft. In the case of closed
loops the BDEs could arise from electron injections at the

second solar footpoint or reflection from the converging
fields above that footpoint [Richardson, 1997], even after that
footpoint has undergone interchange reconnection [Crooker
et al., 2002] in the corona to become an open loop. As with
the Ulysses ICMEs, E > 40 keV electron observations in two
ICMEs in October/November 2003 on the ACE spacecraft
[Malandraki et al., 2005] showed extensive periods of both
unidirectional and BDE flows suggesting complex magnetic
geometries, with the origins of the BDEs uncertain.

1.2. Solar E ≥ 10 keV Electrons as Probes
of MC Field Lines
[6] The work cited above has focused on establishing MC

or ICME field line connectivity to the Sun or the open versus
closed field line topology. Because their small gyroradii
(≤102 km in a 10 g field) constrain the electrons to follow
closely the field lines from Sun to 1 AU, solar energetic
electron events may allow us to measure field line lengths and
provide more definitive tests of MC model fields. The solar
injection times are usually defined by associated type III radio
bursts, and the 1 AU onset times of essentially scatter‐free
electrons yield the lengths to 1 AU of the MC field lines
traversed by the electrons.
[7] Multiple energetic electron injections observed in an

MC on 18–20 October 1995 allowed Larson et al. [1997] to
validate quantitatively MC model field line lengths from the
Sun to 1 AU (Figure 1). Their result is accepted [e.g.,

Figure 1. Composite panel of particles and fields measurements on theWind spacecraft in the 18–20 October
1995 MC. (a) Observed and modeled interplanetary magnetic field of the MC 6. (b) The 3DP electron
fluxes antiparallel to the IMF and (c) the WAVES 10 MHz to 10 kHz emission. (d) The continuous
red line shows the computed model MC field line lengths LFC and the black line is an eye fit to the cross
symbol points calculated from the 3DP electron onset times. Each cross indicates one energy channel
measurement; clusters of points indicate each electron event. The cluster of points at 2200 UT 18 October
are often cited as confirmation of the extended field line length near the outer boundary of the MC.
Reconstructed from Larson et al. [1997].
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(Table 1 and Figures 7 and 8) exceed 1.2 AU, in agreement
with our assumed type III burst injections, and would be
inconsistent with much shorter travel distances based on
assumed injection delays of ∼10 min.

2.2. Magnetic Field Line Length Calculations
[14] To compare the electron travel distances Le with the

model field line lengths, we first let R0 be the radius of
the cylindrical cross section of theMC at 1 AU and let r be the
distance from the axis. Thus r/R0 is the dimensionless dis-
tance from the cloud axis. On the basis of CME coronagraph
images we estimate the Sun‐to‐Sun length of the axial
magnetic field line that reaches 1 AU at its most distant point
to be 2.7 AU and have chosen a range of axial field line
lengths L0 from the spacecraft to the Sun as 1.35 ± 0.25 AU.
Outside of the MCs a constant 1.2 AU Parker field line length
is used. We use two methods to calculate the MC field line
lengths. First, we use the traditional Lundquist solution
[Burlaga, 1995; Lepping et al., 2003, 2006] for which the
length LL of any field line from the Sun can be computed
assuming a two‐dimensional topology, characteristic of
force‐free flux ropes with no field components perpendicular
to the rope axis. LL can be expressed in terms of the axial and
tangential components of the MC magnetic field, which are
orthogonal to each other:

LL ¼
Z L0

0
1þ J1 !r=R0ð Þ

J0 !r=R0ð Þ

! "2
" #1=2

dl ; ð1Þ

where J0 and J1 are Bessel functions, dl is an infinitesimal line
segment along the axial field line, and a is a dimensionless
constant usually set to the value of 2.4. The term under
the square root is independent of dl and can be removed from
the integral, thus making the integral trivial and yielding the
length LL of the axial uncoiled field line [Farrugia et al.,
1993]. That is, the MC field line length at any distance r
from the axis of symmetry can be expressed as a function of
the central field line length L0. Note that this result is inde-
pendent of the variation of R0 as a function of r, the distance
from the Sun. Using the 1 AU MC fits [Lepping et al., 2006]
for the timing and geometry, LL at any point inside the MC
can be estimated and compared to particle observations as
shown for MCs 21 and 81 in the bottom panels of Figures 4
and 5. A similar plot for MC 54, which includes the elec-
tron events of Figure 3, is shown in the work of Kahler et al.
[2009].
[15] Our second computational method uses magnetic flux

conservation, which demands that the axial field component
varies as 1/r2. On the other hand, current conservation in the
cylindrically symmetric topology of a MC demands that the
tangential component BT vary as 1/r. Since the Lundquist
solution has only one free variable, the axial field strength B0,
at least one of these conservation laws is violated. It is,
however, possible to maintain magnetic flux and current
conservation and reformulate a field line length computation
LFC. Somewhat arbitrarily, one can model the radius of the
circular magnetic cloud cross section as a function of the
distance from the Sun along the cloud axis l as

R lð Þ ¼ R0 sin
"

2
l
L0

! "
: ð2Þ

This simple Flux Conservation model, used by Larson et al.
[1997], basically states that the cloud cross section radius R(l)
(minor radius) approaches zero at the two ends (near the Sun)
and is maximum at the furthest point (1 AU). The advantage
of the model is that it has only two free parameters: R0, the
minor radius at 1 AU, obtained from fits to the in situ mea-
surements, and L0, discussed above. Then using the r
dependence of the magnetic field components derived above
from the conservation principles, the field line length integral
from above, and the simple cloud cross section model, we get

LFC r; L0ð Þ ¼
Z L0

0
1þ BT r; L0ð Þ

BA r; L0ð Þ sin
"

2
l
L0

! "! "2
" #1=2

dl; ð3Þ

where only the sin term has any l dependence. All other terms
are constants that can be determined from 1 AU measure-
ments. Note that this formulation does not assume or require
an exact Lundquist Bessel function for the magnetic field at
any location. The requirements of this model are that the MC
still has approximate cylindrical symmetry; thus its cross
section can be described with a minor radius R0, and one can
still define a dimensionless distance from the axis r/R0. This is
why in equation (3), we replaced the Bessel functions with the
1 AU field components. Though we no longer require a pure
Lundquist solution, we still assume that the Lepping et al.
[2006] flux rope fits give a reasonable estimate for the size,
orientation, and impact parameter (the minimum r/R0) of
the MCs. At this point, we could take the actual measured
magnetic field vectors at 1 AU and express them in MC
coordinates. However, commonly superimposed on the MC
fields are significant wave and other local features that do
not represent global topological features. Therefore we use
the smooth, fitted model field configurations generated by
the Lepping et al. [2006] Lundquist solutions, which are also
over‐plotted on the data in Figures 4 and 5 (top).
[16] It also should be noted, as discussed at length by

Lepping et al. [2006], that these fitted field profiles are
allowed to go past the nominal boundaries of the ideal
Lundquist flux ropes, leading to the reversal of the axial
component. This does not adversely impact our conservation
model as its input is simply the observed field line compo-
nents. On the other hand, this was not allowed by our previous
Lundquist formulation that assumed a pure Bessel function
formulation of the MCs. We used equation (3) to evaluate
numerically LFC for each MC as shown in the examples of
Figures 4 and 5, where they are compared with LL and the
values of Le from the electron events. The calculated LL and
LFC values are given in the third and fourth columns of
Table 1. When the values are changing rapidly over the onset
times of the 3DP electron events, we give the estimated value
range. Otherwise we assume an uncertainty of ±20% in LL
and LFC scaled from our uncertainty in the above estimate of
L0. A detailed analysis of how theMCmodel parameters vary
with magnetic field noise has been given by Lepping et al.
[2003].
[17] The comparisons of the model field line lengths in

Figures 4 and 5 reveal two important points. First, the two
models differ little from the assumed axial lengths, taken here
as 1.35 AU, across a broad range closest to the MC axis. The
field line length differences increase as the MC boundary is
approached, so the electron event test cases best for dis-
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properties of MC flux ropes

property typical values at 1 AU
cross-sectional radius (a) 0.1 – 0.5 AU
axial (toroidal) flux 1019-21 Mx

azimuthal (poloidal) flux per AU 1020-22 Mx

magnetic helicity per AU 1040-44 Mx2

magnetic twist per AU 3 - 5 turns, or more

(Lepping et al. 2000, Lynch et al. 2005, Kahler et al. 2011, Hu et al. 2014)

What drives a CME flux rope?
How is the CME flux rope formed? 
How much energy is carried away by a CME?



association with solar source regions

CDAW (1996-2005) 
identified solar source 
for 88 geomagnetic 
storms (Dst < -100 nT), 
46 being MCs.    

# of MCs (46) Solar Source

28 (61%) Active Regions

8 (17%) Quiet Sun

10 (22%) unknownZhang et al. (2007)



Kink instability: competition of 
magnetic pressure gradient and 
tension force, defined by the 
twist ! = #$%/(($)) (e.g. 
Hood & Priest 1981).

eruption by current driven instabilities

,⃑~ .×$ ×$

,⃑~ .×$ ×$

(Torok & Kliem 2005, Fan & Gibson 2007)



eruption by current driven instabilities

Torus instability: competition 
of current hoop force 
(~!") and Lorentz force by 
strapping field (~!$%).

!~ !'('
( ln (

+
(Eq. 6.7)

$% ~ $'(232 )
4

(e.g., Titov & Demoulin 1999;
Kliem and Torok 2006;
Isenberg & Forbes 2007;

Fan & Gibson, 2007;
Demoulin & Aulanier 2010)

hoop force 
~!"

strapping 
Force ~ !$%

Titov et al. 2014



Flux rope may emerge from below the photosphere, or may be 
formed by magnetic reconnection of a sheared arcade, transferring 
shear to twist.

van Ballegooijen & Martens (1989)

reconnection may form flux ropes



reconnection may drive flux ropes

Resistive instability that cuts the tether,  with the bonus to
form the rope, as well as closed arcades.

Forbes-Lin model



reconnection 
rate (general)

dAin

Bin

BR

dAR

reconnection
Vin

reconnection may be measured from flare ribbons

v

v

(Forbes & Priest 1984)

(Terry Forbes)



multiple views of a flux rope eruption

A CME flux rope on 2012-6-14, viewed from the limb by STEREO 
and on the disk by SDO (Wang et al. 2019).



evolution of host active region

The host active region observed by HMI exhibits continuous 
sunspot rotation and shear motion.



magnetic properties of the flux rope

Conjugate dimmings map 
the feet of the flux rope 
at strong magnetic fields 
and vertical electric 
currents. At eruption, the 
estimated twist is close 
to 2 turns and helicity a 
few times 1042 Mx2

(Wang et al. 2019).
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Figure 1. Overview of the event. (a) The M1.9 flare observed on 2012 June 14 in SDO/AIA 304 Å (red) and

131 Å (cyan). Two conjugate dimmings are labeled in (a). Two slits (white lines) are selected to construct

the time-distance maps in Figure 2. The M1.9 flare is associated with a halo CME, which was captured by

STA/COR2 in (b) and STB/COR2 in (c) from di↵erent perspectives. (d) HMI vector magnetogram, with

the transverse fields indicated with arrows. (e) The vertical current density (see details in Section 3), with

the positive (negative) values colored in blue (red). Given the noise level in the transverse field Bt ⇠ 100 G

(Hoeksema et al. 2014), the uncertainty in Jz is estimated by Monte Carlo experiments to be of 0.01 A m

�2.

Two contours (green) in (d) or (e) outline the two feet of the MFR, labeled as ‘FP-’ and ‘FP+’.
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Figure 6.

Flux rope rises in  
three stages, 
each preceded by 
flares (Wang 
et al. 2019).total twist

evolution of the flux rope toward eruption



modeling the magnetic flux rope

Numerical models are also employed to estimate properties of the 
flux rope and ambient field (James et al. 2018, Wang et al. 2019).

What forms flux rope? Shear motions? Reconnection?
What causes eruption? Kink instability? Torus instability? 
Reconnection?  
Ideal and non-ideal mechanisms may interplay during the flux rope 
evolution, and convert free magnetic energy into mass motion.



tracking different parts of 
the CME in a time-height 
plot, or J-map (Sheeley et al. 
1999).

height, velocity, and acceleration of CMEs

-4 -2 0 2 4 6
hours after 2011/09/14 0:00 UT

0

2

4

6

8

10

he
ig

ht
 (

so
la

r 
ra

di
us

)

EUVI
COR1
COR2



height, velocity, and acceleration of CMEs

Fast CMEs are accelerated within minutes in the low corona
(Zhu et al. 2020).

gsun
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Figure 16: Histograms of LASCO CME mass distribution (upper left), kinetic energy (upper right), and
total mechanical energy (bottom left) for 7668 events. Also shown are the histograms for events reaching
maximum mass < 7R� (dashed lines) and events reaching maximum mass 7R� (dash-double dot). Not
all detected CMEs have been included because mass measurements require: (i) a good background image,
(ii) three consecutive frames with CMEs, and (iii) CMEs well separated from preceding CMEs. Image
adapted from Vourlidas et al. (2010, 2011b), courtesy A. Vourlidas (2011).

mass reaches a minimum in 2009 and is roughly equivalent to the 1996 minimum. MacQueen et al.

(2001) found that the mass density variation between Solar Cycle 22 minimum and maximum
varied by a factor 4 even in the background corona.

Measuring CMEmasses and energies using white light images farther from the Sun has proven to
be a di�cult task (see Section 5.3), due to the lack of calibration information and the uncertainties
imposed by the faintness of the CMEs compared to the background noise. Mass and energy
estimates have also been made from 3-D density reconstructions of a few CMEs observed in the
heliosphere by SMEI (Jackson et al., 2008a, 2010a). The mass estimates generally agree with the
mass of the same CMEs as derived from LASCO data. Some attempts are currently being made
using some highly developed processing techniques with the STEREO SECCHI images. DeForest
et al. (2012) performed some mass measurements on a small disconnection event (i.e., not a CME)
using photometric measurements and the theory of Thomson scattering. The technique is currently
being applied to CME measurements.

The reader must note that as with the kinematical properties, mass calculations are based on
coronagraph images and, therefore, subject to the same problems of projection and perspective.
For example, the CME mass calculations in the CDAW catalog make the assumption that all of
the CME mass is in the sky plane, as has always been the standard assumption. The Thomson
scattering theory from which the density is derived includes a direction term �, and so the direction
of propagation is an integral component of the density calculations. Traditionally, auxiliary data
such as solar flare or filament location have been used provide an estimate of CME direction but
more recent work making use of the stereoscopic capabilities of STEREO have provided more
accurate measurements (Colaninno and Vourlidas, 2009). Finally, the Thomson scattering theory
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mass and energy of CMEs

! = #
$%&

$ + #$%&'()$ 1 − ,-
, + ./01

CME mass is estimated from the white-light images, where 
enhanced brightness is due to Thomson scattering by 
electrons (Vourlidas et al. 2000, 2006), ranging from 1013-16
grams.

Coronal Mass Ejections: Observations 19

In pre-SOHO coronagraph observations the angular size distribution of CMEs seemed to vary
little over the cycle, maintaining an average width of about 45 (SMM – Hundhausen, 1993; Sol-
wind – Howard et al., 1985). However, the CME size distribution observed by LASCO and the
CORs is a↵ected by their increased detection of very wide CMEs, especially halos. Including halo
CMEs from January 1996 – June 1998, St Cyr et al. (2000) found the average (median) width of
LASCO CMEs was 72 (50 ). Including all measured LASCO CMEs of 20 – 120 in width through
2002, Yashiro et al. (2004) found the average widths to vary, from 47 at minimum to 61 at max-
imum (1999), then declining again. Figure 12 from Gopalswamy et al. (2010a) gives the updated
distributions of LASCO CME speeds and widths. The average width of 41 corresponds to non-
halo (width  120 ) CMEs, whereas inclusion of all CMEs yields an average width of 60 . On
the bottom are the speed and width distributions of all LASCO CMEs with widths > 30 . That
the CACTus automatic catalog contains many more narrow CMEs is illustrated in Figure 13 from
Robbrecht et al. (2009b). Shown on a log-log scale are the CACTus and CDAW width distributions
for each year from 1997 – 2006; CACTus does not measure structures with widths below 10 .
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Figure 12: Speed and width distributions of all CMEs (top) and wider CMEs (W � 30 ; bottom). The
average width of wider CMEs is calculated using only those CMEs with W � 30 . Image reproduced with
permission from Gopalswamy et al. (2010a), copyright by Springer.

Along with their white light imaging capabilities, the benefits of polarized images have also
been demonstrated with some instruments. A polarizing strip across a fixed radial was part of the
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Figure 16: Histograms of LASCO CME mass distribution (upper left), kinetic energy (upper right), and
total mechanical energy (bottom left) for 7668 events. Also shown are the histograms for events reaching
maximum mass < 7R� (dashed lines) and events reaching maximum mass 7R� (dash-double dot). Not
all detected CMEs have been included because mass measurements require: (i) a good background image,
(ii) three consecutive frames with CMEs, and (iii) CMEs well separated from preceding CMEs. Image
adapted from Vourlidas et al. (2010, 2011b), courtesy A. Vourlidas (2011).

mass reaches a minimum in 2009 and is roughly equivalent to the 1996 minimum. MacQueen et al.

(2001) found that the mass density variation between Solar Cycle 22 minimum and maximum
varied by a factor 4 even in the background corona.

Measuring CMEmasses and energies using white light images farther from the Sun has proven to
be a di�cult task (see Section 5.3), due to the lack of calibration information and the uncertainties
imposed by the faintness of the CMEs compared to the background noise. Mass and energy
estimates have also been made from 3-D density reconstructions of a few CMEs observed in the
heliosphere by SMEI (Jackson et al., 2008a, 2010a). The mass estimates generally agree with the
mass of the same CMEs as derived from LASCO data. Some attempts are currently being made
using some highly developed processing techniques with the STEREO SECCHI images. DeForest
et al. (2012) performed some mass measurements on a small disconnection event (i.e., not a CME)
using photometric measurements and the theory of Thomson scattering. The technique is currently
being applied to CME measurements.

The reader must note that as with the kinematical properties, mass calculations are based on
coronagraph images and, therefore, subject to the same problems of projection and perspective.
For example, the CME mass calculations in the CDAW catalog make the assumption that all of
the CME mass is in the sky plane, as has always been the standard assumption. The Thomson
scattering theory from which the density is derived includes a direction term �, and so the direction
of propagation is an integral component of the density calculations. Traditionally, auxiliary data
such as solar flare or filament location have been used provide an estimate of CME direction but
more recent work making use of the stereoscopic capabilities of STEREO have provided more
accurate measurements (Colaninno and Vourlidas, 2009). Finally, the Thomson scattering theory
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CME properties inferred from coronal dimming

Moore et al. (2001)

The erupting rope causes 
coronal dimming at the two 
feet, with which the axial 
flux of the rope is estimated. 



CME kinematics inferred from coronal dimming

As CME expands, the 
emission measure (EM) 
decreases, and the corona 
becomes dimmer.
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Figure 20. Scatterplot of CME kinetic energies vs. the dissipated magnetic energy (top row), the free (magnetic) energy (second row), the multithermal energy (third
row), and the nonthermal energy (bottom row), for both LASCO/C2 (left column) and AIA observations (middle column). The total (kinetic and gravitational)
energies are shown in the right column. Equality (dotted diagonal line), the mean (dashed line) and standard deviation (dotted line) of the energy ratios are indicated.
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energies of CMEs, flares, and magnetic fields



how to predict eruptions?
Searching for non-potential
magnetic parameters to 
predict eruptions is still 
underway (Schrijver 2007, 
Falconer et al. 2009, Barnes 
et al. 2016, Sun et al. 2015, 
Liu et al. 2017, Cui et al. 2018, 
Green et al. 2018).

Numerical models are starting 
to tackle real active regions 
and provide physics 
diagnostics (Van Ballegooijen
et al. 2004-, Torok et al. 
2004-, Fan et al. 2005-, 
Aulanier et al. 2010-, Jiang et 
al. 2012-, …. Karpen et al. 
2012).Liu et al. 2017



Summary notes

Observations by a cohort of telescopes with multi-spectral 
capabilities as well as multiple view points have significantly 
advanced our knowledge of the structure, properties, and 
evolution of CMEs.

Numerical models are challenged by as well as taking advantage 
of emerging observational details of CMEs and ambient magnetic 
fields. The combined model-observation effort will help improve 
understanding of mechanisms driving solar eruptions that impact
space weather.


