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Abstract It is well known that there is a temporal relationship between coronal mass ejec-
tions (CMEs) and associated flares. The duration of the acceleration phase is related to the
duration of the rise phase of a flare. We investigate CMEs associated with slow long dura-
tion events (LDEs), i.e. flares with the long rising phase. We determined the relationships
between flares and CMEs and analyzed the CME kinematics in detail. The parameters of
the flares (GOES flux, duration of the rising phase) show strong correlations with the CME
parameters (velocity, acceleration during main acceleration phase, and duration of the CME
acceleration phase). These correlations confirm the strong relation between slow LDEs and
CMEs. We also analyzed the relation between the parameters of the CMEs, i.e. a velocity,
an acceleration during the main acceleration phase, a duration of the acceleration phase,
and a height of a CME at the end of the acceleration phase. The CMEs associated with
the slow LDEs are characterized by high velocity during the propagation phase, with the
median equal to 1423 km s−1. In half of the analyzed cases, the main acceleration was low
(a < 300 m s−2), which suggests that the high velocity is caused by the prolonged accelera-
tion phase (the median for the duration of the acceleration phase is equal 90 minutes). The
CMEs were accelerated up to several solar radii (with the median ≈7 R�), which is much
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higher than in typical impulsive CMEs. Therefore, slow LDEs may potentially precede ex-
tremely strong geomagnetic storms. The analysis of slow LDEs and associated CMEs may
give important information for developing more accurate space-weather forecasts, especially
for extreme events.

Keywords Sun: coronal mass ejections (CMEs) · Flares

1. Introduction

Coronal mass ejections (CMEs) are large-scale ejections of magnetized plasma from the so-
lar corona. The first CME was clearly identified by Tousey (1973) in the 1971 Orbiting So-
lar Observatory-7 observations. Later, CMEs (previously named “coronal transient”) were
observed by Skylab (Gosling et al., 1974) and since that time they have been extensively
studied.

It is well known that CMEs are associated with other solar active phenomena such
as solar flares and eruptive prominences (Munro et al., 1979). Gosling et al. (1976) an-
alyzed several dozen events and found that for all events the average CME speed was
470 km s−1. The flare-associated CMEs were characterized by higher velocities with av-
erage value of 775 km s−1. Events associated with eruptive prominences had average veloc-
ity 330 km s−1. Based on observations of 12 events, MacQueen and Fisher (1983) showed
that the flare-associated CMEs are characterized by higher velocities and show approxi-
mately constant speeds with height. CMEs associated with the prominences are accelerated
over larger height range and attain lower velocities than flare-associated CMEs. Using ob-
servations from the Large Angle and Spectrometric Coronagraph onboard the Solar and
Heliospheric Observatory (SOHO/LASCO: Brueckner et al., 1995), Sheeley et al. (1999)
separated CMEs into two classes:

i) Gradual CMEs, which formed when prominences rose up and their leading edges accel-
erated gradually to reach velocities in the range 400 – 600 km s−1.

ii) Impulsive CMEs, often associated with flares, which showed higher speed (>750 km s−1)
and clear evidence of deceleration.

The existence of two classes of CMEs was also confirmed by other authors (St. Cyr
et al., 1999; Andrews and Howard, 2001; Moon et al., 2002). Based on a sample of 95 CME
events, Bein et al. (2012) compared characteristics of CMEs associated with flares and with
filament eruptions. They found that CMEs associated with flares are characterized by higher
peak acceleration and shorter acceleration-phase duration.

There are also observations that do not confirm differences between the two types of
CME (Dere et al., 1999; Feynman and Ruzmaikin, 2004). Statistical analysis of a large
number of events was presented by Vršnak, Sudar, and Ruždjak (2005). The authors an-
alyzed 545 flare-associated CMEs and 104 non-flare CMEs and found that both data sets
show quite similar characteristics: in both samples significant fraction of CMEs was accel-
erated or decelerated and both samples include a comparable ratio of fast and slow CMEs.
They concluded that there is a continuum of events rather than two distinct (flare-associated
and non-flare associated) classes of CMEs.

Relationships between flares and CMEs, e.g. SXR flux vs. CME velocity, duration of
the flare rising phase vs. duration of the acceleration phase, were investigated by many au-
thors (Zhang et al., 2001; Moon et al., 2003; Burkepile et al., 2004; Vršnak, Sudar, and
Ruždjak, 2005; Maričič et al., 2007; Chen and Zong, 2009; Berkebile-Stoiser et al., 2012).
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Zhang et al. (2001) investigated the temporal relationship between CMEs and associated
solar flares. They found that kinematic evolution of three of the four CMEs can be described
by a three-phase scenario:

i) The initiation phase, characterized by slow speed of the CME edge, which can last tens
of minutes and occur before the onset of the flare.

ii) The impulsive acceleration phase (described below).
iii) The propagation phase during which the CME can accelerate, decelerate, or can have

constant speed.

The second, impulsive acceleration (or main acceleration), phase is often well synchro-
nized with the rising phase of the associated soft X-ray flare (Zhang et al., 2001), and
this relationship was confirmed by other authors (Gallagher, Lawrence, and Dennis, 2003;
Zhang et al., 2004; Maričič et al., 2007; Bein et al., 2012). Analysis of the kinematic
evolution of CMEs and associated flares during the impulsive phase shows a strong rela-
tionship between the CME acceleration process and the energy release in the associated
flare (Temmer et al. 2008, 2010 and references therein). Typically, CMEs are accelerated
over a short distance range (Alexander, Metcalf, and Nitta, 2002; Temmer et al., 2010;
Bein et al., 2011), but sometimes they accelerate up to heights of several solar radii; in
some cases even as high as 7 R� (Zhang et al., 2001, 2004; Vršnak, 2001; Maričič et al.,
2004).

During the acceleration phase CME accelerations may vary from some ten up to some
1000 m s−2 (Wood et al., 1999; Zhang et al., 2001). The main acceleration depends on
the duration of the acceleration phase (Zhang and Dere, 2006; Vršnak et al., 2007; Bein
et al., 2011). A fast CME (v > 1000 km s−1) can be strongly accelerated over a short time,
or weakly accelerated over an extended time interval of several hours (Zhang et al., 2004;
Vršnak et al., 2007). For CMEs associated with flares, the duration of the acceleration phase
is related to the duration of the rise phase of a flare. CMEs associated with flares of slow
rising phase are accelerated slowly but for a long time.

Here, we investigate the kinematic evolution of CMEs associated with long duration
flares of slow rising phase (slow LDEs). This group of flares is characterized not only by
a long decay but also by long rising phase, which may last more than 30 minutes (Hud-
son and McKenzie, 2000; Bąk-Stȩślicka and Jakimiec, 2005; Bąk-Stȩślicka, Mrozek, and
Kołomański, 2011). Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI)
analysis of several slow LDEs is presented in our previous article (Bąk-Stȩślicka, Mrozek,
and Kołomański, 2011). This analysis revealed that during those flares thermal energy is
released very slowly and decreased slowly after reaching the maximum value. Nevertheless
the amount of total released energy in a slow LDE is huge (1031 – 1032 erg). Thus we can
ask if CMEs related to these flares are also very energetic (i.e. fast). If the answer is positive,
slow LDE flares may have significant impact on space weather although, they do not look
as spectacular and dangerous as other more impulsive and powerful flares.

2. Data Analysis

We used GOES light curves to search for the slow LDE flares (GOES class from B to X).
Using Yohkoh/Soft X-ray Telescope (SXT) and SOHO/Extreme UV Imaging Telescope (EIT)
data we selected only limb or near-the-limb events (|λ| > 60◦) to reduce projection effects.
For all selected slow LDEs we measured duration of the rising phase, using the Solar-
Geophysical Data (SGD) catalogue (in a few cases we corrected those values looking at
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Table 1 Data for slow LDE flares associated with analyzed CMEs.

Date Flare
onset
[UT]

Flare
peak
[UT]

Rise phase
duration tfl
[min]

GOES
class

NOAA

1. 23 February 1997 02:21 03:33 72 B7.2 8019

2. 14 November 1997 09:05 10:38 93 C4.6 8108

3. 20 April 1998 09:38 10:21 43 M1.4 a

4. 16 June 1998 18:03 18:42 39 M1.0 8232

5. 05 May 2000 15:02 16:21 79 M1.5 8970?

6. 16 October 2000 06:40 07:28 48 M2.5 9182

7. 02 February 2001 19:09 20:37 88 C3.3 –

8. 01 April 2001 10:55 12:17 82 M5.5 9415

9. 03 April 2001 03:25 03:57 32 X1.2 9415

10. 05 April 2001 08:37 09:22 45 M8.4 9393

11. 15 May 2001 17:52 19:40 108 C4.0 9461

12. 28 December 2001 19:37 20:45 68 X3.4 9767

13. 10 March 2002 22:21 23:25 64 M2.3 9871

14. 21 May 2002 23:14 00:30 76 C9.7 9948

15. 24 October 2003 02:27 02:54 27 M7.6 10486

16. 18 November 2003 09:23 10:11 48 M4.5 10508

17. 28 July 2004 02:32 06:09 217 C4.4 10652

18. 29 July 2004 11:42 13:04 82 C2.1 10652

19. 31 July 2004 05:16 06:57 101 C8.4 10652

20. 13 July 2005 14:01 14:49 48 M5.0 10786

21. 14 July 2005 10:16 10:55 39 X1.2 10786

22. 27 July 2005 04:33 05:02 29 M3.7 10792

23. 06 September 2005 19:32 22:02 150 M1.4 10808

24. 16 March 2011 17:52 20:34 162 C3.7 11169

aActive-region complex consisting of ARs 8198, 8195, 8194, 8200.

GOES light curves) and checked if flares were associated with the CMEs observed by
SOHO/LASCO coronagraphs. Spatial and temporal correlation between flares and CME
was required. Using Yohkoh/SXT and/or EIT images we carefully determined the position
of the flare. Slow LDEs are usually observed in high arcades for many hours (Bąk-Stȩślicka
and Jakimiec, 2005; Bąk-Stȩślicka, Mrozek, and Kołomański, 2011), so even for flares be-
hind the limb we could determine their latitude and active region with satisfying accuracy.
Using SXT and EIT data, it was possible to observe the early signature of the CME erup-
tions (EIT observations) or in several cases also X-ray plasma ejections (SXT observations).
A CME was considered as associated with a given slow LDE only when a CME central
position angle (CPA) was in agreement with the flare position. In addition to the location
agreement, most of the associated CMEs were observed within several minutes (up to 30)
before or after flare start. For one very long evolving event, we used only C2 and C3 data
and the time difference between flare start and time of first detection of the CME was larger
(up to 60 minutes). For detailed analysis we selected 24 events. To reduce uncertainty in
CME-flare association we selected only events during which there was no other CME-flare
activity. Basic information regarding the slow LDEs is given in Table 1.
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Using running-differences images, we determined the heights of the leading edge of the
CMEs in the plane of the sky. We visually followed the fastest segment of the CME lead-
ing edge and measured its height in several points; then we calculated an average value
of h that was used in further study. SOHO/LASCO-C2 and LASCO-C3 coronagraphs al-
low us to observe CMEs at heights 2.0 – 6.0 R� and 3.7 – 30 R�, respectively (Brueckner
et al., 1995). CMEs associated with slow LDEs evolve slowly and are usually accelerated
even in the LASCO-C2 field of view (see Figure 1); nevertheless to analyze the accelera-
tion phase of the CME in more detailed, additional observations are needed. We used data
from the LASCO-C1 coronagraph (which images the corona from 1.1 to 3.0R�), Mauna
Loa Solar Observatory Mark-IV K-coronameter (MLSO/Mk4, at heights 1.14 – 2.86 R�),
and SOHO/EIT (up to 1.5R�: Delaboudiniére et al., 1995). In one case (No. 3) we also cal-
culated heights of the radio type II burst source (AIP Potsdam observations, density model
from Mann et al., 1999) and assumed that this height is the same as that of the CME lead-
ing edge. Uncertainties of the CME heights may differ in various cases and depend on the
sharpness of the leading edge of the CME. Based on previous reports (Tomczak, 2004;
Maričič et al., 2004; Vršnak et al., 2007) we assumed that the error of the measured height
is: 0.05R�, 0.02R�, 0.01R�, 0.1R�, and 0.5 – 1.0 R� for the MLSO/Mk4, EIT, LASCO-
C1, LASCO-C2, and LASCO-C3, respectively.

We fitted a combined function to the height–time profiles: a second-degree polynomial
during acceleration phase and a linear fit during the propagation phase. The second-degree
polynomial fit was applied for time tacc = ttr − t0, where t0 is the time of the beginning of the
eruption or first CME observation. A linear fit was applied for t = tend − ttr, where tend is the
time of the last observation. The transition point, ttr, was a free parameter calculated from the
solution with the minimum standard deviation between the fitted curve and observed values
of heights. This parameter gives the end of the acceleration phase. Taking into account errors
of the measured height and uncertainties of the fitting, we obtained the uncertainty of the
acceleration (up to 15 %) and uncertainty of the velocity (up to 6 %). The uncertainty of tacc

depends on the temporal resolution of the observations and may change from few minutes
to tens of minutes. In three cases (Nos. 17, 18, 19) acceleration was determined based on
only C2 and C3 data (which was possible because of very slow evolution of the CMEs
and very slow rising phase of associated flares), but this caused underestimation of tacc. We
also measured the height of the CME at the end of the acceleration phase [hacc = h(ttr)].
GOES fluxes and CME height–time profiles (with fitted curves) for a few selected events
are presented in Figure 1.

3. Results

For the 24 CMEs associated with slow LDE flares we measured heights of the leading edge
of CMEs. From the second-degree polynomial fitting we obtained: acceleration [a], during
the main acceleration phase, duration of the acceleration phase [tacc = ttr − t0], and the height
at the end of the acceleration phase. The straight-line fitting for t > ttr gave us the average
CME velocity [v] during the propagation phase. Parameters describing all analyzed CMEs
are shown in Table 2. Height–time profiles of the CMEs associated with the flares with the
slowest rising phases show very slow evolution of the CMEs. These profiles are more similar
to CMEs associated with the eruptive prominences, although they are associated with flares.

All analyzed CMEs were associated with slow LDE flares, so we investigated the re-
lationship between parameters describing flares (GOES flux, duration of the rising phase,
tfl) and CMEs (main acceleration, duration of the acceleration phase and velocity). For our
sample of events we obtained the following.
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Figure 1 Left: GOES X-ray fluxes of associated flares (upper curve: 1 – 8 Å, lower curve: 0.5 – 4 Å). Right:
Height–time profiles of the CME’s leading edge. The best fit to the height–time profile was with the sec-
ond-degree polynomial (solid line) and straight line (dotted line).
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Table 2 Basic information regarding flares (duration of the rising phase [tfl]; GOES class) and characteristics
of analyzed CMEs (duration of the main acceleration phase [tacc], average velocity during the propagation
phase [v], mean acceleration during the acceleration phase [a], CME height at the end of the acceleration
phase [hacc], and list of the instruments used).

Date GOES
class

tfl
[min]

tacc
[min]

v

[km s−1]
a

[m s−2]
hacc
[R�]

Instruments

1. 23 February 1997 B7.2 72 95 910 192 6.3 EIT, C1, C2, C3

2. 14 November 1997 C4.6 93 122 1100 145 6.6 C1, C2, C3

3. 20 April 1998 M1.4 43 67 1613 500 6.1 EIT, radio, C2, C3

4. 16 June 1998 M1.0 39 39 1445 807 6.5 EIT, Mk4, C1, C2, C3

5. 05 May 2000 M1.5 79 78 1618 490 9.2 EIT, C2, C3

6. 16 October 2000 M2.5 48 102 1340 245 7.1 EIT, C2, C3

7. 02 February 2001 C3.3 88 109 731 96 5.7 EIT, Mk4, C2, C3

8. 01 April 2001 M5.5 82 90 1524 205 9.7 EIT, C2, C3

9. 03 April 2001 X1.2 32 78 1502 323 8.3 EIT, C2, C3

10. 05 April 2001 M8.4 45 50 1769 561 5.9 EIT, C2, C3

11. 15 May 2001 C4.0 108 101 1227 281 6.8 EIT, Mk4, C2, C3

12. 28 December 2001 X3.4 68 56 2173 785 7.6 EIT, Mk4, C2, C3

13. 10 March 2002 M2.3 64 90 1403 302 9.1 EIT, C2, C3

14. 21 May 2002 C9.7 76 90 1256 282 6.9 EIT, C2, C3

15. 24 October 2003 M7.6 27 54 1186 375 3.6 EIT, C2, C3

16. 18 November 2003 M4.5 48 90 1881 379 9.6 EIT, C2, C3

17. 28 July 2004 C4.4 217 168 903 99 10.0 C2, C3

18. 29 July 2004 C2.1 82 108 1331 218 9.5 C2, C3

19. 31 July 2004 C8.4 101 132 1304 231 11.9 C2, C3

20. 13 July 2005 M5.0 48 66 1423 407 6.0 EIT, C2, C3

21. 14 July 2005 X1.2 39 40 1663 965 5.9 EIT, C2, C3

22. 27 July 2005 M3.7 29 54 1763 716 6.7 EIT, C2, C3

23. 06 September 2005 M1.4 150 170 1455 172 12.0 Mk4, C2, C3

24. 16 March 2011 C3.7 162 131 732 63 7.2 Mk4, C2, C3

• Velocity of the CMEs is well correlated with the peak of the soft X-ray (SXR) flux of the
associated flare (correlation coefficient r = 0.77). The fastest CMEs are associated with
the strongest flares. This relation has been presented by other authors (Moon et al., 2003;
Burkepile et al., 2004; Maričič et al., 2007; Chen and Zong, 2009; Bein et al., 2012) and
is also observed in our sample of events (Figure 2, left). It is worth noticing that CMEs
connected with the slow LDEs are very fast. In 83 % of cases the average velocity during
the propagation phase was greater than 1000 km s−1, even if the associated flares were less
powerful (GOES C class). All CMEs associated with M and X class flares have velocity
greater than 1000 km s−1. The median is equal to 1423 km s−1.

• A similar relation can be observed between the peak of the soft X-ray flux and the acceler-
ation of the CME during the main acceleration phase (Figure 2, right). Stronger accelera-
tion was observed in the case of CMEs associated with the stronger flares. This correlation
is slightly weaker than the v vs. GOES flux relation. The correlation coefficient is 0.66.

• CMEs parameters are also correlated with the duration of the rising phase of flares. CMEs
with a larger value of the acceleration are associated with flares with a shorter rising phase.
CMEs with the lowest value of the acceleration are associated with flares with the longest
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Figure 2 Left: Relation between peak of the GOES X-ray flux (1 – 8 Å) and CME velocity during the prop-
agation phase. Right: Relation between peak of the GOES X-ray flux (1 – 8 Å) and CMEs main acceleration
(obtained from the quadratic fit). The straight lines show the best fit with the linear correlation coefficient [r].

Figure 3 Left: Relation between duration of flares rising phase and main acceleration (obtained from the
quadratic fit) of the CMEs. Right: Relation between duration of rising phase of flares and duration of the
CMEs acceleration phase. The straight lines show the best fit with a linear correlation coefficient [r].

rising phase (Figure 3, left). For our sample of events this relation is strong; the correlation
coefficient is −0.75.

• There is a strong correlation (r = 0.82) between duration of the rising phase of flares and
duration of CMEs acceleration phase (Figure 3, right). CMEs with longer CME acceler-
ation phase tend to be associated with flares with longer rising times (see also Maričič
et al., 2007). The median for tacc is equal to 90 minutes, and the median for tfl is equal to
72 minutes.

All of these relations show a very strong connection between CMEs and slow LDE flares
and suggest that those flares and CMEs are different manifestation of the same energy-
release process. In the next step we have investigated relations between parameters describ-
ing CMEs.
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Figure 4 Left: Relation between duration of the acceleration phase of CMEs and main acceleration (obtained
from the quadratic fit) of the CMEs. Right: Relation between duration of the acceleration phase of CMEs and
velocity of the CMEs during the propagation phase. The straight line show the best fit with a linear correlation
coefficient [r].

• Figure 4 (left panel) shows strong correlation between duration of the acceleration phase
and value of the main acceleration. CMEs accelerated for a longer time (tacc > 90 minutes)
are characterized by low acceleration during the main acceleration phase (a < 300 m s−2).
The median value for a is 302 m s−2. This is the strongest relation that we found, with
correlation coefficient r = −0.89. The relation between acceleration (peak or mean) and
duration of the acceleration phase was presented earlier by other authors (Zhang and Dere,
2006; Vršnak et al., 2007; Bein et al., 2011).

• There is also a relationship between duration of the acceleration phase and average ve-
locity during the propagation phase (Figure 4, right). CMEs accelerated for a shorter time
have larger velocity (and are accelerated more rapidly). CMEs accelerated for a longer
time have lower velocity. However, this relation varies slowly, thus even CMEs with a
longer tacc have very high velocity (in most cases larger than 1000 km s−1).

• Duration of the acceleration phase is also related to the height of CME at the end of
accelerated phase [hacc]. CMEs accelerated for longer time are accelerated to the greater
height (Figure 5, left), in most cases hacc > 5 R�. The correlation coefficient is equal
0.58, median for hacc is equal about 7 R�.

• Bein et al. (2011) demonstrated a relation between CME peak acceleration and peak ve-
locity for a large sample of events. For our sample of events we investigated the relation-
ship between average velocity during the propagation phase and acceleration during the
main acceleration phase (Figure 5, right). Correlation is strong with r = 0.84. Stronger ac-
celeration caused higher velocity during the propagation phase. In 12 cases, acceleration
during the main acceleration phase was low (a < 300 m s−2), despite the velocity being
high (v > 1000 km s−1) in most cases. This means that this high velocity was caused by
low, but prolonged, acceleration.

4. Discussion and Conclusions

Slow LDEs are very interesting events. Their rising phase is much longer than in typical
flares, while their impulsive phase is weak or does not exist. In a previous article (Bąk-
Stȩślicka, Mrozek, and Kołomański, 2011) we showed that despite the low value of the



514 U. Ba̧k-Stȩślicka et al.

Figure 5 Left: Relation between duration of the acceleration phase of CMEs and height of the CME at the
end of the acceleration phase. Right: Relation between main acceleration (obtained from the quadratic fit) and
velocity during the propagation phase. The straight lines show the best fit with the correlation coefficient [r].

heating rate, during the whole rise phase of a slow LDE the total released energy is huge.
In our examples presented by Bąk-Stȩślicka, Mrozek, and Kołomański (2011) it is around
1031 – 1032 erg. The same magnitude of energy is released during the decay phase of LDEs
(Kołomański, Mrozek, and Bąk-Stȩślicka, 2011). This value is larger, by at least an order
of magnitude, than the total energy released during the rise phase of a short-rise flares of
comparable GOES magnitude.

CMEs associated with such gradual flares evolve slowly. The acceleration phase corre-
sponds to the rising phase of a flare and prolonged acceleration causes high CME velocity.
We obtained a median value for CME velocity of 1423 km s−1, which is a much larger value
than in all previous studies. Recently Bein et al. (2012) analyzed 70 CMEs associated with
flares. This is the largest sample of CMEs for which the acceleration phase was analyzed in
detail. They found the median for vmax equal to 461 km s−1, but their analysis was based on
rather weak flares (only five M class flares, no X class). Even if we limit our sample to only
B and C class flares, associated CMEs have median velocity of 1100 km s−1. Therefore the
higher velocity in our sample of events does not result from the presence of stronger flares.
For our events with a large span in GOES class (from B to X class) we obtained a good
correlation (r = 0.77) between the SXR flux and CME velocity. This is a much stronger
correlation than the relation presented by Bein et al. (2012). It may suggest that this group
of CMEs is very consistent and strongly associated with slow LDEs.

A relation between CMEs and associated slow LDEs is also observed in the a vs. GOES
flux relation (Figure 2, right). A similar relation was presented by other authors (Maričič
et al., 2007; Bein et al., 2012), but they determined the peak of the CME acceleration, not
the mean value of acceleration as in our cases. The power-law relation with the index 0.35
obtained for our sample of events (with r = 0.66) is similar to the relation obtained by
Maričič et al. (2007) (power-law index 0.36) but this differs from the relation obtained by
Bein et al. (2012) (power-law index 0.14). This difference may be caused (as in the previous
relation) by the fact that the authors analyzed flares in a narrow GOES class range. Reeves
and Moats (2010) used a model of solar eruptions to investigate the relationship between the
CME kinematics, thermal-energy release, and soft X-ray emissions in solar eruptions. They
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modeled a power-law relationship between the peak acceleration of a flux rope and the peak
GOES flux with the indices 0.39 – 0.49.

Not only does the GOES flux correlate with the CME parameters. Duration of the rising
phase of a flare is also correlated to the CME acceleration (Figure 3, left) and duration of the
acceleration phase (Figure 3, right). This first correlation is quite strong (r = −0.75). The
second relation (tfl vs. tacc) is even stronger (r = 0.82) with the power-law index 0.56. The
same positive correlation was presented by Maričič et al. (2007), but the power-law index
was different, 1.35. This difference may be caused by the different method used to fit to
the CME height–time profile. For most of our events the duration of the CME acceleration
phase was longer than the duration of the flare rising phase, which is consistent with the
results obtained by Maričič et al. (2007). For our sample of events the median for tacc is 90
minutes and the median for tfl is 72 minutes.

Comparing to previous reports mentioned above, CMEs associated with slow LDEs
showed stronger correlations between CMEs and flares parameters. This may be connected
with the fact that we analyzed a narrowly selected group of events (i.e. tfl > 30 minutes) or
with another yet unknown factor. All these relations show that even for gradual flares the du-
ration of the CME acceleration phase corresponds to the duration of the flare rising phase.
The second very important conclusion is that, despite low acceleration, CMEs associated
with slow LDEs are much faster than the average CME due to their prolonged acceleration
phase.

CME acceleration correlates with the duration of the acceleration phase. All CMEs with
tacc > 90 minutes are characterized by low acceleration during the main acceleration phase
(a < 300 m s−2). This relation, for our sample of events, is steeper (power-law index −2.17)
than the relation presented by other authors (Zhang and Dere, 2006; Vršnak et al., 2007;
Bein et al., 2011). For the analysis made by Vršnak et al. (2007) and Bein et al. (2011) it
is, respectively, −1.14 and −1.09. In the latter relation, the authors also took into account
CMEs without associated flares. The difference in the inclination may be caused by the
fact that we determined the mean CME acceleration during the main acceleration phase,
which is smaller than the CME peak acceleration derived in other studies. Another reason
for this difference may be the fact that in a few cases (with very long acceleration phases) we
determined tacc based on only LASCO-C2 and LASCO-C3 data (see Table 2), which may
lead to underestimation of the tacc. We may notice that if we exclude two CMEs with the
lowest value of acceleration (events No. 7, 24) the relation becomes flatter than the current
one and the result will be similar to results obtained by Vršnak et al. (2007). The correlation
between tacc vs. v is weaker (r = −0.59) than the previous one, but clearly visible. This
relation is flat; thus even CMEs with the low value of acceleration have high velocity during
the propagation phase (for most of the cases velocity is larger than 1000 km s−1). This high
velocity is caused by the prolonged acceleration phase.

There is another very interesting relation between duration of the acceleration phase and
the height that the CME attains at the end of the acceleration phase. CMEs are usually
accelerated in the low corona, but for our slowest evolving CMEs this height may reach
even 10 R� (see Figures 1, 5 left) and for most of the cases is was higher than 5 R�.
Statistical analysis (Bein et al., 2011) showed that a majority of CMEs were accelerated up
to height < 1 R�. For our sample of events the median value of CME height at the end of the
acceleration phase is much higher, about 7 R�. Such a prolonged acceleration phase during
which CME attain very high height was reported earlier, e.g. Maričič et al. (2004). The
CME analyzed by Maričič et al. (2004) is a typical CME associated with a slow LDE and is
on our list of events. In all previous reports the authors calculated the heights at which the
CME reaches its maximum acceleration and maximum velocity, and it is hard to compare
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those values directly with our results. However, the height that we obtained for the end of
the acceleration phase is much higher than previously reported.

The last interesting result is a correlation (with r = 0.84) between acceleration during the
main acceleration phase and average velocity during the propagation phase (Figure 5, right).
A similar relation (between CME peak acceleration and peak velocity) was presented by
Bein et al. (2011) for a large sample of events. The relation presented by Bein et al. (2011)
is more scattered, but when we compare both plots we notice that our group lies at the upper
end of the Bein et al. (2012) relation.

Slow LDEs are flares that are connected with very fast CMEs. Therefore, they are a
group of events that may potentially precede strong geomagnetic storms. From this point of
view the analysis of slow LDEs and associated CMEs may give important information for
developing more accurate space-weather forecasts, especially for extreme events. A more
detailed investigation of the conditions in the solar atmosphere that lead to the slow LDEs
occurrence is needed. Moreover, the mechanism of the prolonged acceleration up to several
solar radii should be carefully inspected from the observational and theoretical point of view.
The work is in progress. In the next article we will investigate CMEs associated with slow
LDEs in more detail: e.g. estimation of the mass and energy of the CMEs and also analysis
of acceleration process and configuration of magnetic field during such events.
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