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1. What are CMEs and how are they Observed?

– Large scale eruptions of plasma 
and magnetic field 

– Mass ~ 1015 g 

– Velocity 100 - 3500 km/s 

– Kinetic Energy ~ 1031 ergs 

– Magnetic flux ropes
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2. What are CMEs and how are they Observed?

– Coronagraphs (white light) 

– Thomson scattered light from 
the photosphere 

– Plane of sky projected 

– Polarisation 

– Can infer distance from 
plane of sky
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3. Why are CMEs / CME oscillations interesting?

– CMEs are some of the most energetic events on the Sun 

– CMEs are the main drivers of adverse space weather affects 

– CME velocity and magnetic (B) field key factors 

– Flux ropes structures present in many astrophysical systems 

– Understand the details of entire flare CME system
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3. Why are CMEs / CME oscillations interesting?

– What is a CME oscillation? 

– semi-periodic signal in velocity-time profiles
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3. Why are CMEs / CME oscillations interesting?

No. 1, 2010 QUASI-PERIODIC OSCILLATIONS IN LASCO CME SPEEDS 451

Table 1
List of CMEs for which the Period of the Quasi-periodic Oscillations are Measureda

Date Time Duration Distance Width Speed Acceleration ∆V Vmean Period (min) at

(dd/mm) (UT) (hr:min) R⊙ (deg) (km s−1) (m s−2) (km s−1) (km s−1) 5 R⊙ 10 R⊙ 15 R⊙

08/01 16:30 10:12 2.94–17.31 122 256 11.2 308 376 72 240 . . .

09/01 02:30 8:14 2.51–27.82 67 603 7.4 197 555 48 168 192
10/01 18:30 19:12 3.33–28.75 96 251 8.3 352 443 164 168 168
11/01 17:30 9:12 3.38–14.74 21 239 2.2 328 340 120 166 . . .

13/01 08:54 6:48 2.54–12.13 95 267 −0.7 164 300 72 240 . . .

30/01 15:54 7:48 2.99–21.78 156 454 8.3 245 429 72 240 240
31/01 16:06 12:12 2.7–23.55 26 553 14.1 271 515 . . . . . . 204
08/02 01:31 5:12 2.66–18.57 43 589 −1.5 435 634 72 192 192
12/02 12:54 8:48 4.88–17.52 42 291 4.3 214 304 120 120 120
06/03 20:59 11:42 3.24–19.35 33 263 5.7 295 409 144 212 168
14/03 08:00 5:18 2.63–25.55 105 849 11.6 157 852 48 84 192
16/03 12:48 7:30 4.46–21.87 23 444 7.6 241 513 48 168 192
21/03 14:36 5:06 2.31–25.87 150 920 −28.6 418 967 48 188 120
27/03 07:00 13:18 3.1–23.71 28 292 6.5 298 407 72 120 240
28/03 04:36 13:42 3.13–18.95 30 223 2 320 270 48 240 240

Note. a If there is a blank, it means the period cannot be measured.

2.1. Speed–Distance Profile of CMEs

In the analysis, we have utilized the height–time data reported
in the LASCO catalog. Instantaneous speeds of CMEs in the
LASCO C2–C3 FOV was determined using two successive
height–time measurements,

vi = (∆h/∆t)i = (hi+1 − hi)/(ti+1 − ti) . (1)

The height (hi) corresponding to a given vi is taken as h =
(hi + hi+1)/2. Then, the speed–distance profile, v(h), is drawn
for each event. ti is the time corresponding to a particular height.

As an example of the described procedure, the speed–distance
profiles for two CMEs (2005 January 8 and 10) are shown in
Figures 1(a) and (b). For the 2005 January 8 event (the first
appearance in LASCO C2 FOV at 16:30 UT), the CME speed
around 3 R⊙ was 140 km s−1 and increased to nearly 600 km
s−1 around 17 R⊙. The mean speed and acceleration reported
in the LASCO catalog are 256 km s−1 and 11.2 m s−2, respec-
tively. Similarly, for the 2005 January 10 event (18:30 UT), the
CME speed was 28 km s−1 at 3.5 R⊙ and increased to nearly
470 km s−1 at 27.5 R⊙. The reported mean speed and accelera-
tion are 251 km s−1 and 8.3 m s−2, respectively.

Figures 1(a) and (b) reveal quasi-periodic pattern in the v(h)
profile superposed onto an approximately linear increase of the
CME speed (h represents the radial distance expressed in units
of R⊙). CME speed can be separated into two components,

vcme = vlin + vosc, (2)

where vlin means that the velocity is a linear function of the
distance (non-oscillatory component) and vosc is the oscillatory
component. In the velocity–time space, this corresponds to an
exponential growth, since R ∝ eωt implies v = ḣ ∝ ωeωt , i.e.,
v = ωh (Vrsnak 2001).

Among the speed–distance profiles of 116 events, we iden-
tified two classes of CMEs, either accelerating or decelerating.
That is, CMEs followed either v(h) = v0 + ωh or v(h) =
v0 − ωh, where v0 is the initial speed and ω is the growth rate.
There are a few cases for which the growth rate was nearly zero.
The superimposed oscillating pattern is found in the speed–
distance profiles of most of the CMEs. However, it is seen

(a)

(b)

Figure 1. (a) Speed–distance profile of a CME observed on 2005 January 8. (b)
Same as above for the CME on 2005 January 10. The error bar shows the speed
error obtained for LASCO C2 and C3 coronagraphs.

clearly only in 15 events, all being traced over a long distance
range. The events are listed in Table 1. The data for these 15
events were smoothed by the spline interpolation, making the
oscillating pattern clearer, as illustrated in Figures 2(a) and (b).

2.2. Period of Oscillations

Besides the v(h) profiles, we have also analyzed the speed–
time profiles, v(t), for all the 15 CMEs, in order to measure the
period of oscillations. In Figure 3, we show two examples of
smoothed v(t) profiles. The oscillation periods were determined
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entrained as the model CME erupts, the post-eruption
CME mass in each case is 58% of These masses areMtotal.comparable to empirically determined CME mass values
(Howard et al. 1985).

Clearly, Figures 3 and 6 show that by varying a minimal
number of model input parameters, a Ñux rope model result
can be obtained that reproduces key features of the data in
almost every case for position, aspect ratio, and velocity. In
particular the aspect ratio " is reproduced, in detail, in most
cases. A common feature (see Figs. 3 and 6aÈ 6i) is that the
aspect ratio tends to increase during the time when the
model Ñux rope is undergoing Ñux injection and remains
approximately constant or drops slightly thereafter. In the
model, this occurs because increased ““ pinches ÏÏ the Ñux'

prope. This e†ect is subtle in many cases but seems to be
remarkably common in boththe model and the data.

Naturally, the match between theory and observation is
not always exact. In at least one case, however, the di†er-
ence can be accounted for in a simple way. For the 1998
April 15 CME, Figure 6j, the measured aspect ratio " is
approximately 2.0 while the model gives about 2.5. In this
case, however, the asymptotic solar wind speed was Vsw \
450 km s~1, as in all other cases, despite the fact that the
rather large value of the e†ective latitude in C3 (29¡ north,
see Table 2) would most likely place this CME in the high-
speed solar wind. Additional model calculations show that,
if we instead use km s~1, and compensate byVsw \ 750
reducing from 26.0 (see Table 3) to 18.0, the position*'/'0and velocity data remain matched (in fact the match
improves), while the model aspect ratio is reduced to
" ^ 2.0 in agreement with the data.

As discussed in ° 2 above, EIT observations often show
an expanding looplike feature, which seems to correspond
to the bright rim of the CME, an erupting blob of promi-
nence material, which seems to correspond to the trailing
edge of this bright rim, or both. In all cases where a looplike
feature in EIT was measured, Figures 6a, 6b, 6g, 6h, 6i), the
loop expanded in width faster than it moved outward so
that the aspect ratio decreased. In general, the" \ R

c
/D

observed expansion in EIT is not reproduced in detail by
the model. However, in all cases the model shows a similar
decrease in the aspect ratio within the Ðrst 3 hr of the calcu-
lation, at a time corresponding to the draining of promi-

nence material from the model Ñux rope (see, e.g., Figs. 6b
and 6i). This result suggests that a more sophisticated model
of the physical process by which prominence material
drains out of an eruption Ñux rope might explain these
details. We reiterate that, in Figs. 3 and 6, the model param-
eters governing the prominence material were not varied
from case to case.

4.3. Observed CME Velocity Oscillations
One interesting feature of the data is the oscillatory

nature of the velocity data in some cases. This is most pro-
nounced in the leading-edge C3 velocity data in Figure 6a
(solid circles), where the velocity values seem to oscillate
with a period of about 5 hr as the CME slowly accelerates.
Evidence of this is also seen in the leading-edge velocity
data for C2 and C3 shown in Figure 6b, where the period
seems to be around 6 hr.

Because the velocity data shown in Figures 3 and 6 are
computed using simple two-point di†erences of height-time
data points, the velocity results tend to be noisy. This makes
it difficult to tell whether or not these oscillations are a
physical phenomenon. We therefore reexamine these data
and compute velocities using three-point di†erences of the
height-time data for each of the events. The results for four
of the events are shown in Figure 7, where recalculated C2
and C3 velocity data is plotted for (a) 1997 May 7, (b) 1997
May 16, (c) 1997 June 6, and (d) 1997 September 27. Com-
parisons between Figures 6a and 7a and Figures 6b and 7b
show that the oscillations are still present when the veloci-
ties are recomputed. The e†ect is also seen in 7(c), where the
period seems to be around 6 hr and 7(d), with an approx-
imate 4 hr period.

The presence of these oscillations in the data serves to
emphasize that a CME is a magnetically organized three-
dimensional structure and, as such, will have normal modes
of oscillation (Chen 1989 ; Cargill, Chen, & Garren 1994). In
our Ñux rope model such oscillations are seen, for example,
if the drive mechanism is too weak to cause an eruption or if
the initially stable equilibrium Ñux rope conÐguration is
weakly perturbed.

Thus, one can imagine that the eruption process would
excite these oscillatory modes. However, with the geometry
of the Ñux rope changing continuously, these oscillations

FIG. 7.ÈProjected CME velocities V for LASCO CME events of (a) 1997 May 7, (b) 1997 May 16, (c) 1997 June 6, and (d) 1997 September 27. Shown are
the projected velocities of the leading-edge feature (circles) and the trailing-edge feature (triangles). Open symbols represent LASCO C2 data, and solid
symbols represent LASCO C3 data. All velocities are computed using three-point di†erences of the height-time data shown in Fig. 7. A representative error
bar is shown in each case.
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3. Why are CMEs / CME oscillations interesting?

– What is a CME oscillation? 

– semi-periodic signal in velocity-time profiles 

– What could cause CME oscillations? 

– MHD waves 

– Coronal seismology -> get an estimate of B field and other 
properties 

– Modulation of magnetic reconnection rate
�8
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4. Analysis
Data

• CDAW LASCO CME catalogue 1996 - present (29,000 CMEs)  

• Manual point-and-click 

• Metadata and height-time 
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4. Analysis
Numerical Derivatives

• Oscillations visible in velocity-time data need 
numerical differentiation to calculate from observed 
heights and times 

• Error propagation and approximation to a 
derivative 

• Different techniques give different results  
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4. Analysis
Numerical Derivatives
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Table 1
List of CMEs for which the Period of the Quasi-periodic Oscillations are Measureda

Date Time Duration Distance Width Speed Acceleration ∆V Vmean Period (min) at

(dd/mm) (UT) (hr:min) R⊙ (deg) (km s−1) (m s−2) (km s−1) (km s−1) 5 R⊙ 10 R⊙ 15 R⊙

08/01 16:30 10:12 2.94–17.31 122 256 11.2 308 376 72 240 . . .

09/01 02:30 8:14 2.51–27.82 67 603 7.4 197 555 48 168 192
10/01 18:30 19:12 3.33–28.75 96 251 8.3 352 443 164 168 168
11/01 17:30 9:12 3.38–14.74 21 239 2.2 328 340 120 166 . . .

13/01 08:54 6:48 2.54–12.13 95 267 −0.7 164 300 72 240 . . .

30/01 15:54 7:48 2.99–21.78 156 454 8.3 245 429 72 240 240
31/01 16:06 12:12 2.7–23.55 26 553 14.1 271 515 . . . . . . 204
08/02 01:31 5:12 2.66–18.57 43 589 −1.5 435 634 72 192 192
12/02 12:54 8:48 4.88–17.52 42 291 4.3 214 304 120 120 120
06/03 20:59 11:42 3.24–19.35 33 263 5.7 295 409 144 212 168
14/03 08:00 5:18 2.63–25.55 105 849 11.6 157 852 48 84 192
16/03 12:48 7:30 4.46–21.87 23 444 7.6 241 513 48 168 192
21/03 14:36 5:06 2.31–25.87 150 920 −28.6 418 967 48 188 120
27/03 07:00 13:18 3.1–23.71 28 292 6.5 298 407 72 120 240
28/03 04:36 13:42 3.13–18.95 30 223 2 320 270 48 240 240

Note. a If there is a blank, it means the period cannot be measured.

2.1. Speed–Distance Profile of CMEs

In the analysis, we have utilized the height–time data reported
in the LASCO catalog. Instantaneous speeds of CMEs in the
LASCO C2–C3 FOV was determined using two successive
height–time measurements,

vi = (∆h/∆t)i = (hi+1 − hi)/(ti+1 − ti) . (1)

The height (hi) corresponding to a given vi is taken as h =
(hi + hi+1)/2. Then, the speed–distance profile, v(h), is drawn
for each event. ti is the time corresponding to a particular height.

As an example of the described procedure, the speed–distance
profiles for two CMEs (2005 January 8 and 10) are shown in
Figures 1(a) and (b). For the 2005 January 8 event (the first
appearance in LASCO C2 FOV at 16:30 UT), the CME speed
around 3 R⊙ was 140 km s−1 and increased to nearly 600 km
s−1 around 17 R⊙. The mean speed and acceleration reported
in the LASCO catalog are 256 km s−1 and 11.2 m s−2, respec-
tively. Similarly, for the 2005 January 10 event (18:30 UT), the
CME speed was 28 km s−1 at 3.5 R⊙ and increased to nearly
470 km s−1 at 27.5 R⊙. The reported mean speed and accelera-
tion are 251 km s−1 and 8.3 m s−2, respectively.

Figures 1(a) and (b) reveal quasi-periodic pattern in the v(h)
profile superposed onto an approximately linear increase of the
CME speed (h represents the radial distance expressed in units
of R⊙). CME speed can be separated into two components,

vcme = vlin + vosc, (2)

where vlin means that the velocity is a linear function of the
distance (non-oscillatory component) and vosc is the oscillatory
component. In the velocity–time space, this corresponds to an
exponential growth, since R ∝ eωt implies v = ḣ ∝ ωeωt , i.e.,
v = ωh (Vrsnak 2001).

Among the speed–distance profiles of 116 events, we iden-
tified two classes of CMEs, either accelerating or decelerating.
That is, CMEs followed either v(h) = v0 + ωh or v(h) =
v0 − ωh, where v0 is the initial speed and ω is the growth rate.
There are a few cases for which the growth rate was nearly zero.
The superimposed oscillating pattern is found in the speed–
distance profiles of most of the CMEs. However, it is seen

(a)

(b)

Figure 1. (a) Speed–distance profile of a CME observed on 2005 January 8. (b)
Same as above for the CME on 2005 January 10. The error bar shows the speed
error obtained for LASCO C2 and C3 coronagraphs.

clearly only in 15 events, all being traced over a long distance
range. The events are listed in Table 1. The data for these 15
events were smoothed by the spline interpolation, making the
oscillating pattern clearer, as illustrated in Figures 2(a) and (b).

2.2. Period of Oscillations

Besides the v(h) profiles, we have also analyzed the speed–
time profiles, v(t), for all the 15 CMEs, in order to measure the
period of oscillations. In Figure 3, we show two examples of
smoothed v(t) profiles. The oscillation periods were determined
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4. Analysis
Fitting

• Fitting even simple oscillatory functions leads to 
issues f(x) = sin(2πνx + ϕ)

�12



Trinity College Dublin, The University of Dublin                   shane.maloney@tcd.ie

4. Analysis
Fitting
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– Objective function or minimisation landscape 

– Fix phase at correct value evaluate frequency dependance 

– Fix freq at correct value evaluate phase dependance
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4. Analysis
Fitting

• Monte Carlo method - uniformly sample the initial 
condition space (Michalek et al. 2016) 
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4. Analysis
Fitting

• Monte Carlo method - uniformly sample the initial 
condition space (Michalek et al. 2016) 

• Grid Search - evaluate the initial condition on a grid 
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4. Analysis
Fitting

• Monte Carlo method - uniformly sample the initial 
condition space (Michalek et al. 2016) 

• Grid Search - evaluate the initial condition on a grid 

• Simulate CMEs with parameters from sampled from 
known distributions and compare results from the 
methods 
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h = h0 + v0t +
1
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A2π
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5. Results
Simulated Data
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5. Results
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Simulated CME
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5. Results
Simulated Data

�23



Trinity College Dublin, The University of Dublin                   shane.maloney@tcd.ie

5. Results
LASCO CME Catalogue 
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5. Results
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C2 Error ~ 20 km/s

C2 Error ~ 80 km/s
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6. Conclusions
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• Unclear if oscillatory signatures are statistically significant. 

• Grid search method seems marginally more stable and 
accurate. 

• Chose between models -> closest        to 1? 

• Bayesian methods 

• Marginalise unimportant parameters 

• Bayesian Information Criterion to choose model  

χ2
R


