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Abstract

We present a statistical analysis of the relationship between the acceleration of the leading edge of coronal mass ejections (CMEs) and eruptive prominences (EPs). We study the main acceleration phase of 18 CMEs in which kinematics was measured from the pre-eruption stage up to the post-acceleration phase using the data provided by the Extreme Ultraviolet Imaging Telescope, the Mark-IV K-coronameter of the Mauna Loa Solar Observatory, and the Large Angle and Spectrometric Coronagraph. We find a distinct correlation between the duration of the leading edge acceleration phase and prominence acceleration phase. In the majority of events (78%) the acceleration phase of the leading edge is very closely synchronized with the acceleration of the prominence ((20 min). However, in two events acceleration of the leading edge started earlier than the acceleration of the prominence (>50 min), and in two events prominence acceleration started earlier than the acceleration of the leading edge (>40 min). 
Subject headings: Sun: coronal mass ejection (CMEs) 

Introduction

Coronal mass ejections (CMEs) are eruptions of large-scale coronal magnetic field structures, capable of launching 1013  kg of plasma into interplanetary (IP) space at speeds ranging from several tens of km s-1, to more than ~2000 km s-1 [4]. The height-time measurements show that kinematics of CMEs is characterized by three distinct phases:  (1) a slow rising motion (this phase may last for hours, and is usually considered to be an quasi-stationary evolution of the pre-eruptive structure through a series of equilibrium states), (2) the main acceleration phase (most often starting by an exponential-like development), and (3) a post-acceleration phase (CME showing approximately constant velocity, or weak residual acceleration/deceleration) [10]. The first two phases occur mainly in the inner corona (at radial distances <2 solar radii), while the third phase characterizes the motion in the outer corona. 
CMEs often expose a three-part structure: the eruptive prominence (hereinafter, EP), the cavity, and the leading edge (hereinafter, LE). Observations in EUV, soft X-rays, as well as the solar eclipse observation, have revealed an analogous quiescent prominence/corona structure (the EP is usually found in a coronal void nested in the helmet streamer), indicating that the basic CME morphology has its roots in the pre-eruption magnetic field configuration. A comparison of the height, speed, and acceleration time profiles of these three CME components provides an important information on the CME initiation process and the CME dynamics. 
A number of studies presented evidence of synchronized kinematics of different parts of the CME ([2], [3], [4], [6], [7], [8], [9], [10], [11], [12], [13], [14] and [15]). However, observations were not always elaborated quantitatively and different sets of instruments were used, making comparison and systematization of empirical results difficult and ambiguous.

In this paper, we systematize the synchronization of the main acceleration of the LE and the EP (as a basic parts of CME) using a relatively large sample of events, all observed by the same set of the three instruments. We employ the data from the Extreme Ultraviolet Imaging Telescope (EIT) onboard Solar and Heliospheric Observatory (SoHO), the Mark-IV K-coronameter (MK-IV) of the Mauna Loa Solar Observatory (MLSO, and the Large Angle and Spectrometric Coronagraph (LASCO) onboard SoHO. The main advantage of using these data is the overlapping field-of-view of these three instruments.
Observations

The analysis of the kinematics is based on the distance-time measurements of the top of the leading edge and the top of the eruptive prominence. After the corresponding features in EIT, MK-IV, and LASCO C2/C3 images were properly associated, the height-time data, h(t), were joined for a given feature and smoothed. The smooth function uses a symmetric n nearest-neighbor linear least-squares fitting procedure (in which n is adaptively chosen) to make a series of line segments through our data. Then, we have determined the speed by using two successive smoothed data points: v(tvi) = (r(ti+1)-r(ti))/(ti+1-ti), where r(ti) is the radial distance at the time ti, whereas tvi is defined as tvi = (ti+1+ti)/2. In the following step, we have determined the acceleration by applying:  a(tai) = (v(tvi+1)-v(tvi))/(tvi+1-tvi), where v(tvi) is the speed at the time tvi and tai = (tvi+1+tvi)/2. 

From the acceleration time-profile we determined the times of the onset, the maximum, and the end of the acceleration phase (te, tb, and te, respectively), as well as the peak acceleration (am), and the durtion of the acceleration phase (Ta=te-tb). The average accelerationis is calculated as aaver = (vm-vb)/(tvm-tb), where vm is the peak velocity, vb is the velocity at the onset of the acceleration phase, whereas tvm and tb are the corresponding times. Note that in an ideal situation tvm and te should be identical. However, in a real situation they usually differ, since a(t) often shows several “oscillations” around a=0 at the end of the acceleration stage, so it is often difficult to estimate te. 
Results

The acceleration phase duration, Ta, for LEs vary from 35 min up to 10 h, and for EPs from 50 min up to 10 h. The distribution peaks, for both LEs and the EPs at the bin 100 – 200 min (the average value for the leading edge amounts to 180 min, while for the prominence amounts to 173 min). The distribution of delays between the LE and EP peak-accelerations, tm, has maximum at t = 0 and shows a slight asymmetry towards t < 0 (Fig. 1). The distribution is characterized by tm= -9 ( 14 min (negative value means that the acceleration-peak of LE occurs before the acceleration-peak of EP). However, we emphasize that the time lag in some events is larger than 30 min. 
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In the majority of events (14 out of 18; 78%) the beginning of the acceleration phase of the leading edge and the prominence are strongly synchronized (within (20 min). However, in the two events (11%) the LE acceleration starts 50 min earlier than the EP acceleration, and in the remaining two events EP starts to accelerated 40 min earlier than the LE. So, in four events there was a considerable mismatch between the acceleration phases of the leading edge and the prominence. The distributions of the delays of the onsets and ends of the acceleration phase are characterised by tb = -1 ( 26 min and te = -14 ( 52 min, respectively. Thus, the onset and the end of the acceleration phase of LE and EP also tend to be synchronized.

We also find that normalized time lags between acceleration-peaks of LE and EP, tm/Ta, range from -0.69 to +0,08. The distributions of tb/Ta, tm/Ta, and te/Ta, are shown in Figures 2a-c, respectively. Distributions are characterized by mean values tb/Ta = 0.09 ( 0.32, tm/Ta = -0.14 ( 0.22, and te/Ta = 0.08 ( 0.43. This clearly shows that in most events LE and EP acceleration phases are well synchronized, with lags ranging on average around ( 10 %.

In the Figure 3a we show the relationship between peak- speeds of LEs and EPs. The graph shows a linear dependence between these two parameters, i.e., larger LE speeds, on average are associated with larger EP speeds. The linear dependence is characterized by the slope k = 1.31. Note that if the event of the largest vmLE would be removed, the correlation coefficient would increase from C = 0.71 to C = 0.84, and the linear coefficient than  would become k = 1.24. 
The correlation of the LE peak acceleration and the EP peak acceleration is shown in Figure 3b. The graph reveals a distinct correlation, where the LE accelerations are almost twice larger than EP accelerations. If the data would be fitted by the power-law one would get amLE = 2.14 ( amEP 0,92, with correlation coefficient C=0.79. 
In Figure 3c we present the correlation between the acceleration phase duration of LEs and EPs. On average, longer acceleration phase of LE is associated with longer acceleration phase of EP. The graph shows a linear dependence between these two parameters, characterized by the slope k = 1.05, the correlation coefficient C = 0.92, and F-test statistical significance larger than 99%. This reveals that the acceleration phase duration is practically equal for LEs and EPs. 
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In Figure 3d we display the dependence of the peak acceleration on the acceleration phase duration for LEs and EPs. The correlations for LEs and EPs are characterized by the power-law fits aLE = 3.6 ( 104 ( TaLE -1,08 and aEP = 3.5 ( 104 ( TaEP -1,14, respectively. We find that weaker accelerations of LEs and EPs are associated with longer acceleration phase durations. 
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Conclusion

In this paper, we analyzed the synchronization of the main acceleration phase of LEs and EPs (as a basic parts of CMEs) using a relatively large sample of events, all observed by the same set of instruments (MLSO MKIV, SOHO LASCO C2/C3, and SOHO EIT). We summarize the results as follows: 

· The highest speed of the LE is on average 190 km/s larger than the highest speed of the EP;  
· The peak acceleration of the LE is on average 140 ms-2 larger than the peak acceleration of the EP; 

· The highest speed of the LE is proportional to the highest speed of the EP, showing a correlation vmLE = 1.31 ( vmEP ; 

· The peak accelerations of LEs and EPs are strongly correlated and for the analyzed sample show a dependence aLE = 1.77 ( aEP ; 

· The duration of the LE acceleration phase is proportional to the duration of the EP acceleration phase, TaLE = 1,05 ( TaEP (on average, durations of the LE and EP acceleration phases are nearly equal); 

· In the majority of events (78%) the acceleration of the LE and the EP began almost simultaneously (within (20 min);  however, in two events the LE acceleration began considerably earlier than the acceleration of the EP (>50 min), while in two events the EP acceleration began before the LE acceleration (>40 min); 

· The LE and EP acceleration peaks are on average highly synchronized (the distribution peaks at t = 0). However, the time lag in some events is larger than 30 min. 

· Durations of the LE and EP acceleration phases are anti-correlated with the peak acceleration. 
Our results show that acceleration phases of LEs and EPs are closely correlated in the majority of events, confirming the suggestion by [4]. that the prominence eruption starts simultaneously with the CME take-off. Moreover, the results indicate that in most events the eruption proceeds in a “self-similar" manner, e.g., like in the event described by [8]. This means that LE and EP behave as parts of a common erupting magnetic structure, as e.g., in the flux-rope model proposed by [1]. Since during the eruption the flux-rope broadens, its outer parts propagate faster than its central parts, implying that the measured acceleration and velocity are higher for LE than for EP that is nested below the flux-rope axis.

On the other hand, our results might indicate that EP acceleration peaks somewhat later than the LE acceleration, which might be related to a larger inertia of the dense EP plasma. Furthermore, in two events the EP could be considered as a driver of the eruption since EP acceleration starts significantly earlier than LE acceleration. On the other hand, in two events the prominence eruption seems to be a consequence of the CME take-off, since it started to accelerate significantly later than the LE.

We would like to thank the GOES, MLSO, SOHO, and Yohkoh teams for developing and operating the instruments and we are grateful for their open data policy.  
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TABLE I
Kinematical properties of the analyzed events.
	date
	LASCO
	vmLE
	vmEP
	amLE
	amEP
	TaLE
	TaEP
	(tb
	(tm
	(te
	(tb/Ta
	(tm/Ta
	(te/Ta

	
	UT
	kms−1
	kms−1
	ms−2
	ms−2
	[min]
	[min]
	[min]
	[min]
	[min]
	
	
	

	26 02 2000
	23:54
	778
	469
	234
	164
	113
	113
	18.3
	-6.7
	18.3
	0.16
	-0.06
	0.16

	28 06 2000
	19:31
	1466
	626
	1293
	403
	57
	50
	9.6
	-8.3
	16.7
	0.17
	-0.15
	0.29

	23 04 2001
	19:09
	365
	273
	40
	17
	330
	388
	41.7
	3.3
	-16.7
	0.13
	0.01
	-0.05

	25 05 2001
	17:26
	958
	961
	300
	299
	122
	105
	-1.3
	-4.7
	15.9
	-0.01
	-0.04
	0.13

	08 01 2002
	18:30
	480
	275
	120
	93
	161
	112
	3.2
	-5.6
	52.5
	0.02
	-0.04
	0.33

	09 03 2002
	22:30
	371
	290
	270
	150
	48
	115
	3.3
	-33.3
	-63.3
	0.07
	-0.69
	-1.31

	06 06 2002
	17:54
	745
	534
	90
	70
	240
	215
	-8.3
	18.3
	16.7
	-0.04
	0.08
	0.07

	16 02 2003
	23:08
	491
	461
	270
	69
	85
	152
	5
	-15
	-61.7
	0.06
	-0.18
	-0.73

	18 02 2003
	2:42
	802
	693
	209
	182
	151
	151
	0
	0.5
	0
	0
	0
	0

	14 03 2003
	18:06
	881
	642
	382
	330
	57
	103
	43.3
	-36.7
	-3.3
	0.77
	-0.65
	-0.06

	15 03 2003
	21:54
	629
	475
	76
	62
	295
	213
	-3.3
	-15
	78.3
	-0.01
	-0.05
	0.27

	26 04 2003
	21:50
	705
	427
	193
	154
	153
	120
	-10
	-16.7
	23.3
	-0.07
	-0.11
	0.15

	15 07 2003
	22:30
	540
	568
	132
	268
	105
	67
	-63.3
	-31.7
	-25
	-0.6
	-0.3
	-0.24

	21 10 2003
	19:54
	640
	471
	51
	73
	460
	285
	-51.7
	-1.7
	123.3
	-0.11
	0
	0.27

	12 11 2003
	18:30
	940
	670
	363
	164
	63
	92
	1.7
	-1.7
	-26.7
	0.03
	-0.03
	-0.42

	18 08 2004
	17:54
	740
	534
	766
	160
	35
	90
	35
	-11.7
	-20
	1
	-0.33
	-0.57

	06 09 2005 I
	20:00
	1235
	998
	244
	246
	165
	155
	-3.3
	3.3
	6.7
	-0.02
	0.02
	0.04

	06 09 2005 II
	21:12
	715
	665
	40
	39
	593
	593
	-1.7
	3.3
	116.7
	0
	0.01
	0.2

	aver.
	
	749
	557
	281
	136
	179
	173
	1
	-8.9
	14
	0.09
	-0.14
	-0.08

	st.dev.
	
	282
	202
	305
	108
	152
	133
	26.8
	14.2
	51.9
	0.33
	0.22
	0.43
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Fig. 2. Distribution of the normalized time lags between: a) beginning of the acceleration phase of LEs and EPs; b) the acceleration peak of LEs and EPs; c) the end of the acceleration phase of LEs and the EPs.
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Fig. 1. Distribution of the time lag between the acceleration peak of the leading edge and the prominence. Negative values mean that the LE acceleration peak occurs before the EP acceleration peak.
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Fig. 3. a) Leading edge peak-velocities shown as a function of the prominence peak-velocities; b) Leading edge peak acceleration show as a function of the prominence peak acceleration.; c) Relationship between the leading edge acceleration phase duration and the prominence acceleration phase duration; d) Leading edge peak acceleration (dots) and prominence peak acceleration (crosses) show as a function of the leading edge acceleration phase duration and the prominence acceleration phase duration, respectively. In the insets the linear last squares fit is shown, together with correlation coefficients, C. The F-test of statistical significance of all correlations is P > 99%. The gray line in a) and b) represents y=x line. Errors of individual values in od graphs are smaller then the scatter of data-points.
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