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Abstract. We have analyzed the fast coronal mass 

ejection (CME) that occurred on February 25, 2014. The 

analysis is based on images taken in the 131, 211, 304, 

and 1700 Å UV channels of the SDO/AIA instrument 

and from observations obtained in the Hα line (6562.8 Å) 

with the telescopes of the Teide and Big Bear Observa-

tories. 

The February 25, 2014 CME is associated with the 
ejection and subsequent explosive expansion of the 

magnetic flux rope, which appeared near the solar sur-

face presumably due to the tether-cutting magnetic re-

connection. 

The impulse of full pressure (thermal plus magnetic) 

resulting from such an “explosion” acts on the overlying 

coronal arcades, causing them to merge and form an 

accelerated moving frontal structure of the CME. This 

pressure impulse also generates a blast collisional shock 

wave ahead of the CME, whose velocity decreases rap-

idly with distance. At large distances R>7R0 (R0 is the 

solar radius) from the center of the Sun in front of the 

CME, a shock wave of another type is formed — a “pis-

ton” collisional shock wave whose velocity varies little 

with distance. 
At R≥15R0, there is a transition from a collisional to 

a collisionless shock wave. 

Keywords: coronal mass ejection, magnetic rope, 

coronal arcades, blast shock wave, solar wind, collision-

al and collisionless shock waves.  

 

 

 

INTRODUCTION 

From the results of experimental studies and the use 

of modeling techniques, it has been reliably established 

that a typical coronal mass ejection (CME) is a magnet-

ic flux tube filled with plasma whose two bases are 

rooted in the photosphere [Krall et al., 2000; Thernisien 

et al., 2009]. Note that the magnetic flux tube as a twist-

ed magnetic tube has an additional magnetic field com-

ponent perpendicular to the main longitudinal field of 

the tube. In theory for the sake of simplicity, the mag-

netic flux tube is generally considered.  

According to kinematic characteristics, CMEs are 

divided into two groups: gradual (slow evolving) and 

impulsive [Sheeley et al., 1999]. CMEs, although by 

other names (flare-associated and eruption-associated), 

were first classified in [MacQueen, Fisher, 1983]. 
The CME formation mechanism is still unclear. Es-

pecially unclear is one of the main moments of CME 
formation, namely, whether the magnetic tube (rope) in 
all cases exists and is located above the photosphere (in 
the chromosphere/corona) before the eruption or it, at 
least in some events, may be erupted from the convec-
tion zone. The answer to this question determines, to 
some extent, the validity of the classification of CMEs 
into gradual and impulsive, and hence the possibility of 
existence of at least two different CME formation 
mechanisms. 

The existence of gradual CMEs has been proved ex-

perimentally. In particular, Patsourakos et al. [2013] were 

the first to observe and study the evolution of the magnet-

ic rope of a gradual CME (July 19, 2012) on the limb, 

which formed over an active region at a very low height 

h<0.2R0 (R0 is the solar radius). A number of papers 

[Hundhausen, 1999; Sheeley et al. ,1999; Bemporad et 

al., 2007; Eselevich, Eselevich, 2011] describe the for-

mation of gradual CMEs at 0.1R0<h<1.0 R0. 

Picture of the formation of gradual CMEs is as fol-

lows. In the corona there is a magnetic rope filled with 

plasma whose two bases are rooted in the photosphere. 

In response to the development of instability, it erupts 

from the Sun. The instability type that leads to the erup-

tion and causes of its development are not entirely clear, 

despite a number of mechanisms being examined [Anti-

ochos et al.,1999; Amari et al., 2000; Magara, Longcope, 

2001; Gibson et al., 2006; Archontis, Hood, 2008]. 
As one of the most common mechanisms of magnet-

ic rope formation and its subsequent eruption a so-called 

tether-cutting magnetic reconnection is considered 

[Moore, LaBonte, 1980; Moore et al., 2001]. During 

this process, the system of crossed magnetic loops with 

shear reconnect above the neutral magnetic line, thus 

leading to the formation of the rope and its subsequent 

eruption due to reduction in the dampening effect of 

magnetic tension. The validity of the tether-cutting 

model is confirmed by a number of observations and 

numerical calculations (e.g., [Zhang et al., 2001; Ster-

ling, Moore, 2005]). The possibility of contribution of 

the kink instability to the eruption is also discussed 

[Kliem et al., 2004; Shen et al., 2012]. 

According to [Schmieder et al., 2013], more than 80 

% of all observed CMEs are triggered by eruption of 

solar filaments, which in fact are also magnetic ropes or 

are located inside the ropes. A possible way of imple-

menting this trigger mechanism is described in [Grech-

nev et al., 2016; Fainshtein, Egorov, 2015]. 

Another CME type is impulsive CMEs. Their for-

mation is assumed to be linked to the eruption of a 

magnetic flux tube with a relatively cold plasma from 
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the convection zone. This possibility has been predicted 

within the theory of thin magnetic flux tube as a result 

of the development of a slow wave or Parker instability 
[Moreno-Insertis et al., 1992; Alekseenko et al., 2000; 

Romanov et al., 1993a]. The main conclusions of the 

theory and their comparison with experimental results 

are given in [Romanov et al., 1993b; Eselevich et al., 

2013; Eselevich, Eselevich, 2014]. 

To directly prove the eruption of magnetic flux tubes 

from the convection zone, which trigger CMEs of this 

type, it is desirable to have solar magnetic field measure-

ments with a time resolution ~1–10 s, which cannot be 

provided by modern magnetographs, such as SDO/HMI 

and SOHO/MDI having a resolution of ~1 min. 

Nonetheless, a quickly emerging magnetic flux tube 
can be detected by indirect methods. Eselevich, 

Eselevich [2015] through the analysis of the January 5, 

2013 event without eruption of matter (active promi-

nence, or jet) have shown the following: CME might be 

formed by ejection of a plasma portion (cavity) with 

lower brightness from the Sun, as viewed in the 193 Å 

channel. After analyzing the three-dimensional structure 

of the cavity, its dynamics and kinematics, and compar-

ing the analysis results with theoretical predictions, the 

authors could identify the cavity with the magnetic flux 

tube (rope) filled with cold and rarefied (compared to 
ambient) plasma ejected at high speed from the convec-

tion zone to the solar atmosphere. 

A similar situation was recorded for the CMEs that 

occurred on April 27, 2011 [Eselevich, Eselevich, 2013] 

and on March 25, 2008 [Eselevich, Eselevich, 2011], 

which were accompanied by an active prominence (jet). 

There is also a point of view that impulsive CMEs 

may arise from imbalance in existing magnetic ropes 

(see, e.g., [Temmer et al., 2008; Zagainova, Fainshtein, 

2015; Eselevich et al., 2016]). 

The aim of this work is to study features of the for-

mation of the February 25, 2014 CME and its related 

shock wave. The initial phase of this event has already 
been investigated in [Chen et al., 2014] and it has been 

found that the eruptive magnetic rope is formed due to 

tether-cutting reconnection. 
 

1. DATA AND METHODS OF ANALYSIS 

Analysis is based on UV images taken with 

SDO/AIA in the 131, 171, 211, 304, 1700 Å channels 

[Lemen et al., 2012]. The time interval between the 

SDO/AIA images is ~12 s, spatial resolution is 1.2 

arcsec (two pixels), which corresponds to 0.00125R0, if 

expressed in fractions of the solar radius. The field of 

view of the instrument is up to ~1.4 R0.  
We have also used images obtained in the Hα line 

(6562.8 Å) with telescopes of the Teide (Spain) and Big 

Bear (USA) observatories under the NSO Synoptic Inte-

grated Program (NISP) [https://www.nso.edu/telescopes/ 

nisp] with a time resolution of ~1 min. 

White-light corona, Hα, and UV images were pre-

sented as difference brightness images with a fixed ini-

tial time 

ΔP=P(t)–P(t0),  

where P(t0) is the undisturbed brightness at t0 before the 

event of interest; P(t) is the disturbed brightness at any t>t0. 
We have used the difference images (Figure 1) to 

study the CME dynamics. To do this, we plotted distribu-

tions of ΔP(R) relative to the solar center along the radius 

at a fixed position angle PA at different times. The posi-

tion angle PA is measured in solar images from the north 

pole counterclockwise. In some cases, we utilized run-

ning difference brightness images ΔPR=P(ti) – P(ti–1), i.e. 

constructed from two images adjacent in time. 

 

Figure 1. Difference images in the 304 Å channel for successive points in time showing the evolution of the February 25, 
2014 CME (from SDO/AIA data). Positive counting of the distance from the center of the Sun along the Y-axis — to the north, 

along the X-axis — to the west. Distances are normalized to the solar radius R0 

https://www.nso.edu/telescopes/%20nisp
https://www.nso.edu/telescopes/%20nisp
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The difference brightness images were used to con-

struct the distributions of ΔP(r) or ΔPR(r) at different 
angles α relative to the axis of CME motion (directed 

along a certain PA) with an averaging angle δα at differ-

ent times (the α angle estimate is positive counter-

clockwise, Figure 1, a). Distance r was measured from 

the center O, located along the axis of CME motion at 

Rc from the Sun’s center (in Figure 1, a, Rc=1R0). The 

distances R from the Sun’s center and r are related by 

R=(Rc
2 +r2+2rRccosα)1/2. 

 

2. ANALYSIS OF THE FEBRUARY 25, 

2014 CME  

2.1. Dynamics of CME occurrence according 

to data in cold UV channels (304 Å, 1700 Å) and 

in the Hα line  

The event of interest occurred in active region 

11990 (heliographic coordinates S15, >E65) and was 

accompanied by an X4.9 flare at 00:39 UT on Febru-

ary 25, 2014. Coordinates of the flare are S12E82, i.e. 

the event took place on the visible portion of the disk 
near the limb. 

Pictures of the initial phase of the CME differ when 

observed in relatively cold channels of 1700 Å (T≈5·10 3 

K), 304 Å (T≈5·10 4 K), Hα line 6562.8 Å (T≈8·10 3 

K), and in hot channels of 131 Å (T=10 7 K), 171 Å 

(T=6.3·10 5 K), and 211 Å (T=2.1·106 K) [Lemen et 

al., 2012]. Thus, for the 171, 193, and 211 Å channels, 

the temperatures correspond to the temperature response 

function maximum; and for the 131 Å channel, the tem-

perature corresponds to the hottest local maximum of 

temperature response function. 
It is important to note that the 1700 Å channel reflects 

the band in the vicinity of the respective wavelength of the 

continuous spectrum of solar surface emission in a black-

body approximation [Vernazza et al., 1973; Gibson, 1977]. 

Within this approximation, it allows us to estimate the min-

imum photospheric temperature (region of minimum tem-

perature) at heights 400–600 km [Vernazza et al., 1976]. 
Let us study the initial phase of this CME by consid-

ering running difference brightness images in the cold 

channel of 304 Å at successive points in time (Figure 
1,a–f). It is clear that before the event at t0≈00:36:32 UT 
in difference images there are no disturbances (Figure 1, 
a). This, however, is not entirely consistent with 
AIA/SDO direct images. Chen et al. [2014] have ana-
lyzed a sequence of AIA/SDO direct images in the 94, 
131, 211, 304 Å channels for the February 25, 2014 
CME and have shown that there was a filament (prom-
inence) in the active region before the eruption and the 
flare, as well as a system of magnetic loops crossed 
over the neutral line. This is well illustrated in Figure 2 
[Chen et al., 2014], in which the filament is seen until 
00:35 UT. 

The authors [Chen et al., 2014] argue convincingly 
in favor of the formation of the magnetic rope contain-
ing the filament through the tether-cutting magnetic 
reconnection. 

The system of crossed magnetic loops with shear re-
connects over the neutral magnetic line, thus leading to 
the formation of a rope containing a filament and their 
subsequent eruption due to a decrease in magnetic ten-
sion. Since the velocity of the filament is close to the ve-
locity of the rope, the kinetic energy of the filament, in 
view of the higher density of material in it, is obviously 
much greater than the kinetic energy of the rope. There-
fore, the role of a moving filament in disturbing the am-
bient corona is crucial. This paper also discusses the pos-
sibility of kink instability contribution to the eruption. 

Let us analyze the dynamics of the event for 
t0 ≈00:36:32 UT on the basis of the temporal sequence 
of difference brightness images presented in Figure 1. 
From ~00:39:32 UT (this point in time is absent in Fig-
ure 1) near the limb at R≈1.0 R0 (at ~ 00:39:44 UT, Fig-
ure 1, b), a small arcade with increasing brightness ap-
pears. The arcade (its leading part is designated as LP in 
Figure 1, d) first is left in place and then begins gradual-
ly moving from the Sun to the position angle 

PA≈102(dashed line in Figure 1). Subsequent images 
(Figure 1, e – f) show rapid acceleration and expansion 
of this bright arcade, which takes the form of a shell 
encompassing a dark cavity (its angular size d is dis-
played in Figure 1, e) — it is, in fact, a characteristic 

 

Figure 2. Difference images obtained for close times in the 304 and 1700 Å channels and in the Hα line (according to data 
from SDO/AIA and telescopes of the Teide (Spain) and Big Bear (USA) observatories under NISP [http://gong2.nso.edu]) 

 

http://gong2.nso.edu/
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cross-section of the magnetic flux tube (rope) with 

plasma, which is usually called active prominence 

[Priest, 1985]. The magnetic rope in the cold channel of 

1700 Å and in the Hα line exhibits a similar develop-

ment. This is evident from the comparison between dif-

ference images for close moments in both cold (Figure 

2) and hot channels (see, e.g., Figure 3). However, in 

hot channels such as the 211 Å channel, in addition to 

the heated shell of the erupted magnetic rope we can 
watch other CME formation signatures in the corona, 

which are recorded as arcades (marked with numerals 1, 

2, 3 in Figure 3, a, b). This will be discussed in more 

detail in what follows. 

The formation of the erupted magnetic rope, or rather 

its leading part (LP), can be analyzed in greater detail 

from difference brightness distributions ΔP (R) in the 304 

Å channel, built in the direction of PA≈102° (dashed line 

in Figure 1) at t0=00:36:20 UT (averaged over the angle 

δα=1°) for successive points in time on February 25, 

2014 (Figure 4). 

Figure 4, a, b shows that from t≥00:36:32 UT, LP of 
the magnetic rope is formed: the maximum of its differ-

ence brightness ΔPmax increases, while remaining at 

R≈1.003 R0 nearly until t≈00:42:08 UT (Figure 4, a, b). 

This means that, when formed, the magnetic rope was near 

the solar surface and its brightness began enhancing due to 

the development of some dissipative processes in it. 

The spatial size δI of the decrease in ΔPmax to ΔPmax/10 

is shown in Figure 4, b–h by a horizontal dashed line. 

According to [Eselevich, 2010], it characterizes the 

width of the current sheet of a spatial plasma density 

irregularity with frozen magnetic field or the width δI of 

the magnetic rope LP front in the ΔP profile. The possi-

bility of such identification of δI is due to the fact that to 

an abrupt change in ΔPmax on a sufficiently small spatial 

scale should correspond a plasma density irregularity in 

the corona. In turn, the rarefied plasma density irregu-
larity can be provided only by the magnetic field irregu-

larity (due to its freezing in plasma), which is equivalent 

to the presence of current on the same scale (for more 

detail, see [Eselevich, 2010]). 

The δI value remains virtually constant until 

t≥00:43:56 UT (Figure 4, d), then δI begins increasing 

rapidly as the difference brightness maximum of the 

magnetic rope LP moves away from the Sun (Figure 4, 

e–h). We can try to understand the reason by analyzing 

Figure 5, which shows a number of dependences in the 

direction of the position angle PA=102 (at Rc=0.97 R0; 

δα=1) for the magnetic rope LP. 
A kinematic curve of R/R0(t) for the middle point of 

the magnetic rope LP (cross in Figure 4) is presented in 

Figure 5, a. It was used to plot the dependence of V(R) 
in Figure 5, c from the formula V=(Ri+1–Ri)/(ti+1–ti). 

 

 

 

Figure 3. Running difference brightness images in the 211 Å channel for successive points in time showing the development 
of the February 25, 2014 CME (SDO/AIA data). FS is the CME frontal structure 
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Figure 4. Difference brightness distributions P as a function of distance R in the direction of the position angle 

PA=102 (at t0=00:36:20; Rc=0.97 R0; α=0; δα=1°) at successive points in time for the leading part (LP) of the magnetic 

rope in the February 25, 2014 event (according to AIA/SDO data in the 304 Å channel). The cross marks the middle point of 
the magnetic rope LP 

 

 

Figure 5. Dependences in the direction of the position an-

gle PA=102 (at Rc=0.97 R0; α=0; δα=1) for the leading part 

of the magnetic rope in the February 25, 2014 event 

Here, in the numerator is the difference between adja-

cent points along the X-axis in Figure 5, a; in the de-

nominator is the time interval between them. Referring 
to Figure 5, a, after the gradual increase in the velocity 

from zero the second notable acceleration of LP occurs 
at t≥00:44:00 UT (Figure 5, a) at a distance R≥1.025 R0 

(on the V(R) plot (Figure 5, c), the onset of the second 
acceleration is indicated by a vertical arrow). This ac-

celeration is connected with the onset of the sharp in-
crease in the width δI of the magnetic rope LP front in 

Figure 5, b (vertical arrow). As can be seen from Figure 
5, d, at t≥00:44:00 UT at R≥1.025 R0 a rapid expansion 

of the magnetic rope in transverse direction and, corre-
spondingly, an increase in its angular size dI also begin. 

Here, δI increases almost linearly as a function of dI 
(Figure 5, d). It is conceivable that one of the likely rea-

sons for the increase in δI with time at this stage is that 
the estimated difference brightness ΔP is averaged over 

the length of the structure along the line of sight, in-
creasing due to increasing magnetic rope diameter dI. 

 

2.2. Estimated plasma temperature distribu-

tion in LP of the erupted magnetic rope 

To estimate the plasma temperature distribution in 

LP of the erupted magnetic rope, we analyze the spatial 
difference brightness distributions normalized to ΔPmax 

in LP in the direction of PA=102 for several different 
UV channels and in the Hα line. 

First, let us compare the distributions ΔP(R)/ΔPmax in 

the 1700 Å cold channel (T≈5·103 K) and in the Hα line 

(T≈8·103 K) and in the hot channels of 171 Å (T=6.3·105 
K) and 211 Å (T=2.1·106 K) at an early stage of the event 

development at t≈00:42:55, when the magnetic flux tube 

(a) 

(b) 

(c) 

(d) 
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began moving with a relatively low velocity of ~60 km/s. 

With such a velocity of the magnetic flux tube and ≤6 s 

difference in the time of recording between different chan-
nels and the Hα line, a shift between their profiles is negli-

gible: ≤0.0005 R0. Figure 6, a suggests that positions of 

profile maxima in the 1700 Å channel (open circles) and in 

the Hα line (black triangles) roughly coincide. The profile 

width in the Hα line is ~1.5 times larger than that in the 

1700 Å channel. Distribution profiles in the hot channels of 

171 Å (open triangles) and 211 Å (crosses) are much nar-

rower than those in cold channels. Distribution maxima 

ΔP(R)/ΔPmax in hot channels coincide in position and are 

located more to the left than those in the 1700 Å channel 

and in the Hα line. 
Figure 6, b compares the spatial distributions 

ΔP(R)/ΔPmax in cold (304, 1700 Å) and hot (131, 211 Å) 
channels for a later time when the magnetic flux tube 
was located in the corona and had a velocity of over 
1000 km/s. When constructing the plot, we take as a 
basis the position of the distribution maximum 
ΔP(R)/ΔPmax for the 304 Å channel at 00:44:44 UT, 
whose difference brightness profile has been shown in 
Figure 4, e. 

By this time, the ΔP(R) profiles in all the channels 

are fairly clearly recorded (except for Hα) and their 

maxima move with a velocity V≈100 km/s in the radial 

direction at distances R≈(1.08÷1.12)R0 (Figure 5, c). 
Moments of recording for different channels differ by 

t≤11 s. Given the propagation velocity V≈1100 km/s at 

the selected distance, the difference in t for profiles in 
different channels is compensated by their respective shift 

in space by –R≈(–t)V (i.e., to the negative side with 
respect to the position of the profile in the 304 Å channel ). 

Thus, for the 304 Å channel at t=00:44:44 UT R=0, for 

the 1700 Å channel at t=00:44:55 UT R=–0.0176 R0, for 

the 211 Å channel at t=00:44:49 UT R=–0.008 R0 , for 

the 131 Å channel at t=00:44:46 UT R=–0.003 R0. 
Referring to Figure 6, b, in the general case brightness 

profiles of the magnetic rope LP in the hot channels of 131 

Å (black diamonds), 211 Å (crosses), as well as in the 

cooler channel of 304 Å (black circles) have already two 

adjacent maxima (at R≈1.087R0 and R≈1.094R0). 

First, compare the distributions ΔP(R)/ΔPmax in the 

1700 Å cold channel and in the Hα line with the distribu-

tions in the hot channels of 171 Å and 211 Å at the early 

stage of the event development at t≈00:42:55 UT. 

The interior maximum at R≈1.087R0 (Figure 6, b), 

in contrast to the previous time (Figure 6, a), is linked 

to the profile in the 1700 Å channel (line with open 

circles, gray background). Before it at R≈1.094 R0 

(Figure 6, b), narrow peaks appear in the profiles in the 

channels of 211 Å (crosses, marked with horizontal 

hatching) and 131 Å (diamonds) corresponding to tem-

peratures of 2.1·106 and 2·107 K [Lemen et al., 2012].  

On further motion of CME at t=00:44:55 (Figure 6, 

c), the difference brightness profile of LP in the 211 Å 

hot channel (crosses) already has one maximum, still 

shifted to the right with respect to the profile maximum 

in the 1700 Å cold channel (open circles). In Figure 6, c, 

for the profile in the 1700 Å channel R=0, while in the 

211 Å the channel R=–0.003 R0 with V≈1160 km/s. 

 

Figure 6. Spatial difference brightness distributions ΔP(R) 

normalized to ΔPmax in the direction of PA=102 (δα=1) in 

UV channels and in the Hα line for three consecutive times: a 
— at a time close to t≈00:43:00 UT in the Hα line (black tri-
angles, t≈00:42:54 UT) and in the channels of 1700 Å (open 
circles, t ≈00:42:55 UT), 171 Å (open triangles, t≈00:42:48 
UT), 211 Å (crosses, t≈00:42:49 UT); b — ΔP(R) at 
t=00:44:55 UT normalized to this time by shifting to a dis-

tance R with a velocity of the structure V≈1100 km/s, in the 
channels of 131 Å (black diamonds), the time of recording 

t=00:44:46 UT, R≈–0.003 R0; 211 Å (crosses), t=00:44:49 

UT, R≈–0.008 R0; 1700 Å (open circles), t=00:44:55 UT, 

R≈–0.0176 R0 ; c — at t≈00:44:55 UT in the 1700 Å and 211 

Å channels. The profile in the 211 Å channel was recorded at 

t=00:44:49 UT and normalized to t=00:44:55 UT by shifting 

to R≈–0.003R0 at V≈1160 km/s. The February 25, 2014 

event, SDO/AIA and NISP data [http://gong2.nso.edu] 

 
This pattern can be interpreted in accordance with 

the paper by Chen et al. [2014], in which the authors, by 

analyzing AIA/SDO direct images, have shown that in this 

event a part of the cold filament (the outer shell whose 

brightness profiles in the 1700 Å channel and in the Hα 

line are presented in Figure 6, a) at the beginning of the 

event was located over a part of the magnetic loops making 

up the magnetic rope (the inner shell; brightness profiles in 

the 131 and 211 Å channels in Figure 6, a). After the teth-
er-cutting reconnection, at least a part of field lines of the 

eruptive rope, visible in the 131 Å hot channel, rose above 

the cold material of the filament (the outer shell; brightness 

profiles in the 131 and 211 Å channels in Figure 6, b). 

Moreover, this process can be enhanced as the CME 

is moving away from the Sun: as shown in Figure 5, b, 

after t≈00:44:00 UT an explosive expansion of the 

magnetic flux tube begins in all directions. As a result, 

the temperature distribution inside LP can change rapidly: 

http://gong2.nso.edu/
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the outer shell becomes hotter, T≥2·106 K than the inner 

shell with T≈5000–8000 K (Figure 6, b, c). More accu-

rate temperature values in the shells can be provided by 
a more detailed quantitative analysis of brightness in 

different channels. 

 

2.3. Dynamics of CME occurrence in the 211 

Å hot channel  

In the hot channels of 94, 171, 193, and 211 Å, be-

sides the heated shell of the erupted magnetic rope with 

a relatively cold plasma, we can watch other signatures 

of CME formation in the corona. This is a fundamental 

difference between difference brightness images in hot 

channels and images in cold channels. Let us examine 

this difference by the example of images in the 211 Å 

channel. 

Compare the difference brightness images for adja-

cent points in time, which are displayed in Figure 2 and 

Figure 3, a. The images in the 304, 1700 Å cold chan-

nels and in the Hα line (Figure 2) demonstrate only the 

erupted magnetic rope the dynamics of the leading part 

of which has been analyzed above. The running differ-

ence brightness images in the 211 Å hot channel (Figure 

3, a) besides the magnetic rope exhibit an arcade, 

marked with numeral 1. At subsequent times in the 211 

Å channel, arcades 2 and 3 become visible (Figure 3 b, 

c). The shape of the arcades is close to circle. Dynamics 

of these arcades for three consecutive times reflecting 

the initial phase of the evolution of the event is seen in 

the images from the 211 Å channel (Figure 3, a–e). 

Over time, expanding, they move away from the Sun 

and merge into one frontal structure (FS) of CME (Fig-

ure 3, d, e). 

Because of the limited field of view on the left, let us 

analyze spatial distributions of the running difference 

brightness PR(r) in the direction of the angle α=60 

(dash-dot line in Figure 3, e–h) originating from the cen-

ter O, located at a distance Rc=1.12 R 0 along the position 

angle PA=102 (dashed line in Figure 3) at δα=1. The 

analysis shows that rates of expansion of the arcades with 

respect to the center O are approximately equal in the 

directions α=0, ±60. The profiles of PR(r) in the direc-

tion of α=60 for five consecutive times are shown in 

Figure 7. 

It can be seen that the appearance and brightness en-

hancement of arcade 1 occur at t≤00:43:37 UT (open 

and black circles in Figure 7, a); and those of arcades 2 

and 3, at t≥00:43:37 UT (Figure 7, b). At t≤00:45:13 

UT, arcades 4, 5, 6 of a larger diameter become visible 

(Figure 7, d). It is fair to assume that all these arcades 

gradually become visible due to a slight shift associated 

with the solar rotation. Let us explain why. 

The arcades studied are recorded only in hot chan-

nels (94–211 Å) and are a cross-section of quasi-

stationary coronal magnetic ropes, which contain a 

plasma with temperature T≥2·106 K isolated by the 

magnetic field from coronal plasma. This means that 

due to the shift caused by the solar rotation, they may 

become visible because fall into the background of ambi-

ent plasma of the corona with a somewhat lower density. 

 

Figure 7. Running difference brightness distributions PR 

as a function of distance r in the direction of the angle 

α=60emanating from the center O at a distance Rc=1.12R0 in 

the direction of PA=102 (see Figure 3, e) at δα=1at con-

secutive times for arcades 1, 2, 3 (see Figure 3, b) and 4, 5, 6 
in the February 25, 2014 event (according AIA/SDO data in 

the 211 Å channel) 

 
Between t≈00:45:13 UT (Figure 7, d) and t≈00:45:37 

UT (Figure 7, e, open circles), the situation changes dramati-
cally. Arcades 1, 2, and 3 approach, catching up each other, 
and arcades 4, 5, 6 explosively merge into a single frontal 
structure (FS in Figure 7, e) of future CME, as we have not-
ed when analyzing images in Figure 3. 

The onset of these processes roughly coincides with 
the onset (after t≈00:44:30 UT) of the explosive accelera-
tion and expansion in Figure 5, a, b (arrow) of the erupted 
magnetic flux tube with hot plasma. 

Further FS dynamics in time can be observed from 

the running difference brightness profiles PR(r) in the 

direction of α=60shown in Figure 8, a–d and duplicated 
in a larger scale in Figure 8, e–h. 

In Figure 8, e–h, open circles indicate the PR(r) pro-
files for t=00:43:37 UT, i.e. before FS occurs at these dis-

tances r. The observed variations of PR(r) (open circles) 
characterize the noise level of the undisturbed ambient 

plasma and allow us to more reliably identify a region cor-
responding to the shock front formed before FS from 

00:46:01 UT (Figure 8, a, e). The region in the distribution 

is marked with dark gray background, and its decreasing  
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Figure 8. Running difference brightness distributions PR as a function of distance r in the direction of the angle α=60 ema-

nating from the center O, located at a distance Rc=1.12R0 in the direction of PA=102 at δα=1, at successive points in time for 

the CME frontal structure (FS) (a–d). The same on a larger spatial scale (e–h). The February 25, 2014 event (according to 
AIA/SDO data in the 211 Å channel) 

 

brightness profile is approximated by an inclined line. 

After it, the oblique hatching indicates a region of 

shock-heated plasma; and the vertical hatching, the 

CME frontal structure. The front width F is defined as 

twice the width at half-maximum of brightness jump 

PF at the wave front (Figure 8, h). Positions of the 

shock front for the times corresponding to PR in Figure 

8, b–d are marked with crosses in the running difference 

brightness images (Figure 3, e–h). Jumps of PR(r) at 

the shock front are low and therefore difficult to see in 

the difference brightness images, but they can be fairly 

reliably recorded from scans in the selected direction 

with a small averaging over the angle δα=1 (Figure 8, 

a–d). The right boundary of FS is defined in terms of 

the distance R at which the maximum difference bright-

ness Pmax FS (Figure 8, a ) is halved. Figure 8, a–d 

shows that with time the distance between the shock 

front and FS increases since the front velocity exceeds 

the FS velocity. 
To understand the type of the observed front, make 

a comparison with the results received in [Eselevich, 

Eselevich, 2012]. To do this, using data presented in 

Figure 8, plot velocities of the frontal structure Vr
FS 

(FS in Figure 8, a–d) and of the shock front Vr
Sh (a 

cross in Figure 8, e–h) in the direction of α=60. Find 

these velocities from the formula V(α=60, r)=(ri+1–

ri)/(ti+1–ti), used above. Here, in the numerator is the 
difference in position of estimated structures between 

adjacent times; in the denominator, the time interval 

between them. For the transition from r to R, use the 

relation R(r, α)=(Rc
2+r2+2rRccos α)1/2. Results of the 

plotting of R(t) for FS (black circles) and shock front 

(open circles) are presented in Figure 9, a; the relation-

ships Vr
FS(α=60, R) (black circles) and Vr

Sh(α=60, R) 
(open circles) calculated from these curves, in Figure 9, b. 

According to [Eselevich, Eselevich, 2012], a shock 

front is formed when the condition u(R)=Vr
FS(R)–

VSW(R) > Va holds, where VSW (R) is the velocity of the 

 

Figure 9. Kinematic dependence R(t) for frontal struc-
ture (FS, black circles) and shock front (open circles) in the 

direction of the angle δα=60 emanating from the center O, 

located at a distance Rc =1.12R0 in the direction of PA=102 

at δα=1; R(r, α)=(Rc
2+r2+2rRccosα)1/2 (а). The FS velocity 

Vr
FS(α=60, R) (black circles) and the shock front velocity 

Vr
Sh(α=60, R) (open circles), calculated from the curves in 

Figure 9, a, as a function of distance R (b)  
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ambient slow quasistationary solar wind, Va is the local 

Alfvén velocity. In our case, at R≈1.27 R0, where the 

first occurrence of the shock front was detected, 
Va≈400–500 km/s, while VSW<10 km/s (see Figure 5, a 

in [Eselevich, Eselevich, 2012]). According to Figure 9, 

b, Vr
FS(R)–VSW(R)≈800 km/s>Va, i.e. the condition for 

shock front excitation holds. 

The front width F characterizes the type of shock 
front or the mechanism of energy dissipation in it. 

Along a subpath of ≈(1.27÷1.35)R0, F(R)≈0.0012R0 ≈ 

≈ const. In fact, F is determined by the spatial resolu-
tion of AIA/SDO that is K≤0.0017R0. This means that 

the true value of F can be much smaller than that meas-

ured. At R>1.35R0, F starts increasing. This behavior is 
consistent with Figure 5, b from [Eselevich, Eselevich, 

2012] and is explained by the fact that at these distances 

R the front width F is of the order of the mean free path 
of protons λp in the corona at proton-proton collisions, 

which increases rapidly with distance from the Sun, and 

at R>1.35R0 F≈λр exceeds the resolution of the instru-
ment K. This also implies that the mechanism of energy 

dissipation in the shock front is collisional. 

From Figure 9, b follow another two important fea-

tures of the event under study:  

1) the shock wave velocity at the time of the first re-
cording at R≈1.29R0 is almost twice the FS velocity;  

2) the shock front velocity decreases with distance 

(open circles), while the FS velocity increases (black 

circles). 

This suggests that the cause of the shock wave oc-

currence cannot be the magnetic piston of the CME 

frontal structure, i.e. the observed shock wave cannot be 

piston. It has all characteristics of a blast shock wave. 

The above analysis allows us to conclude that the 

occurrence of the blast shock wave during the CME 

formation is linked to the explosive expansion of the 

magnetic flux tube with heated plasma ejected from the 
solar surface after t≈00:44:25 UT (see Figure 5, b). The 

resulting full pressure (thermal plus magnetic) impulse, 

rapidly spreading in a wide range of angles α relative to 

the direction of the magnetic rope motion, exerts a force 

on arcades 4, 5, 6 (see Figure 7, d, e), leading to their 

merging and to the formation of a rapidly moving CME 

FS. This very pressure impulse is responsible for the 

blast collisional shock wave before the CME FS. A similar 

process of shock wave excitation in the corona was called 

impulsive-piston excitation in [Grechnev et al., 2018]. 

 

2.4. CME dynamics at distances  

6R0 <R<30R0 according to LASCO C3  

white-light corona data 

A distinctive feature of the February 25, 2014 CME 
is that at small distances R<1.4R0 the explosive expan-
sion of the erupted magnetic flux tube causes the CME 
FS and the blast shock wave to form. The question aris-
es as to what happens at large distances and whether or 
not a piston shock wave appears. We can answer it us-
ing LASCO C2 and C3 white-light corona data. How-
ever, between 00:48:05 and 01:25:50 UT when the 
CME was in the C2 field, there is no C2 data available. 

At 00:48:05 UT, the CME was outside the C2 field, i.e. 
at R<2R0, while at 01:25:50 UT the CME leading part 
was already on the edge of the C2 field, i.e. at 
R≈(6÷7)R0. We therefore use data from LASCO C3 
whose field of view is ~(3.7÷30)R0. 

Figure 10 presents white-light corona running dif-

ference brightness images for two consecutive times 

from LASCO C3. The CME frontal structure is clearly 

seen in them. To resolve the FS leading part and its dy-

namics, we have plotted running difference brightness 

distributions ΔPR(R) in the direction of the position an-

gle PA=115° at δα=2. 

The results are given in Figure 11. In the distributions 

ΔPR(R) for the CME leading part for three consecutive 

times (Figure 11, a–c) are three characteristic regions cor-

responding to CME FS (vertical hatching), shock-heated 

plasma (oblique hatching), and collisional shock wave 

(light gray background). 

Since the front has a foot, then, according to 

[Eselevich, Eselevich, 2011], in these cases the front 

width F is defined as the scale on which the brightness 

jump PF at the front decreases from the maximum val-

ue immediately behind the front to 1/10 of the value (in 

Figure 11, c, the level of 1/10PF is shown by a hori-

zontal dashed line). With distance away from the Sun, 

F increases. At R≈15R0 (Figure 11, d) at the leading 

edge of the front, a new discontinuity (circled) is formed 

whose width F
*≈0.2R0 is of the order of the C3 spatial 

resolution KС3≈0.12R0 and practically does not vary 

with distance (Figure 11, e–h). 
We try to depict a unified kinematic pattern of this 

event at distances from R≈(1.0÷1.4)R0 to R≈(7÷21)R0 in 

the direction of РА=112–115 at α=0. To do this, for 
R<1.4R0 we use the data presented in Figure 9, but we 

construct a plot not in the direction of α=60 but in the 

direction of α=0, using the relation R(r, α=0)=r(r, 

α=60)+1.12R0, where Rс=1.12R0 is the position of the 
center O. It is quite possible, since the expansion of the 

arcades that form CME FS relative to the center O occurs 

in the directions of α=0and α=± 60 with almost equal 
velocities. Continuation of this kinematic curve in 

R≈(7÷21)R0 is constructed from the profiles ΔPR(R) in 

Figure 11, in which for different points in time FS posi- 

 

Figure 10. White-light running difference brightness im-

ages for two consecutive times according LASCO C3 data. 
The solid line indicates the direction of PA=115°; dashed 

lines, δα=2. The February 25, 2014 event 
 

(a

) 

(b

) 
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Figure 11. White-light running difference brightness distributions PR as a function of R (according LASCO C3 data) for 

successive points in time in the direction of the position angle РА=115 at  α=2 on smaller (a–d) and larger (e–h) spatial scales. 

The February 25, 2014 event 

 

tions are indicated by vertical arrows (a–d); and positions 

of the middle point of the shock front, by crosses (e–h). 

Thus constructed kinematic curves of R(t) for FS (black 

circles), collisional shock (black triangles) and collision-

less (crosses) fronts are shown in Figure 12, a. 

At R<1.5R0 are only points for FS that virtually merge 
due to small distances between them. The velocities V 

estimated from the curves of R(t) as a function of  R by 

the above method are shown in Figure 12, b for FS 

(black circles) and blast shock wave (open triangles), as 

well as at R>7R0 for collisional (black triangles) and 

collisionless (crosses) shock waves. 

The thickened curve shows the Alfvén velocity de-

pendence Va(R) [Mann et al., 1999, 2003]; the dotted 

curve indicates slow quasi-stationary solar wind veloci-

ties VSW(R) [Wang et al., 2000]. 

It is not inconceivable that in different active regions 

the Va(R) variation may differ from the averaged de-
pendence obtained in [Mann et al., 1999, 2003]. But it is 

easy to see that such a difference at distances greater 

than 10 R0 cannot be large. Otherwise, assuming that the 

plasma density and the radial field component vary with 

distance at r>10R0 according to the law ~1/R2
 confirmed 

by observations, we can show that in Earth's orbit val-

ues of the magnetic field and plasma density used to 

calculate Va(R) will differ from observed ones. For this 

reason, the conclusion is certain that the brightness 

jumps we observe at r>10R0 in view of the high velocity 

of their associated structures compared to the slow wind 

correspond to shock waves. As for the brightness jumps 
at r<2R0, then, taking into account possible variations in 

the plasma density and magnetic field strength, at these 

small distances it is difficult to expect a change in the 

Alfvén velocity in different active regions to values ex-

ceeding those of the velocity V, which, as has been 

shown, varies in the range from 1250 to 1600 km/s. 

Therefore, our conclusion that the observed brightness 

jumps at r<2R0 are driven by shock waves also seems 

correct. 

Thus, from Figure 12, b it is evident that the excita-

tion condition for a shock wave before CME u(R)=V 

FS(R)–VSW(R)>Va holds at all distances 1R0 <R<20R0. 
Unlike the distances R<1.4R0 at which the blast 

shock wave velocity VSh decreases rapidly with dis-

tance, at R>7R0 VSh first increases and then varies little 

with distance R (Figure 12, b). The distance between 

FS and the shock front varies little (black triangles and 

black circles in Figure 12, a). This means that the wave 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 
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Figure 12. Panel a — kinematic dependence R(t) for the 

frontal structure (FS, black circles) and the shock front (black 

triangles and crosses) in the direction of РА=115 at α=2. At 

R<1.5R0, points for the frontal structure are plotted from the 
211 Å channel data; at R>1.5R0, from LASCO C3 white-light 
corona data. Panel b — distance R dependences of the CME 
frontal structure velocity V (black circles), collisional (black 

triangles) and collisionless shock fronts (black crosses), calcu-
lated from the curves on panel a. At R<1.5 R0, velocities of 
the frontal structure (black circles) and the blast shock wave 
(open triangles) are from Figure 9, b (for more detail, see the 
text). The solid curve is the estimated Alfvén velocity Va in the 
coronal streamer belt from [Mann et al., 1999, 2003], the dot-
ted curve is the velocity VSW of the quasi-stationary slow SW 
in the streamer belt from [Wang et al., 2000]. Panel c — 

widths of shock fronts of collisional (δF , filled triangles) and colli-
sionless (δF*, crosses) waves. The solid curve and horizontal 
dashes show dependences of front widths δF(R) and δF* (R) 
respectively from [Eselevich, Eselevich, 2012], obtained by aver-
aging the data for more than ten CMEs with velocities less than 
1500 km/s (according to C3 data). The February 25, 2014 event 

 

energy is replenished from a piston, which is CME. 

Thus, at R>7R0 the shock wave is "piston". To define 

the CME-related type of shock wave, we will use the 

term "piston", implying that in addition to the piston 

mechanism of shock wave generation determined by 

continuous expansion of CME boundary (piston), at 

the super-Alfvén velocity of gradual CME motion rela-

tive to the ambient solar wind the mechanism of bow 

shock wave generation also works. 

In Figure 12, c, the solid curve shows the dependence 

of the collisional shock front width F(R) ~ λр, plotted 

in [Eselevich, 2010; Eselevich, Eselevich, 2012] from 

analysis of more than a dozen CMEs with velocities 

from several hundreds to ≈2500 km/s. In our case, the 
black triangles are close to this curve. The collisionless 

shock front width F
* (crosses in Figure 12, c) is close to 

the C3 spatial resolution KС3≈0.12R0 (horizontal dash-
es), which also agrees with the conclusions drawn in 

[Eselevich, Eselevich, 2012]. 

 

CONCLUSIONS 

Formation of the February 25, 2014 CME is driven 

by the ejection and subsequent explosive expansion of 

the magnetic rope whose occurrence, according to 

[Chen et al., 2014], is due to tether-cutting reconnection.  

The resulting full pressure (thermal plus magnetic) 
impulse affects the overlying coronal arcades, leading to 

their merging and the formation of a rapidly moving 

frontal structure of the CME. 

This pressure impulse triggers a blast collisional 

shock wave before the CME whose velocity decreases 

rapidly with distance. 

At large distances R>7R0 before the CME, a “pis-

ton” collisional shock wave is detected whose velocity 

varies little with distance. 

At R≥15R0, a transition occurs from collisional to 

collisionless shock wave. 

The work was carried out under the state task No. 
007-00163-18-00 from January 12, 2018. 
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