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Abstract. The interaction in the solar wind between two the interplanetary medium, theoretical modeling and numer-
coronal mass ejections (CMES) is investigated using numerical simulations have given some degree of understanding of
ical simulations. We show that the nature of the interactionthe properties of individual CMEs and it seems likely at this
depends on whether the CME magnetic structures interactime that the next breakthrough in CME physics will come
but in all cases the result is an equilisation of the speed ofrom multi-point observations.

the two CMEs. In the absence of magnetic interaction, the Coronagraph observations by the Large Angle Spectro-
forward shock of the faster trailing CME interacts with the \atric Coronagraph (LASCO) instrument on the Solar and
slow leading CME, and accelerates it. When the two CMESyg|ipspheric Observatory (SOHO) from the recent solar
have magnetic fields with the same sense of rotation, magyximum indicate that at times of strong solar activity, mul-
netic reconnection occurs between the two CMEs, leadingjsie cMEs can be ejected from the Sun within a short time
to the formation of a single magnetic structure: in the mostSpan (a few hours: Gopalswamy et al., 2001). This leads to
extreme cases, one CME “eats” the other. When the senses ,ch more complex picture than with a single CME. In
of rotation are opposite, reconnection does not occur, but the,aicylar, the case of a fast CME being launched after (and
CMEs collide in a highly non-elastic manner, again form- caiching up with) a slow CME is of great interest. An early
ing a single structure. The possibility of enhanced particle ;¢ reported by Gopalswamy et al. (2001) observed the in-

acceleration in such processes is assessed. The presencegf, tion in the form of Type Il radio emission. They associ-

strong magnetic reconnection provides excellent opportuni=;a this with the leading shock of the trailing CME plowing

ties for the acceleration of thermal particles, which then formthrough the slower leading CME. The change in the plasma
a seed population for further acceleration at the CME ShOCdeensity presumably led to an enhanced number of acceler-
The presence of a large population of seed particles will thus;iaq electrons at the shock.

lead to an overall increase in energetic particle fluxes, as sug-

gested by some observations. More recently, Gopalswamy et al. (2002) and Richardson

et al. (2003) have discussed the possibility that CME inter-
Key words. Solar physics, astrophysics and astronomy action is an important aspect of the acceleration of solar en-
(flares and mass ejections). Space plasma physics (numegrgetic particles (SEPs). These particles are mostly protons,
ical simulation studies; shock waves). and are presumed to be accelerated by a first order Fermi pro-
cess at a shock wave. These authors reach opposite conclu-
sions: Gopalswamy et al. claim that the correlation between
CME interaction and SEP was due to changes in the shock
properties during the interaction, whereas Richardson et al.

, , . ... __argued that the association was not statistically meaningful.
It is now widely recognized that coronal mass ejections

(CMEs) are major transient events that carry away mass and 1he interaction of CMEs presents numerous possibili-
momentum from the corona of the Sun (Hundhausen, 1999)i€s for enhanced particle acceleration (Gopalswamy et al.,
Their masses can be as large aségpand their velocities 2002). For example, one might expect the leading CME to
at the Sun can lie anywhere between 100 and in excess dgave behind a turbulent wake that could provide enhanced
2000 km/s (Hundhausen, 1999, St Cyr et al., 2000). In thescattering efficiency for Fermi acceleration at the following
interplanetary medium (where we refer to them as Interplan-Shock wave. Secondly, the shock of the trailing CME will
etary CMEs: ICMEs), they often (perhaps 50% of the time) encounter enhanced plasma populations as it interacts with
take on the form of a highly organized magnetic field struc- & high-density core in a leading ICME. A third possibility is
ture (a flux rope: Burlaga, 1988), sometimes preceded by that the magnetic reconnection process between the flux sys-

shock wave. Observations of CMEs at the Sun and ICMEs inf€MS of the respective CMEs can lead to energetic particle
production at any reconnection site. These mildly energetic

Correspondence tal. M. Schmidt particles can then provide an enhanced seed population for
(jo.schmidt@iu-bremen.de) further acceleration at CME-driven shock waves.

1 Introduction
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Fig. 1. Contour plots of the vector potential at four times during the evolution of two CMEs whose meridional angle is separated by 40
These are projections of the magnetic field on the) (plane. The same contour levels are used in all panels.
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This paper addresses the interaction of CMEs from thewas given an initial thermal overpressure of a factor of three
viewpoint of magnetohydrodynamic (MHD) simulations. (five) with respect to the surrounding solar wind. Finally, the
Our aim is to understand the basic processes of the interaslow CME has its density enhanced by a factor of four with
tion: in particular, how does the shock of the trailing CME respect to the surrounding solar wind. Density enhancements
interact with the leading one; how do the CME magnetic of this order can be detected by measurements of radio emis-
fields interact with each other? Section 2 describes the modedion in the cores of the CMEs (e.g. Gopalswamy et al., 2001).
briefly: many of the details have been published elsewhere. Both CMEs are placed in a Parker solar wind with a flow
In Sect. 3 we discuss the interaction between a fast CME thagpeed of 100 km/s at the inner boundary and a sonic point at
interacts obliquely with a slower and denser CME. In par-r=8.9R;, so that the two colliding CMEs pass through the
ticular, we address the behaviour of shock waves within thesonic point as they interact. A (radial) solar wind magnetic
slow CME. Section 4 presents a parameter study of CMEfield is not considered in these simulations.
interactions, with particular emphasis on the relative impact
details and magnetic field orientation.

3 Obliquely colliding CMEs

2 The model Figure 1 shows the interaction of two CMEs which have the
same (anticlockwise) rotation of the magnetic field, but are
We use a MHD simulation model to study the interaction be-separated by 40in the meridional plane. In each panel the
tween two CMEs. The details of the equations solved and,_axis is in the ecliptic plane and theaxis is the polar co-
numerical method used, are outlined elsewhere (e.g. Cargilhrdinate of the Sun, each measured in solar radii (note that
et al., 2000) and will not to be repeated here. The modelpanels (a) and (b) have different dimensions from the oth_
is 2.5 dimensional, so that the density and the three compogrs). The thick dashed lines denote the inner boundary of
nents of the velocity and the magnetic field depend on timethe simulation box. The contour-lines of the vector poten-
1, the radial distanceand the meridional anglé , where  tia| A,r sing are plotted in each panel: these are the projec-
rotational symmetry is assumed in thedirection. We spec-  tions of the magnetic field lines onto the— z-plane. Note

ified a simulation box that extends from 1.7 to B2 thisis  g|so that the whole structure extends out of this plane, i.e.
the combined fields of view of the LASCO C2 and C3 coro- in the ¢_direction_ Figure 2 shows the plasma density nor-

nagrgphs on board SOHO. In_ thedirection the simulation  malized locally to its initial value (i.eo (t)/p(t=0)), which
box lies between Iand 170, with #=90° at the equator (see  shows clearly the shock locations. In both plots, quantities

Fig. 1 for further details). _ are shown at four different times, as indicated on the panels.
The two CMEs are assumed to be the coronal manifesta- |t is clear from these figures that whereas the magnetic

tion of magnetic clouds, so that they are magnetic flux ropesfie|ds of the two CMEs do not interact themselves (there is

In a local cylindrical geometry the field is given by: no reconnection between the two flux systems), the fast CME

r/a B exerts a major influence on the slow one. The interaction is

By = Bo °_. = 0 , (1)  apparent even in the magnetic field plots, where there is a
1+ (r/ao)? [1+ (r/a0)?)? ’

flattening of the upper side of the slow CME in panel (b),
(Gold and Hoyle, 1960), wherBy is a constant andgp is the ~ and an associated movement of the centre in a southward di-
radius of the magnetic cloud. In the initial state we chooserection relative to its expected trajectory in the absence of
the fast and slow CMEs to havBy=0.63G and 0.5G, re- the fast CME. This is due to compressive effects generated
spectively. The fast (slow) CMEs hawg=1.1 (1.5)R,, and by the motion of the fast CME that then hit the slow one.
have initial velocities §¢) of 1095 and 290 km/s, respec- The flattening continues in panel (c) and indeed is exactly
tively. The centre of the fast and slow CMEs arera8.9 opposite to the usual behavior of a CME which undergoes
and 5.9R;. The angle between the meridional positions of the strongest compression in the radial direction (e.g. Cargill
the centers of the initial CMEs can be varied, in order to ex-and Schmidt, 2002).
amine interactions that take place with or without the ICME  The cause of this distortion becomes clearer from Fig. 2.
magnetic fields ever coming into contact. Both CMEs generate leading shock waves (indicated by la-
This choice ofBg gives magnetic field strengths of 21 nT bels A and C in the panels), due to their relative speed with
and 42 nT for the fast and slow CMEs, respectively, at 1 AU.respect to the solar wind. There is also a density rarefaction
The dimensions of the initial CMEs are typical of the dimen- in both CMEs due to the mild over-expansion. Finally, as the
sions of CMEs that are observed with the C2 and C3 coronaCMESs start moving, a reverse shock is generated that is con-
graphs of LASCO. The initial velocities are also typical val- fined within each CME (labels B and D in the panel). Each
ues for fast and slow CMEs, and are also characteristic of thgair of forward and reverse shock has a half-moon-like shape
speed of CME pairs seen by Gopalswamy et al. (2001). Sinceind can be seen most clearly in panel (a).
most of the CMEs that have been observed in the LASCO In panel (b) the southern end of the forward shock of the
images over-expand when they propagate into the outer infast CME has begun to interact with the upper boundary of
terplanetary space, a feature that is apparently more commathe slow CME, distorting it as seen in the magnetic field
for the faster CMEs (Dere et al., 1999), the slow (fast) CME plot. This interaction has created a significant pile-up of
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Fig. 2. Contour line plots of the change in density for the simulation shown in Fig. 1. The labels A—E are discussed in the text.
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Fig. 3. The velocity (left panel) and shock-strength of the forward shocks (right panel) as a function of time for the fast (solid line) and the
slow (dotted line) CMEs presented in Figs. 1 and 2.

the density at the western leading edge of the slow CME panel (d) and extends in the direction of the rear of the fast
denoted by the label “E” in the panels. Note that the re-CME.

verse shock “B” of the fast CME has penetrated into the slow  thg |eft panel of Fig. 3 shows the velocity of the fast (solid
CME entirely. Where this shock intersects with the forward line) and the slow (dotted line) CME. The velocity is de-
shock "A” of the fast CME, the latter shock is suppressed, fined as the velocity at the grid point corresponding to the
thus creating a gap between the pile-up regions “E” and “A™. |5gest magnetic field intensity in each CME. The “jumpi-
There is also a complex process of interaction between theyess” in the curves is due to the relatively small number of
two forward shocks. While colliding, these shocks steepenyaia points. At the start of the simulation, the fast CME is
significantly (see panel (c)). The eastern front of this double- 4igly decelerated due to its interaction with the solar wind
wing-like pattern roughly coincides with the front of the slow (e.g. Cargill and Schmidt, 2002), and the interaction with the
CME, i.e. the major part of this shock pattern is within the o CME starts after about 50 min, with a small deceler-
slow CME. Itis obvious_ that the strong stegpening of the fastgtion of the slow CME. Since the fast CME only interacts
CME forward shock within the slow CME is due to the en- \yith the slow CME obliquely, turbulent motions around the
hanced density which diminishes the Aéivspeed there. sides of the fast CME causes this slight deceleration. After

In panel (d), the strong shock has passed through the slo@bout 1_00 min, the slow CME is accelerated until it reaches
CME, and is propagating into the undisturbed solar wind,S0lar wind speed (and speed of the fast CME) after about
where it displays a nearly spherical pattern. The slow CME300 minutes. At the same time, the fast CME is decelerated
has maintained its integrity throughout the interaction, butinitially slightly below solar wind speed, also due to its in-
has undergone considerable distortion (Fig. 1, panel (d)). nteract!on with the slow CME. It should be noted that the in-
is important to note that the slow CME has been acceleratederaction of the two CMEs leads to a nearly constant force
by this interaction, and can now influence the motion of the©n the slow CME (the acceleration in the example shown is
fast CME. Panel (d) indicates that the southern leading edg&POut 24 km/(mirf}).
of the fast CME is influenced by the northern trailing edge The right panel of Fig. 3 shows the shock-strength of the
of the slow CME, where solar wind material is sucked into forward shock of the fast (solid line) and the slow (dotted
the rear of the slow CME. This edge of the slow CME forms line) CME versus time, where the shock-strength is defined
a nose-like pattern that starts in the area denoted by “E” inas the maximum of the plasma density normalized locally
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to its initial value p(¢)/p (t=0) throughout the shock. The Figure 5 shows a simulation that has identical initial condi-
shock strength of the forward shock of the fast CME de-tions, but the two CMEs now have an opposite rotation of the
creases slowly during the interaction up to 300 minutes. Af-field lines. In this case reconnection between the two CMEs
ter the interaction, when the forward shock of the fast CME s entirely inhibited. Yet we see that many aspects of the in-
can propagate freely within the undisturbed solar wind, thisteraction are similar to Fig. 4, in particular the strong initial
shock steepens again. On the other hand, the damping of thenpact of the fast CME in panel (a) and the rolling of the
forward shock of the fast CME during the interaction leads tofast CME over the northern edge of the slow CME in panel
a rapid increase of the strength of the forward shock within(b). We can conclude that the CMEs in the case of opposite
the slow CME. After about 340 min, the strength of the for- field rotation behave like very elastic billiard balls, since the
ward shock of the slow CME starts to diminish, since theredeformation of the hitting CMEs is quite pronounced.

is no longer a driving force and the effect of the spherical Finally, Fig. 6 shows results for the overtaking collision
expansion of the plasma of the slow CME is prevailing. of the two CMEs, where the fast and slow CMEs both have
their centers initially af=90°, and they have the same sense
of field rotation. The CMEs now eventually merge with each
other, with the slow CME becoming attached like a cap to
the fast CME, as depicted in panel (b). In the middle of

the interaction region, where the reconnection of field lines

In Sect. 3 we cor_lsidere_d a case where the magnetic field qg strongest, the impact of the slow CME pushes the mate-
the two CMEs did _not mte_ract_. Here, we consider a C8S&ial at the border of the fast CME into the interior of the
where the angle of interaction is smaller, such that the mags, ot cME. The associated magnetic field lines acquire an

ne_ztic structures do collide. One can anticipate that the results - ' ike shape that seen in its fully developed form in panel
will depend on the_ sense of rotation (_)f the CMEsj When the(d)' Again, the merging of the CMEs is extensive, with the
sense of rotation is the same (0pposite), Magnetic reCONNEGyargaq internal magnetic field structure showing large de-

tion can (should not) occur when the CMEs collide. viations from the original circular shapes. Indeed, this case
The initial conditions are slightly different from Section 3. ¢ould be referred to as “CME-cannibalism”.

The initial position of the fast CME is=7.8 R, §=90° and
the slow CME has'=11.7R,, 6=11C°. The fast and slow
CMEs have initial speeds of 1095 km/s and 290 km/s, respecs Discussion and conclusions
tively, B,=0.14 and 0.072 G, ang,=3.5R; and 2.%;. In the
figures a small cross denotes the position that the centre ofe have shown that the interaction between CMEs in the
the slow CME would have if its propagation was unaffected solar wind depends on the relative trajectory of the CMEs,
by the fast CME. Note that these dimensions roughly fit theas well as on the sense of rotation of the magnetic fields in
event that was investigated by Gopalswamy et al. (2001). the CMEs. For cases where the magnetic structures (flux
The magnetic field lines are shown in Fig. 4. Panel (a)ropes) in the CMEs do not actually collide, the interaction
shows, compared with the previous simulation, that there if the CME-related shocks can lead to a net equalization of
now a much larger region of direct interaction between thethe CME speeds. This happens when the shock associated
CMEs and that the CMEs in this region become clearly dis-with the fast CME passes into and through the slow CME,
torted because of the impact. In the interaction region, theand accelerates it. When the CMEs interact magnetically,
field lines of the two CMEs reconnect with each other alongwe again find that the slow CME is accelerated up towards
an extended current sheet. The centre of the slow CME ighe speed of the fast CME, and the two CMEs form a sin-
south of the cross, which shows that the impact has accelgle body. The magnetic structure of this body is determined
erated the slow CME southward. In panel (b) the fast CMEDby the relative sense of rotation of the magnetic fields in the
starts to overtake the slow CME. The front part of the fasttwo CMEs. When the rotation is the same, magnetic recon-
CME glides over the northern front edge of the slow CME, nection between the two CMEs occurs, leading to a single,
accelerating the slow CME further in the south-east direc-topologically discrete structure. For cases of opposite rota-
tion. In panel (c) the fast CME has overtaken the slow CMEtion, the two CMEs move together, but their flux systems
and both CMEs start to separate. However, the separation igemain separate. The difference is simply a result of the fact
strongly impeded by the extended reconnection of field linesthat when the rotations are the same, the magnetic field com-
between the two CMESs. This can be seen in panel (d), wher@onents tend to be oppositely directed. We also showed a
there is strong linkage between the northern edge of the frontase of CME cannibalism, where a trailing CME completely
of the slow CME with the interior of the fast CME. Also, the absorbed the leading CME.
centre of the fast CME has moved further north due to the in- The implication of these results is that the interaction of
teraction. It can be concluded that strongly interacting CMEspairs of CMEs will tend to lead to large, merged structures,
with the same sense of rotation of the field behave like stickyat least when the outward trajectories of the CMEs are close
billiard balls, leading to the formation of a single CME. Note to each other. CMEs do not tend to bounce off each other, but
that the single CME is now considerably further into the solarrather stick together. This is a consequence in part of “stick-
wind than the interaction-free location of the slow CME. iness” introduced by the magnetic reconnection process, but

4 Colliding CMEs involving magnetic reconnection
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also due to the fact that these are not elastic collisions. Th&eferences
compressibility of the CME (both plasma and magnetic field)
means that the CMEs distort around each other, making Serﬁurlagg, L. F.: Magnetic clouds: Constant alpha force-free config-
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