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Super-elastic collision of large-scale magnetized
plasmoids in the heliosphere
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A super-elastic collision is an unusual process in which some mechanism causes the kinetic energy of the system to increase.
Most studies have focused on solid-like objects, and have rarely considered gases or liquids, as the collision of these is primarily
a mixing process. However, magnetized plasmoids are different from ordinary gases—as cross-field diffusion is effectively
prohibited—but it remains unclear how they behave during a collision. Here we present a comprehensive picture of a unique
collision between two coronal mass ejections in the heliosphere, which are the largest magnetized plasmoids erupting from the
Sun. Our analysis reveals that these two magnetized plasmoids collided as if they were solid-like objects, with a likelihood of
73% that the collision was super-elastic. The total kinetic energy of the plasmoid system increased by about 6.6% through the

collision, significantly influencing its dynamics.

structure and evolution of macro- and micro- objects, such

as planet rings', granular materials? and nanoclusters™*. To
classify collisions in terms of energy transfer, Newton defined the
coefficient of restitution, e, which is normally between 0 and 1.
However, abnormal e values, such as e > 1 (refs 2,5-7) or e <0
(refs 4), have been reported. A super-elastic collision is a process
through which the linear kinetic energy of the collisional system
increases, that is, |e| > 1. In the literature, there have been several
mechanisms proposed to explain such an abnormal increase in the
linear kinetic energy during a collision. In granular physics, for
example, the oblique impact collision with local deformation may
help transfer rotational kinetic energy into linear kinetic energy>**
(hereafter kinetic energy refers to linear kinetic energy). Thermal
fluctuations are suggested as another possible reason leading to
super-elastic collisions of nanoclusters®.

In the absence of internal magnetic fields, two encountering
plasmoids tend to mix together, just like ordinary gases. However,
it is unclear what would happen if they carry strong magnetic
fields, especially in regards to the nature of the collision and the
energy exchange between them. Coronal mass ejections (CMEs)
are large-scale® magnetized plasmoids, originating from the solar
atmosphere and expanding and propagating into the heliosphere.
As they are a frequently occurring phenomenon with an occurrence
rate of 4-5 CMEs per day during the solar maximum’, the
encounters and interactions between CMEs are unavoidable.
Actually, as a consequence of interactions, multiple-interplanetary-
CME structures are often observed by in situ instruments!®'*. Thus,
the issue of magnetized plasmoid collision may be addressed by
investigating observations of CMEs.

However, the CME dynamics in the heliosphere constitute
an intricate problem'>'®, especially when the collision/interaction
between CMEs is involved''%22. The dynamics of two successive
CMEs of 24-25 January 2007 was discussed in ref. 21, in which four

C ollisional dynamics is essential in determining the global

different scenarios were proposed to explain the observations, one
of which is a mysterious collision through which the leading CME
gained momentum and finally became faster than the overtaking
CME. Most recently, a CME-CME interaction event on 1 August
2010 has been intensively studied with a focus on the CME
dynamics, CME-driven shock and radio bursts****. Numerical
simulations of the interaction between CMEs have also been
carried out by many researchers®2, but few discussed the nature
of the CME collisions.

During 2—-8 November 2008, the Sun Earth Connection Coronal
and Heliospheric Investigation (SECCHI) suites® onboard the twin
Solar Terrestrial Relations Observatories® (STEREO) captured
the process of the chasing and colliding of two CMEs in the
heliosphere with clear imaging observations. Each SECCHI suite
carries the cameras COR1, COR2, HI1 and HI2, and can seamlessly
track CMEs from the corona to interplanetary space. As the
events occurred near the solar minimum, the conditions in the
heliosphere were quite simple. The events provide us with a unique
opportunity to study the physical details of CME collisions. As
will be seen, the collision between the two CMEs is super-elastic
in nature, during which their total kinetic energy increased. These
results advance our understanding of the behaviour of large-scale
magnetized plasmoids.

Imaging of two successive CMEs and their collision

The two CMEs originated from the Sun at about 00:35ut and
22:35 U, respectively, on 2 November 2008, when the STEREO-A
spacecraft was located at 0.97Au and 41° to the west of the
Sun-Earth line, and STEREO-B was located at 1.07 Au and 40° to
the east (Fig. 1a). These events were reported in ref. 35 with a focus
on their solar source locations and in situ effects at 1 Au. One can
refer to that paper or Supplementary Section S2 for the details of
the propagation of the two CMEs in the corona. Here we focus on
their collision in the heliosphere.
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Figure 1| Configuration of the two CMEs, spacecraft and planets. a,b, A sketch map of the positions of the spacecraft (STA, STEREO-A; STB, STEREO-B)
in heliocentric Earth ecliptic (HEE) coordinate system (a) and the collision of the CMEs (b).
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Figure 2 | The STEREO/SECCHI images of the two CMEs and their collision in the heliosphere. a,b, Running-difference images showing CME1 and CME2.
The red diamond and plus symbols mark the front and rear edges of CME], respectively, and the blue symbols are for CME2. ¢, The running-difference
image of HI1-B showing the collision of the two CMEs. d,e, The beginning and end of the collision; the red arrows indicate the collision region.

Being faster than CME1, CME2 finally caught up and collided
with CMEl. This phenomenon was clearly recorded by HII1
onboard STEREO-B, referred to as HII-B from here. On the
basis of the HI1-B images, we can see that the distance between
the front edge of CME2 and the rear edge of CMEl became
smaller and smaller. The apparent touch of the two CMEs began
at approximately 18:49ut on 3 November 2008, which was
registered as a significant enhancement of the brightness around
an arc-shaped structure (Fig. 2d). We call the brightness-enhanced
region a collision region, and the arc structure is the core of the
region. As the arc structure is caving into CME2, the brightness
enhancement is not simply due to superposition of the two CMEs,
but probably the result of a soft object colliding with a hard object.
In fact, if the two CMEs did not collide, the kinetic evolution
of CME1 cannot be explained only by solar wind acceleration
(see Supplementary Section S11). The brightened arc structure
stayed visible for about 7h with the most clear appearance at
around 00:09 ut on 4 November (Fig. 2c). The whole collision
region remained brightened much longer until 10:49 uT on 4
November 2008 (Fig. 2e). It seems that the entire collisional process
of such large-scale magnetized plasmoids is similar to that of elastic
balls, which includes a pre-collision phase, a compression phase,
a restitution phase and a post-collision phase. We think that the

appearance and disappearance of the visible arc structure define
the start and the end of the compression phase, respectively, and
the complete disappearance of the brightened region between the
two CMEs marks the end of the restitution phase, that is, the
end of the collision between them. Movies are available in the
Supplementary Information.

Tracking and dynamics of the two CMEs in the heliosphere
To analyse the dynamics of the CMEs and their collision, a
time-elongation map, known as a J-map'**3%, is constructed.
To facilitate the comparison between imaging data and in situ
data at 1au, a 64-pixel-wide slice is placed along the ecliptic
plane in the running-difference images from COR2, HI1 and HI2
onboard STEREO-B to produce the J-map (Fig.3). A bright—
dark alternating track from the lower-left to the upper-right
usually indicates a bright structure moving away from the Sun.
The two vertical dotted green lines mark the start and end
times of the collision.

The front edges of CME1 and CME2 are distinct in the J-map
as marked by the red and blue diamonds, respectively. They are the
same points marked by the red and blue diamond in Fig. 2a,b. The
rear edges of the two CMEs are not clear in the J-map. To find out
where the tracks of the rear edges of the two CMEs are, we directly
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identify their rear edges in coronagraph images as done in Fig. 2a,b,
and then dot them back to the J-map as shown by the red and blue
plus symbols, respectively. Note that the significant track between
the red diamond and the plus symbols does not correspond to the
CMEL1’s rear edge but to its bright core.

The elongation angle of a given feature in the J-map can be con-
verted to the heliocentric distance under some assumptions'”*#40,
An often used assumption is to approximate a CME as a sphere?*2,
By further assuming that the front and rear edges recorded in
the J-map are the points of tangency determined by the circular
cross-section of the CME in the ecliptic plane and the observer
STEREO-B, we get the heliocentric distance of the CME centre, d,
its radius, r, and their projected components on the ecliptic plane,
d, and ry, in terms of the heliocentric distance, [, of STEREO-B, the
elongation angles, er and &g, of the CME front and rear edges, and
the latitude, 6, and longitude, ¢, of the CME centre. The detailed
derivation can be found in Supplementary Section S4. Owing to
the presence of the solar wind stretching effect, a CME might
become pancake shaped even if it was initially spherical*"*?. The HI1
imaging data suggest that the effect is significant for CME2, but not
for CMEL. Thus, a small correction is made to CME2 to reduce the
effect (see Supplementary Section S5).

With the aid of the graduated cylindrical shell model**,
the latitude, 6, and longitude, ¢, of the two CME centres can
be obtained from COR2 images. It is found that both CMEs
propagated almost radially with a nearly constant longitude and
latitude in the COR2 field of view®®, which are listed in Table 1 (see
Supplementary Sections S2 and S3 for details). As the interplanetary
magnetic field and solar wind density get weaker and lower,
respectively, farther away from the Sun, it is reasonable to assume
that they would keep their propagation directions in the HI1 field of
view until the collision. The results given by the model suggest that
both CMEs propagated between the Sun—Earth line and the Sun—
STEREO-A line with CMEI closer to the latter line and CME2 closer
to the former, which is in agreement with the previous study™.

Figure 4 shows d and r as a function of time for both CMEs.
As the front and rear edges of the CMEs are more or less diffused,
a reasonable error of £5% in the determination of the elongation
angle of the CME front and rear edges is considered. The resultant
uncertainties of d and r are indicated by the error bars in Fig. 4.
By applying the linear fitting to d and r with these uncertainties
taken into account, we get the propagation speed v, and expansion
speed v, of the two CMEs, as well as their components in the
ecliptic plane, v, and v,,. A 2-0 uncertainty of the speeds derived
from the linear fitting is applied in the following analysis. The
excellent consistency between the fitting lines and the data points
suggests that the two CMEs experienced a nearly constant-speed
propagation and expansion in the heliosphere before they met,
although a very weak acceleration can be seen for CMEL. It should
be noted that the uncertainties of CMEs’ directions may cause extra
uncertainties of CMEs’ speeds, and therefore the final values of the
uncertainties of CMEs’ speeds (see v, and v, listed in Table 1) are
larger than those given in Fig. 4. Besides, although the front edge
of CME2 perhaps travelled faster than the background solar wind,
observations suggest that it did not drive an evident shock ahead
(see Supplementary Section S12).

Furthermore, in the opposite manner, we derive the elongation
angle-time curves from the above results, and plot them on the
J-map as white dashed lines in Fig. 3. These white dashed lines
are also extrapolated to the post-collision phase. It is found that
the fitting lines match the observed tracks very well before the
collision, but begin to deviate from the tracks at the beginning
of the collision (particularly note the tracks of the two CMEs’
front edges). Such deviations mean that the collision between
the two CMEs must have significantly changed their propagation
directions and/or speeds.
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As an attempt, we might as well treat the CMEs approximately as
a expanding ball in the collision. The situations of the two CMEs at
the time of touching have been sketched in Fig. 1b. It is a collision
in three-dimensional space, which should push CMEL1 closer to the
Sun—-STEREO-A line in the ecliptic plane and CME2 further away
from the ecliptic plane. Thus, it is expected that CME1 would be
observed in situ by the instruments onboard STEREO-A whereas
CME2 would be missed by the in situ instruments, which are all
located in the ecliptic plane. The in situ data at 1 Au do suggest that
only CME1 was observed as expected (see Supplementary Section S6
for more details). Its propagation and expansion speeds at 1 AU were
about 342 and 30km ™!, respectively. The increased propagation
speed is consistent with our conjecture that CME1 was accelerated
by the collision. The expansion speed is very close to that derived
from the J-map. This fact allows us to reasonably assume that the
expansion speed was recovered after the collision for both CMEs,
although the expansion speed may vary greatly during the collision
and CME2 was not locally observed at 1 au.

Super-elastic collision and the energy exchange

For the case of two expanding elastic balls, not only will
their collision result in a momentum exchange in the direction
connecting the centroids of the two balls (referred to as the collision
direction hereafter), but also their continuous expansion may cause
their centroids to separate farther away. We define the approaching
speed as the speed of the centroid of one ball relative to the other
in the collision direction. Under the assumption that the expansion
speeds remained unchanged before and after collision, the collision
should be super-elastic if the sum of the expansion speeds of the
two balls was larger than the approaching speed before the collision.
Here we first show the results for the case of the CMEs’ parameters
given in Table 1, and then analyse the influence of the uncertainties.

According to the values listed in Table 1, we can derive that
the latitude O and longitude ¢c of the collision direction at the
beginning of the collision, that is, the elevation angle and azimuthal
angle in the heliocentric coordinate system, are about —10° and
57°, respectively. By resolving the propagation velocity vectors into
the components parallel, v, and perpendicular, v, , to the collision
direction (see Supplementary Section S7), we find that the values of
v; of the two CMEs were 205 and 237 km s, respectively (listed in
Table 1), which give an approaching speed of about 32 kms™'. The
sum of the expansion speeds of the two CMEs was about 117 kms™!,
much larger than the approaching speed. Hence a super-elastic
collision is expected.

The conservation of momentum requires m;vy + myvy =
myvy +myvy, where m, and m, are the mass of CMEI and CME2,
respectively, and the prime symbol denotes the parameters after the
collision. Here, we approximately treat the collision phase including
the compression and restitution phases as a black box, and adopt
parameters of the two CMEs before (after) the collision for the
first (second) half-period of the collision phase. The influence
of this simplification on our final result is not significant (see
Supplementary Section S8).

The mass of a CME can be calculated from -calibrated
coronagraph images*. For CME1 and CME?2, the derived masses
based on COR2-B observations are about 1.8 x 10'* kg and 1.2 x
10'? kg, respectively. The Thomson scattering and projection effects
have been corrected'®". The mass ratio of CMEl to CME2 is
about 1.5. Hence, for any given coefficient of restitution e, that is,
V3, — 1, /vu — V2> the velocities of the two CMEs after the collision
can be obtained (see Supplementary Section S7) as well as the
expected tracks of the front and rear edges of both the CMEs
in the J-map. In fact, our calculation suggests that, no matter
which value of the mass ratio we choose, the super-elastic nature
of the collision, which will be seen below, does not change (see
Supplementary Section S9).
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Figure 3 | The time-elongation map from 2 to 9 November 2008 constructed on the basis of the running-difference images from STEREO-B. The
diamonds and plus symbols show the front and rear edges of the CMEs, respectively. The two vertical dotted green lines indicate the start and end of the
collision. The red vertical line marks the arrival time of CME1 at STEREO-A. The region enclosed by the yellow rectangle is shown at a higher magnification
in the lower-right corner. The colour-coded dashed lines are the predicted tracks.

Table 1| The parameters of the two CMEs before and after the collision.

Parameters derived from observations

] (] Ve Ve
CMEl  6+2 28410 243"  437¢
CME2 16+2 8£10 4071192 74

Second-level derived parameters

vp Vep Oc oc Vi v vi A vp Vep A6, Aoy AE/E  AE/E e

CMEl 241 36 130 205 288 316 316 41 —4 7 68%
-10 57 6.6% 5.4

CME2 392 26 332 237 M6 351 325 N/A* 6 -16 —25%

6 and ¢ are the CME's latitude and longitude. vc and ve are the propagation and expansion speed of a CME, derived from the J-map by assuming the CME is a sphere (see Supplementary Sections S4 and
S5). vp and vep are the average values of the components of v and ve in the ecliptic plane, respectively. 6c and ¢¢ are the latitude and longitude of the collision direction (see Supplementary Fig. S7).
v, and v are the components of the CME velocity perpendicular and parallel to the collision direction, respectively. The superscript prime denotes the parameters after the collision. A6y and Agy are
the change of the CME velocity. AE/E = (E’ — E)/E is the percentage of the kinetic energy changed, and E; is the sum of the kinetic energy of the two CMEs. Al of the angles in the table are in units of
degrees, and all of the speeds are in units of kilometres per second. Here, only the uncertainties of 8, ¢, vc and ve are listed, and the uncertainties of speeds have included the uncertainties in the CMEs’
directions. The uncertainties of the second-level derived parameters are not listed, but are all taken into account in our analysis. *After the collision, CME2 left the ecliptic plane, and thus there is no

available component of expansion speed in the ecliptic plane.

In the J-map, only the track of the front edge of CMEL is
still identifiable after the collision. Thus, we repeatedly adjust the
value of e to find the best match for the observed track. For the
parameters listed in Table 1, the red dashed line starting at the
middle of the collision in Fig. 3 shows the best predicted track of
the front edge of CMEI, which gives e = 5.4. As a comparison,
the tracks for e equal to 1 and 10 are presented by the yellow
and green dashed lines, respectively. A zoomed-in image in the
lower-right corner of Fig. 3 presents the details. Obviously, the
tracks predicted by both the yellow and green dashed lines get
worse. ¢ = 1 indicates a perfect elastic collision, but the yellow line
is obviously lower than the observed track indicated by the red
diamond. The 0 < e < 1 tracks predicted by our calculation would
be located even lower.

As summarized in Table 1, through the collision, CME1 was
deflected southwestward and its propagation speed increased from
243kms™ to about 316kms™', whereas CME2 was deflected
northeastward and its speed decreased from 407 to 351kms™'.
The in situ propagation speed of CME1 was about 40 km s~ larger
than the derived post-collision speed of CMEL. This is probably
due to the continuous acceleration by the solar wind. According
to the result, the two CMEs were separating after the collision
(see Supplementary Section S10 for a preliminary discussion). It is
worth noting that CME2 is completely above the ecliptic plane after
the collision. Therefore, it is not surprising that no counterpart of
CME2 was detected by in situ instruments located in the ecliptic
plane. Furthermore, the kinetic energy of CMEI (the contribution
from the CME expansion has been taken into account) is found
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Figure 4 | The heliocentric distance d and the radius r, in units of solar
radius, of the two CMEs as functions of time for the case that 6 and ¢ of
CMET1 are 6° and 28°, respectively, and those of CME2 are 16° and 8°,
respectively. The error bars are derived from the 5% uncertainty in the
elongation angle. The speeds are obtained by linear fitting with the error
bars taken into account, and a 2-o uncertainty is chosen, which makes the
confidence level greater than 95%.

to increase by about 68%, whereas that of CME2 decreased by
about 25%. As a whole, the system gained about 6.6% kinetic
energy during the collision.

The influence of large uncertainties, that is, those in the CMEs’
longitudes and velocities as listed in Table 1, is further examined.
We sample the longitudes of the two CMEs at 1° within the 10°
uncertainty. For each possible pair of longitudes we consider a
combination of five propagation speeds, [v. & Ay, V. £0.5A, V],
for either of both CMEs and five expansion speeds, [v, & Ay, v, +
0.5Ayc, V], for CME1, which constitute 125 cases. Here, A,. and
A,. are the uncertainties in the CME speeds. For each case we are
able to obtain a value of e and the change of the total kinetic energy.
The likelihood of super-elastic collision for each longitude pair is
therefore calculated. Figure 5 presents the result. Most areas show a
strong likelihood of super-elastic collision. Specifically, 72.6% are
more than 75% likely, and 63.0% are 100% likely, to experience
a super-elastic collision. In contrast, as few as 6.3% combinations
are definitely non-super-elastic. Overall, it is 72.8% likely for the
collision to be super-elastic.

Source of kinetic energy gain

The source of the net kinetic energy gain and the mechanism of
the energy conversion are key issues for super-elastic collisions.
The divergent configuration of solar wind implies that the internal
pressure of a CME is always stronger than the external pressure
when it moves away from the Sun, which is the main cause of the
CME expansion. In this process, the magnetic and thermal energies
of the CME are continuously dissipated*®*. It could be estimated
that, for a typical CME at 1Au with a magnetic field strength
of 10nT, temperature of 10° K, density of 5cm™ and velocity of
500 km s™', the magnetic and thermal energy density is about 6%
of the kinetic energy density. The percentage will be much higher
when the CME is closer to the Sun. Thus, the magnetic and thermal
energy of CMEs should be sufficient to provide a ~6.6% increase in
the kinetic energy in the super-elastic collision, and the persistent
expansion of CMEs may provide the way for the magnetic/thermal
energy to convert into kinetic energy.

Besides, the detailed interacting process may also be important in
determining the nature of the collision. An anti-correlation between
the impact velocity and the coefficient of restitution was reported
in collisions among ice particles of Saturn’s B ring' and granular
materials®. Experiments and simulations on granular materials and
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Figure 5 | Likelihood of super-elastic collision calculated by varying the

CMEs' longitudes and speeds within their uncertainties. .

nanoclusters have further shown that the collision between a hard
sphere and a soft plate tends to be super-elastic>*°. These imply
that super-elastic collision requires sufficient interaction time and
touching area for momentum exchange and energy conversion.
In our case, the compression and restitution phases lasted about
16 h, during which a clear arc-shaped structure stayed visible for
about 7h. These phenomena suggest that the two CMEs had
sufficient time and a sufficiently large touching area to convert
magnetic/thermal energy into kinetic energy. It is worthy of further
investigation to examine whether a similar anti-correlation applies
to CME collisions, that is, whether a larger coefficient of restitution
corresponds to a lower impact velocity.

Although in granular physics, rotational motion and thermal
fluctuation have been considered the possible mechanism for the
increased kinetic energy*™, they are probably not suitable for CME
collisions. First, there is no evidence that plasma within a CME
undergoes a significant rotation in interplanetary space. Second,
CMEs are large-scale structures with huge mass and thus the
thermal fluctuation of microscopic particles should not be able to
affect the macroscopic behaviour of CMEs.

The good match between the predictions of the simplest
collision model and the observations suggests that such large-scale
magnetized plasmoids could be simplified as balls instead of using
complicated magnetohydrodyanmics or plasma kinetic theories in
studying their collision. The collision may be super-elastic, through
which the system gains kinetic energy from the magnetic/thermal
energy of CMEs. Of course, the process and consequence might be
different if significant reconnection occurs in the collision region.
This will be another issue.

Received 3 March 2012; accepted 3 September 2012;
published online 7 October 2012
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Figure 1: J-map without any legends and decorations for the clarity of Figure 3 in the main text.

1 J-map without any legends and decorations

For clarity, an undecorated J-map is presented as Figure 1. One can compare it with Figure 3 in

the main text to recognize the tracks of the two CMEs and their collision signature.
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2 Results of GCS Modeling

Figure 2 shows the good match of the GCS modeled flux rope to the observed CMEs. CMEI
showed a partial-halo shape inclining to the east from the angle of view of STEREO-A, and looked
like a cone towards the west from the angles of views of STEREO-B and the SOlar and Helio-
spheric Observatory (SOHO)!, which suggest that CME1 located between STEREO-A and the
Earth and was closer to the Sun-STEREO-A line. CME2 looked partial halo with a little inclina-
tion to the west from the angle of view of SOHO, but narrow from the angles of views of both
STEREO-A and B, which suggest that CME2 also located between STEREO-A and the Earth and
was closer to the Sun-Earth line. The CME projections on the plane of sky obviously indicate that
CMEI1 almost propagated along the ecliptic plane but CME?2 propagated along the higher latitude.
Obviously, based on the projected images on the plane of sky, the latitude of a CME direction could
be determined accurately, but the longitude might suffer from a large uncertainty. The uncertainty
in longitude, however, could be efficiently reduced by stereoscopic observations. The previous
studies have shown that based on STEREO observations the error of the GCS fitting results in
latitude is about 2° and that in longitude is 5° on average?. In our study, the uncertainty in latitude
is simply chosen as 2°, and the uncertainty in longitude is chosen as 10°, 2 times of the average
uncertainty in longitude (another reason why we choose a 10° uncertainty is given in the next sec-
tion). Then we get that the propagation direction of CMEI was 6° & 2° in latitude and 28° 4 10°
in longitude, and that of CME2 was 16° £ 2° in latitude and 8° 4+ 10° in longitude, which have
been listed in Table 1 in the main text. These results are consistent with the imaging observations,

and also agree with the results by Kilpua et al.?. Figure 1 in the main text is plotted based on these
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Table 1: Longitudes of the two CMEs derived by different methods

Methods CME1 CME2
GCS 28 8
Fixed-¢ 26 14
Harmonic-mean| 17 -12
Triangulation 13 1

results.

3 Validating the longitudes of the CMEs

Except GCS model, there are, for example, other three methods that are often used to infer the CME
longitude, the Fixed-¢ method*?>, the Harmonic-mean method®, and the Triangulation method’.
The Fixed-¢ method assumes that the CME is a compact object (i.e., a single point) and moves
along a fixed radial direction with a constant velocity. The Harmonic-mean method assumes that
the CME is a sphere with the center of the Sun fixed on the sphere and the center of the sphere
propagates along a fixed radial direction with a constant velocity. Both of the methods are based
only on the data from a single spacecraft, and infer the CME direction by fitting the track in the J-
map. The Triangulation method uses simultaneous observations from two spacecraft, and assumes
that the CME tracks recorded in the J-maps from different angles of view correspond to generally
the same part of the CME. A summary of these techniques, their advantages and disadvantages can

be found in the previous studies®®.
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Figure 2: Comparison between the GCS modeled flux rope to the observed CMEs. (a) shows
the base-difference images for CME1 from STEREO-B (left), SOHO (middle) and STEREO-A
(right). (b) shows the same images with modeled flux rope (red meshes) superimposed on. (c) and

(d) are for CME2.
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Figure 3: J-map constructed based on the running-difference images from STEREO-A.
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Figure 3 shows the J-map generated from the data of STEREO-A for the two CMEs. Table
1 lists the results of the three methods applied to the two CMEs of interest. As a comparison, the
GCS model result is also listed. For CMEI, the longitudes from GCS model and Fixed-¢ method
are quite close, but the longitude given by the Harmonic-mean method is about 10° smaller and
the Triangulation method gives an even smaller value. The imaging observations shown in Figure
2 have suggested that CMEI1 looks like a limb event in STEREO-B and SOHO, but a partial
halo in STEREO-A, which implies a significant deviation from the Sun-Earth line. Thus for this
CME, the Harmonic-mean and Triangulation method do not give a reasonable result. For CME2,
the results from the four methods are all different. The Harmonic-mean method gives a negative
value, which means that the direction of the CME is between the Sun-Earth line and the Sun-
STEREO-B line. This is obviously contrary to the observations shown in Figure 2, which suggest
that CME2 propagated almost along the Sun-Earth line, because the CME looks symmetrical in
the FOVs of STEREO-A and STEREO-B, and slightly deviated toward west in the FOV of SOHO.
The longitudes from the other three methods are all possible. Thus we choose the longitude of 8°

given by the GCS model, and consider an uncertainty of 10° to cover all the possibilities.

4 Convert elongation angle to heliocentric distance

Figure 4a shows the cross-section of the CME in the ecliptic plane, which illustrates the geometric

relationship between the elongation angle and heliocentric distance. It is easy to derive that the

© 2012 Macmillan Publishers Limited. All rights reserved.



heliocentric distance, d,, of the center of the cross-section and its radius, r,, can be given by

d. = sinep+sinep
P sin(ep+p)+sin(eg+p)

ey

sinep sin(eg+¢)—sineg sin(e p+¢) l
sin(e p+p)+sin(eg+¢)

rp =
where € and €y are the elongation angle of the measured front and rear edges of the CME in the
ecliptic plane, respectively, ¢ is the longitude of the CME center with respect to the Sun-Observer
line, and [ is the heliocentric distance of the observer, i.e., STEREO-B. The set of equations is the
same as that in the paper by Lugaz et al.'’, though they look different. Further, the heliocentric

distance. d, of the CME center and the real radius, r, of the CME are given by (as seen in Fig.4b)

(2)

where 6 is the latitude of the CME center.

5 Validity of the assumption of a sphere

In our analysis, the assumption of a spherical CME plays a key role. However, many previous
studies revealed that, due to the stretching of ambient solar wind, a CME will be deformed during
its propagation in interplanetary space even if it was initially spherical''~!3. Such a stretching effect
usually gets more and more significant when the CME moves away from the Sun. Thus to check
how reasonable the spherical assumption is, we plot the outline of the CME sphere derived from
the tracks in the J-map on the HI1 images as indicated by the red (for CME1) and yellow (for
CME2) circles shown in Figure 5. It is obvious that even in the FOV of HI1 the red circle matches
the outline of CMEI] fairly well, which justifies the spherical assumption for CME1. However for

9
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Figure 4: The sketch plot illustrates relationship between the heliocentric distance and elongation

angle. (a) presents the ecliptic plane and (b) is the plane perpendicular to the ecliptic plane.

10
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Figure 5: Running-difference images from HI1-B for CME]1 (right panel) and CME2 (left panel),

respectively.

CME2, there is a significant deviation of the CME shape from a sphere. If we discard the spherical
assumption, the collision process will be much more intricate and unsolvable analytically. Thus
what we did is to reduce the deviation by changing the size of the sphere to most match the observed

CME shape.

The left image in Figure 5 suggests that the rear edge of CME2 is consistent with the observa-
tions, but the front edge is obviously overestimated by a factor of about 1.05. After this correction,
the CME sphere is indicated by the blue circle in the image, which is closer to the observed mor-

1

phology. From the J-map, vy and v, are derived as 419 and 86 km s~ -, respectively, under the

assumption of a sphere. Therefore the corrected speeds are v, = 407 km s~! and v, = 74 km s~ !.

11

© 2012 Macmillan Publishers Limited. All rights reserved.



6 In situ observations of CME1 at 1 AU

By searching all the in situ data at 1 AU (including STEREO-A and B and Wind spacecraft), we
do find one and only one CME structure during the period of interest, which was recorded by
STEREO-A (Fig.6) and corresponding to CMEI. It started at 02:30 UT on 7 November 2008
and ended at 00:40 UT on the next day, as indicated by the shadow. In this region, all the signa-
tures of a typical magnetic cloud (MC)'® are evident, including the enhanced magnetic field, long
and smooth rotation of magnetic vector, low proton temperature and the presence of bidirectional

supratheramal electron beams!'®!’

. The MC shows an obvious expansion velocity profile. The
central speed of the MC is about 342 km s™!, and the expansion speed read from the slope of the
velocity profile is about 30 km s~. The MC appears to propagate in the back of a faster stream

with a speed around 380 km s .

7 Resolution of velocity vectors for the analysis of collision

Figure 7a shows the coordinates, in which we resolve the velocity vectors and analyze the momen-
tum exchange during the collision. The momentum exchange occurs along the collision direction,
defined by the line connecting the centers of the two CMEs (as indicated by the green dashed line).
In the heliocentric coordinates (x, y, z), the latitude and longitude of the collision direction are 6~
and ¢¢, respectively. We rotate the coordinate system around z-axis to a new one (X, Y, z) so that
the collision direction is parallel to the plane of (Y, 2). In the new coordinates, the CME velocity

v = v, +V_, where v, is the CME propagation speed projected on the ecliptic plane, i.e., the plane

12
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Figure 6: In situ data from STEREO-A. From top to bottom, the panels are the magnetic field

strength, the elevation and azimuthal angles of magnetic field vector, pitch angle distribution of

89 — 127 eV electrons in the solar wind frame1,3the bulk velocity of the solar wind, the proton

temperature and number density, respectively.
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of (X, Y). Since the CME propagated radially,

v, = U Cos

p

3)

v, = vsinf
where 0 is the latitude of the CME center. Further, v, = vx + vy. vx is a vector perpendicular to

the collision direction, whose value is given by

vx = psin(po — ) )

vy and v, both have the component along the collision direction. By using || and L for parallel
and perpendicular components respectively, we can write vy = vy + vy and v, = v, + V.1,

and the values of them are

Vy|| = vp cos(pc — @) cos e

vy = —,cos(pc — @) sin O

®)

v = v, sinfc

UV, = v, cosbc

Finally, we can get the velocity components parallel and perpendicular to the collision direction

U = vy |ty

(6)

v = \/z@( + (vy L +v.1)?
The change of the value of v will be solved by momentum conservation with a given coefficient

of restitution e, while the value of v; will remain unchanged during the collision.

14
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Similarly, After the collision (refer to Fig.7b), we have

vy = vy

vy = v| cosfc — (vy1 4+ v, )sinfc (7

vl = v|’| sinfo + (vy L + v, ) cosfc

and then

I 12 12
v, =V + Uy

¢’ = arctan % — (5 —vc) @)

!
0" = arctan %=
Up

8 The direction change of the CMEs during the collision

In our analysis, we did not consider the change of the parameters of the CMEs during the collision.
Among all the parameters, the CME longitude is the most important, as it affects the derived
heliocentric distance and the velocity from the J-map. In our calculation, we simply assume that
the CME parameters changed in the middle of the collision. The influence of this treatment can be
evaluated by analyzing Figure 8. In the figure, the vertical lines T1 and T2 denote the beginning
and end of the collision. Consider two extreme cases, one is that the CME parameters changed
immediately at the beginning of the collision as indicated by the line OP, and the other is that the
CME parameters changed at the end of the collision as indicated by the line QN. The actual process
should be bounded by OP and QN. For CME1, v. = 243 km s7h 6 =6°, @ = 68° (including the
angle 40° between the STEREO-B and the Earth), Ay, = 7° (c.f. Table 1 in the main text).

Since the collision lasted about 16 hours, it is derived that the length of the line OQ is about 0.093

15
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Figure 7: Resolution of velocity vectors. The plane of (x, y) is the ecliptic plane. (a) illustrates
how to resolve a velocity vector into the components parallel and perpendicular to the collision
direction, and (b) illustrates how to compose the parallel and perpendicular components back into

the velocity vector after the collision.
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Figure 8: Sketch illustrating the influence of the direction change of the CMEs during the collision.

The thick lines indicate the trajectory of a CME in the ecliptic plane.

AU, and the length of the line PQ is about 0.044 AU. The heliocentric distance of STEREO-B is
about 1.07 AU, and the elongation angle of CMEI1 as seen from STEREO-B after the collision is
about 22° (i.e., € in Figure 8), and therefore the length of the line BT, is about 0.868 AU and the
length of the line QT is about 0.351 AU. Then we can infer that Ac = 2.5° and the uncertainty
of our derived elongation angle of CMEI after the collision is less than 0.5Ae = 1.25°. This error
will cause a slight difference in the predicted track of the front edge of CMEI and therefore the
coefficient of restitution e, which is 5.0 for line OP and 6.2 for line QN. This error range is about
0.1 times of that caused by the uncertainties of the CMEs’ speeds, and even much smaller than that
caused by the uncertainties of the CMEs’ longitudes. Thus the influence of the direction change of

the CMEs during the collision on our final result is not significant.

17
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9 Influence of mass ratio on the result

To evaluate the influence of mass ratio on our result, we scan the value of mass ratio from 0.5
to 2.0 and calculate the coefficient of restitution e. This treatment is equivalent to assuming the
mass uncertainty of CME1 or CME2 exceeds 33 — 67%. It is found that the value of e is larger
than 3 in this range of mass ratio, Moreover, according to the trend shown in Figure 9, it could be
inferred that the collision would remain super-elastic even if the mass ratio approaching zero. We
may conclude that the error in the estimation of mass might be large, but will not destroy the main

point of the work.

10 Discussion about post-collision phase

In this event, the two CMESs experienced a super-elastic collision, and gained kinetic energy. The
analysis suggests that the separating speed (the same meanting as approaching speed) between
them is about 172 km s~ larger than the sum of the expansion speeds of them, ~ 117 km s~ 1. Itis
therefore expected that the two CMESs will separate after the collision. At that time, the two CMEs
were almost running out of the FOV of HI1, and became extremely faint. Thus it is not possible to
check in the imaging observations whether or not the two CMEs did eventually separate. However,

19.20 are often observed in situ

complex ejecta'® and multiple-magnetic-cloud (Multi-MC) structures
during solar maxima. Such structures are obviously the result of the collision of multiple CMEs.

Thus we could carry out a study on the issue in future work to see whether or not the CMEs in

complex structures may be separating based on in situ data.

18
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Figure 9: The dependence of the value of the coefficient of restitution on the mass ratio of the two

CME:s.

19

© 2012 Macmillan Publishers Limited. All rights reserved.



11 Momentum coupling with the solar wind

Except collision with another CME, a CME may also change its speed and direction by interaction
with ambient solar wind?"-??. Since the enhancement of brightness between the two CME:s in the
imaging data may be simply due to the superposition of the two CMEs, it is first necessary to check
if the kinetic evolution of CMEI track shown in the J-map can be attributed to the interaction with
the solar wind without the CME-CME collision. In our analysis, we use a constant propagation
speed for CMEI before the ‘collision’ (we still use the term ‘collision’ for the time of the brightness
enhancement). Actually, CMEI has a very weak acceleration of about 0.5 m s~2 derived from the
2nd order fitting. Even if we considered the constant weak acceleration for CME], the super-elastic
collision nature would not be changed. Here we use the drag-force model?'-2*2*, which is more
realistic, to fit the track of CME]1 front edge in the J-map before the ‘collision’, and extrapolated
it to the post-‘collision’ phase. It is found that the extrapolated curve cannot match the observed
track (see Fig.10). Thus, if the two CMEs did not touch each other, it is difficult to explain how

the solar wind changed CMEI] speed and direction only after the apparent ‘collision’.

Further, the efficiency of the CME]1 momentum change by the solar wind and that by the
collision can be estimated and compared. According to the number listed in Table 1 of the main
text, the momentum of CMEI changed 31% by the collision in 16 hours. After the collision, CMEI
speed increased to 316 km s~ 1. The in situ speed of CME1, which is observed after about 64 hours,
is about 342 km s~!. Thus, the momentum of CMEI1 changed 8% by the solar wind in 64 hours

after the collision. The efficiency of the solar wind is about 6.5% of that of the collision.
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Figure 10: Same as the J-map shown in Figure 3 of the main text, except the red (a constant solar
wind speed of 380 km s~! according to the in situ observations is applied in the model) and yellow
(a linear increasing solar wind speed from 300 to 380 km s~! is applied) lines are obtained from

the drag-force model, in which the CME acceleration by the solar wind is taken into account.
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12 Absence of shock ahead of CME2

If CME2 drove a shock, the driven shock will provide the extra momentum exchange to CME1°.
The resolution of HI1 imaging data is not high enough to distinguish if there was a shock. We then
check with the radio data as type II radio bursts are a good indicator for shocks. Figure 11 shows
the observations from WIND/WAVES? and STEREO/WAVES?. It could be found that there are
at least four type III radio bursts in all the radio instruments, but no type IIs. Thus no shock
signatures could be found in radio observations. Besides, some radio emissions around 100 — 400
kHz from 01:00 to 03:00 UT on November 4, which is in the middle of the collision phase, were
received by WIND/Waves. However, similar emissions cannot be found at the other two receivers
onboard STEREO. Therefore, the radio emissions observed by Wind do not indicate the presence
of a shock or the interaction of the two CMEs. It was probably the auroral kilometric radiation
(AKR) from the Earth. Although we do not find any signature of shocks, we cannot rule out that
CME2 did not drive a shock. But we may be confident that the shock, if any, will be very weak

and therefore do not significantly affect our analysis of the two CMEs’ collision.
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