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Abstract. We studied the heliospheric evolution in one and et al. (2001, 2002) reported the interaction between two
two dimensions of the interaction between two ejecta-like CMEs close to the Sun: at the same time that the LASCO-
disturbances beyond the critical point: a faster ejecta 2 overSOHO observations showed a fast CME overtaking a previ-
taking a previously launched slower ejecta 1. The study isously launched slow CME, there was a radio signature in the
based on a hydrodynamic model using the ZEUS-3-D codeform of an intense continuum-like radio emission following a
This model can be applied to those cases where the intetype Il interplanetary bursBurlaga et al(200]) studied the
action occurs far away from the Sun and there is no mergproperties of fast ejecta detected at 1 AU by ACE spacecraft
ing (magnetic reconnection) between the two ejecta. Theduring a period of increasing solar activity and found “com-
simulation shows that when the faster ejecta 2 overtakeplex ejecta”. These events are characterized by having dis-
ejecta 1 there is an interchange of momentum between therdered magnetic fields, high proton temperatures and long
two ejecta, where the leading ejecta 1 accelerates and tha@urations (about 3 days in ACE observations). They found
tracking ejecta 2 decelerates. Both ejecta tend to arrive athat some of the complex ejecta in their study could have
1 AU having similar speeds, but with the front of ejecta 1 been produced by the interaction and merging of two or more
propagating faster than the front of ejecta 2. The momen-CMEs in the interplanetary medium and these CMEs can be
tum is transferred from ejecta 2 to ejecta 1 when the shockassociated with a single source region. Recer@gstrcil
initially driven by ejecta 2 passes through ejecta 1. Even-et al. (2003 used a 2.5 MHD model to investigate the inter-
tually the two shock waves driven by the two ejecta mergeaction between two flux ropes in a homogeneous magnetized
together into a single stronger shock. The 2-D simulationplasma. Their initial condition was one cloud and its shock
shows that the evolution of the interaction can be very com-wave in motion and the other cloud was at rest. They found
plex and there are very different signatures of the same everthat when the two clouds approached each other, their oppo-
at different viewing angles; however, the transferring of mo- site magnetic fields were pushed together driving a magnetic
mentum between the two ejecta follows the same physicateconnection (by numerical diffusion) and the two flux ropes
mechanism described above. These results are in qualitagradually coalescence into a single flux rope.

tive agreement with in-situ plasma observations of “multiple  However, not necessarily all overtaking CMEs in the inter-

magnetic clouds” detected at 1 AU. planetary medium involve magnetic reconnection and form
Key words. Interplanetary physics (flare and stream dynam_corpplex ejectawang et aI.(%OO& reported three events
ics; interplanetary shocks: solar wind plasma) of “multiple magnetic clouds”, consisting of several mag-

netic clouds (MCs) separated by interacting regions. In these
events, there was not a merging of the MCs in the interplane-
tary medium, and the successive halo CMEs associated with
these clouds were not originated from a single source re-
I .gion. Figure 1 presents one of the events reported by Wang et
g;{:ﬁna;nrgaesﬁefjZﬁ}éogqsaﬁﬁifast)ioirse (?fnseogrtgsti\r:;tOSthﬁz(r:Ieal' (2003) showing ACE plasma observations of 3 magnetic
a mais of aboutg]?é—lolﬁg is propelled out with a i’peed clouds and 3 shock waves. Note that the interacting MCs are
between 1062000 km/s, resulting with a kinetic energy separated by plasma sheet signatures,

around 18°—10* ergs Hundhausen1999. Gopalswamy Slm!lar mte_rvals o_f a few days of |r_1-5|tu spac_ecraft ob-
servations with a high number of ejecta and interplane-

Correspondence toA. Gonzalez-Esparza tary shocks (no necessarily complex ejecta) appear in the
(americo@geofisica.unam.mx) literature. Some examples of these intervals are: the

1 Introduction
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etary medium to illuminate some physical aspects of their

ACE DATA SWEPAM lion instrument evolution in the inner heliosphere. The outline of the paper

I SJ:'52 V) ) : """" 7y [ is as follows. Section 2 shows the characteristics of the nu-
800 e MCL ey, Mes - merical model and the initial conditions. Section 3 presents
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500 1 : : [ associated shocks into a stronger shock. This example shows
E NN 77/ 7227/7% v i E how the interaction between the two ejecta affects their dy-
o :: T TT .: -------- T namic properties (velocity, radial width and transit time) as
103 i i 3 they propagate to 1 AU. Section 4 presents a simulation in
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L 10" 3 ¥ I}w‘ Y | i % 3 ity of the geometry in the interaction between the two ejecta.
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10° ] I g:’:ﬁﬁﬁf“:m;“: ','-‘J?«*,fl %, i We performed our study employing the numerical code
E k Y, i ) 2 _ZEUS-3-D (verspn 4.2). Thls_ c.ode solve_s the system. of
"""" BAARLRARRARARARES RARAAARARRAN LA ideal MHD equations (non-resistive, non-viscous) by finite
y
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differences on an Eulerian mesBtone and Normari992.
In order to simplify the calculations we neglected all mag-

clouds” reported byVang et al(2003. The interval shows the in- Inet|c gffecr;[s. N?te h_erg :)hat beyonhq tEIe critical p0|_nt (13 Sr?'
teraction of three magnetic clouds and three interplanetary shock® 2 ii) the solar wind becomes highly supersonic and the

waves (data taken from the ACE SWEPAMittp://swepam.lanl. large-scale dynamics of the heliosphere is dominated by the
gov/). dynamic pressure term of the solar wind streams. For this

reason these simplified 1-D and 2-D hydrodynamic numer-
ical simulations of interplanetary disturbances have proved

August 1972 events detected by Pioneer I®or{zalez- to be very useful in understanding the basic physical aspects
Esparza and Smitl996), the April 1979 events detected by of the injection and heliospheric evolution of these distur-
Helios 2 Berdichevsky et al2003, the March 1991 events bancesilundhausen and Gen{3969 Dryer, 1994 Gosling
detected by Ulysse®hillips et al, 1992 Gonzalez-Esparza and Riley 1996 Riley et al, 1997 2001, Gonzalez-Esparza
et al, 1996 and the April 2001 events detected by WIND et al, 2003ab). However, we should keep in mind that there
(Berdichevsky et al.2003. During these intervals the in- are fundamental issues that cannot be addressed by a hy-
situ observations show a complex transferring of momentundrodynamic model. The model does not pretend to study
between several ejecta and interplanetary shocks. the initiation of CMEs at the solar surface, nor the evolu-

The interaction of CMEs can occur very close to the Sun,tion of the topology of a magnetic cloud in the interplane-
as those events reported by Gopalswamy et al. (2001) or aary medium, nor the complex plasma signatures shown in
further heliocentric distances even beyond 1 AU. The charthe in-situ measurements by spacecraft (e.g. alpha particles,
acteristics of this interaction would depend on the physicalbidirectional suprathermal electrons, heavy ions, etc.). Fur-
properties of the colliding CMEs (velocity, mass, magnetic thermore, the model cannot calculate the effects due to the
field configuration, size, time of ignition, etc.) and the am- magnetic reconnection that presumably occurs during the in-
bient wind characteristics. The physics involved in CMEs teraction and merging of some CMEs in the interplanetary
colliding and merging close to the Su@dstrcil et al, 2003 medium. Therefore, we used this simplified model to study
Vandas and Odstrgil2004) is different than other cases, the interchange of momentum between large-scale interplan-
where the interaction occurs at further heliocentric distancestary disturbances and solar wind streams driven basically
and there is no magnetic reconnection (Fig. 1). This papeby their dynamic pressures and interplanetary shocks, which
studies the latter case, where the evolution is driven by theplay a predominant role in the large-scale dynamics of the
dynamic pressure term of the large-scale disturbances ansblar wind.
the ambient wind. Following a technique similar to that of Gosling and Ri-

Based on a simple hydrodynamic model we present nudey (1996), we produced the ambient solar wind by spec-
merical simulations of the interaction between two ejecta-ifying the fluid speed, density and temperature at an in-
like disturbances and their associated shocks in the interplamer boundary located beyond the critical point (Ro=18 so-

Fig. 1. Solar wind plasma observations of “multiple magnetic
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lar radii=0.083 AU), and then allowing the wind to evolve a square pulse which produces an excessively strong reverse
and reach a stationary solution that mimics observed valueshock in the hydrodynamic simulation. From Table 2 we note
of the solar wind at 1 AU. After the ambient solar wind was that the total mass of ejecta 2 was about 2.1 times higher than
established, we injected a ejecta-like perturbation from thethe mass of ejecta 1, and the total kinetic energy of ejecta 2
inner boundary to simulate the propagation of an ejecta intovas about 6.7 times higher than the energy in ejecta 1.
the interplanetary medium. These ejecta-like perturbations Figure 2 shows the heliocentric evolution of the two ejecta
are pulses with an initial velocity and small increments in and their associated shocks propagating in the solar wind at
density and temperature, over a finite interval of timg.(  three different times. Since the code has a numerical sub-
We include the solar gravity and assume that the solar windoutine that tracks the leading and trailing edges of the two
is an ideal fluid with a ratio of specific heats=1.5. All nu- ejecta-like pulses at every time step, the plots show the radial
merical runs have an in-flow condition at the inner boundaryextension of both ejecta as they propagate in the interplane-
and an out-flow condition at the outer boundary (more de-tary medium. The plots at the left column in Fig. 2 shows
tails of these simulations can be found in Galez-Esparza the event at 20 h after ejecta 1 initiation, where the front of
et al. (2003a,b)). ejecta 1 is at R=0.30 AU whereas ejecta 2 {0.16 AU)

is still is being injected. Both ejecta are driving a forward

Table 1. Characteristics of the ambient solar wind. Initial condi- shock (s1 and s2) but clearly the front of ejecta 2 is much

tions at the inner boundary (Ro=0.083 AU) and stationary solutionsfaSter than the. front Of_ ?j?CFa 1 a_nd s2 is stronger th_an sl.
at 1 AU in one and two dimensions. At 40h after ejecta 1 initiation, ejecta 2 (R0.46 AU) is

very close to ejecta 1 (R=0.52 AU) and s2 is propagating
through ejecta 1. Note that as conforming s2 propagates, it is
Ro 1.0 AU compressing and transferring momentum to ejecta 1, and the
1-D 2D velocity of the tail of ejecta 1 is already of the same magni-
tude as the velocity of the front of ejecta 2. Finally, at 70 h
after ejecta 1 initiation, the front of ejecta 1.4R0.91 AU) is
already propagating faster than ejecta 26R.88 AU), and
s2 has already crossed ejecta 1 and has overtaken s1. The two

- . . forward shocks (s1 and s2) merge together into a stronger
Table 1 shows the initial conditions at the inner boundarySingle shock ( ) ge fog 9

to produce the ambient wind and the values of the station- Figure 3 shows the time evolution of the velocities of

?2:] Soll\lljé't(;ntha;thﬁ;u t(;?f:;?d la/ ih()enl}gr?r:]g azr;q?)'::me'i— dthe front of ejecta 1 and ejecta 2 and the velocities of their
10NS. statl y solutions 1eNt WING,ssociated shocks (sl and s2). At the top of Fig. 3 the

had some small differences: the wind in the 1-D S'mUIat'onfront of ejecta 1 propagates basically with a constant speed

tended to be sightly denser, hotter and slower than the on?v 1=441 km/s) until at about 46 h (R=0.58 AU), when it is

in the 2-D simulation. This discrepancy is because the 1-D .
. . ; . . overtaken by s2 and suffers an abrupt acceleration, thereb
simulation had a computational grid of 2048 zones with a res- v y " up ! y

olution of 6.43e# AU per zone; whereas the 2-D simulation becoming faster {,;=591km/s). The dotted curve in the

. : . . same plot shows the velocity evolution of ejecta 1 for the
had a grid of 512512 zones (spherical coordinates) with a . . . : .
resolut?on of 2 5%10-3 AU peE rgdial Jone and 6.]261)0*5 case when there is no interaction with any other disturbance.

) i In this case, there is no strong variation during its evolu-
radians per longitudinal zone. tion but a gradual velocity decrement toward the ambient
wind value due to the upstream wind dragging force. In the
3 One-dimensional simulation middle panel of Fig. 3, the front of ejecta 2 follows a very

similar evolution as a single ejecta in the inner heliosphere:

After reaching the stationary solution for the ambient wind after its injection ¥,2=800 km/s) it reaches an intermediate
(Vsy=400km/s) we injected during 5h a slightly faster speed V,.»=630km/s) with respect to the ambient wind and
ejecta 1 {,1=450 km/s) and, 15 h after this initiation, we in- propagates with this quasi-constant speed until it reaches a
jected during 6 h a much faster ejectal24=800 km/s). Ta-  critical point (R.2=0.40 AU, t=29 h) from which it begins to
ble 2 shows the characteristics of the two ejecta-like pulsesdecelerate. This critical point depends on the ejecta initial
These ejecta initial conditions are common values inferredconditions and the ambient wind characteristiG®ijzalez-
from analyzing SOHO-LASCO movies and, in general, they Esparza et al20039. This plot shows that the velocity evo-
are in good agreement with in-situ spacecraft measurementsition of ejecta 2 is not affected significantly by ejecta 1.
at 1 AU (Gonzalez-Esparza et aZ2003Hh. The plot at the bottom of Fig. 3 shows the velocity evolu-

In this case, the pulses representing ejecta-like perturbation of the two shock waves (s1 and s2) and their coalescing
tions had a initial square jump in velocity and, after half of at 62 h into a stronger shock. Before this coalescing, s1 prop-
the pulse duration, the velocity gradually decreased usingagates with quasi-constant speed, whereas s2 is decelerating,
a sinusoidal function toward the ambient wind value. Thisthereby suffering some velocity fluctuations produced by its
gradual decrement of the ejecta tail velocity is an artifice forpropagation against an upstream wind disturbed previously
diminishing the rarefaction region appearing at the back ofby s1 and ejecta 1.

N[lcm™3] 990 64 6.1
T[10°K] 4.5 0.49 0.48
V[km/s] 400 426 447
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Table 2. One-dimensional simulation. Characteristics of the ejecta-like pulses: Initial veldgijyiGicrement of densityAN.=N,/N,)
and temperatureX7, =T,/ T,) with respect to the ambient wind at ro, temporal duratiQp, total mass #e=>_7_, mp-N (r;)-d? (r;)) and

total kinetic energ)(Kez ?=1(1/2)Me(ri)~V2(ri))-

Ve[km/s] AT. AN. t.[h] M,.[10%g] K.[103Lergs]

ejecta 1 450 1.2 1.2 5.0 3.1 3.14
ejecta 2 800 1.2 1.2 6.0 6.6 21.1
e2 s2 el sl e2 s2/el s1 e2 els2/sl
800] o t=20h | ]  t=don [ ] t=70h |
2 600] / N ] |1 L] I
£ ‘ 1 vV ] : L
= | § 5 el
Z 400 ‘ e Lli // ‘
107 ' ' ' ' ' ' ' ' ' 1' H ' ' ' ' ' ' '
10%4 L | [ ] I
~ T 1 v 1
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- 10° k = J o & L
= ] |
10 | ' ' | ' ' ' ' ' 3' : ' ' ' ' | | '
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100, : . L | \_J L
0.1 02 0.3 0.4 11 01 02 03 04 05 06 11 0.1 06 07 08 09 10 11
R (AU) R (AU) R (AU)

Fig. 2. Heliocentric evolution of two ejecta propagating in the solar wind at three different times after ejecta 1 initiation. The cases show the
location of the two ejecta (el, e2) and the vertical lines their shock waves (s1, s2). The scales on the horizontal axes were modified for each
time to focus on the disturbances.

Figure 4 shows the evolution of the ejecta 1 radial width, the passing during 14 h of s2 through ejecta 1 increases the
which is injected during five hours and afterward it follows a kinetic energy of the ejecta, showing clearly that the transfer-
gradual expansion until at about 32 h when it is compresseding of momentum between the two ejecta-like disturbances
by the passing of the shock wave (s2) driven by ejecta 2. Thés basically by the interaction with the shock wave (s2). As
dotted curve in the figure shows how ejecta 1 expands wheit is shown in the same plot, if ejecta 1 is not compressed
there is not interaction with s2. The compression of ejecta lby s2, its total kinetic energy remains practically constant.
begins when s2 crosses by its tail and ends when s2 passes By the bottom panel of Fig. 4, the kinetic energy of ejecta 2
its front, producing the abrupt acceleration shown at the topdecreases gradually with heliocentric distance (transferring
panel of Fig. 3. Keep in mind that this compression is over-momentum to the ambient wind) and, as in Fig. 3, the evolu-
estimated by the model due to the lack of magnetic pressuréon of ejecta 2 looks very similar to the case when there is
into ejecta 1. no interaction with any other disturbance.

Figure 5 shows the evolution of the total kinetic energy of Table 3 shows results at 1 AU of the 1-D simulation. For
each ejectak.), i.e. the sum of the kinetic energy of the cells comparison columns 4 and 5 show the results obtained by
covered by the ejecta. The top panel of Fig. 5 shows howthe model when ejecta 1 and 2, respectively, propagate alone
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in the top and middle plots show the evolution when there was no
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Table 3. One-dimensional results at 1 AU: ejecta transit time from

ro (A1 oy), ejecta front velocity ¥) and radial width Wr,). (x)
ejecta propagates without interacting with other disturbance.

ejectal ejecta2 ejectal ejectaZ
At ap [N] 76.6 64.7 85.6 65.5"
V, [km/s] 547 522 432 525¢
Wre [AU] 016 232 077 223

its propagation (the normalized differences between the two
columns are less than 0.5%). However, the results of ejecta 1
in columns 2 and 4 were very different. due to the interac-
tion with the shock wave driven by ejecta 2, ejecta 1 arrived
Fig. 4. Heliocentric evolution of the radial width of ejecta 1 (dis- at 1 AU compressed (with an approximate 79% smaller ra-
tance between its front and tail). The dotted curve shows the contindial width) and with a much faster front speed (about 27%
uous expansion when there is no interaction with other disturbancehigher) and shorter transit time (about 10.5% less). These
results agree with those Bfandas et al(1997), where they
studied the interaction of a shock wave overtaking a mag-
against the ambient wind without interacting with any other netic cloud (MC) using a MHD model. They found that the
disturbance. Although ejecta 1 was injected with a lowerpassing of the shock through the MC produces an increment
speed than ejecta 2, columns 2 and 3 show that at 1 AUn the MC'’s field magnitude and the ejecta is compressed and
their fronts arrived at 1 AU with similar speeds and more- accelerated in the radial direction. This simulation explains
over the front of ejecta 1 was faster. Note that the results ofwhy in three events reported Byang et al (2003 (Fig. 1),
ejecta 2 were practically the same in columns 3 and 5, indi-the front speed is faster in MC1 than in MC2, and the radial
cating that the interaction with ejecta 1 did not greatly affectwidth is larger in MC2 than in MC1.
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Table 4. Two-dimensional simulation. Characteristics of the ejecta-like pulses: initial velocity, increment of density and temperature,
temporal duration, total mass and total kinetic energy as defined in Table 2.

Ue[kmis] AT. AN. t.[n] M.[10%g] K.[103Tergs]

ejecta 1 600 1.2 1.2 4.0 0.51 0.92
ejecta 2 1600 1.2 1.2 4.0 2.86 36.6

Table 5. Results in 2-D at the five radial cuts<{a) at 57 h after W_ith radial Cl_ﬂs at different anglgs: (@) is at_ the left wing of
ejecta 1 initiation (Fig. 7): ejecta heliocentric distangg), ejecta  €J€cta 2, (b) is at the center of ejecta 2, (c) is at the center of
front velocity (V) and ejecta radial widthir,). the interaction between ejecta 1 and ejecta 2, (d) is at the cen-
ter of ejecta 1, and finally (e) is at the right wing of ejecta 1.
ejecta 1 ejecta 2 In each plot we show the location of the ejecta (solid cases)
e d c c b a and their shock waves (solid lines).

Figure 6 shows the simulation at 19 h after ejecta 1 ini-
tiation, where the front of ejecta 1 is propagating at about
R=0.33 AU driving a shock wave (s1) and ejecta 2 has just
been injected driving a stronger shock (s2). The five plots
(a-e) show different features. In Figs. 6a,b there are only sig-
natures of ejecta 2 and s2. In Fig. 6e only ejecta 1 and s1 are
] . ) ] present. In Fig. 6d s2 propagates (without ejecta 2) behind
4 Two-dimensional simulation ejecta 1, and in Fig. 6¢ the two ejecta propagate with their

associated shocks (s1, s2).

The dynamics in the interplanetary medium of a shock Figure 7 shows the moment when ejecta 2 is overtaking
wave and its driver has important 2-D and 3-D effects suchgjecta 1 along the angular extent where they intersect at 29 h
as: there are tangential fluxes, the ejecta evolves toward gfter ejecta 1 initiation. Here the effects of the tangential
“pancake-like” shape (having larger longitudinal and latitu- fluxes are important and the two ejecta become wider in their
dinal extents than the radial One), the shock has a Iarger arhngu|ar extents as they propagate outward. In F|gs 7a,b
gular range than its ejecta driver, the shock strength varieggain there are only signatures of ejecta 2 and s2, but now
along the shock front, the shock-ejecta separation is differthese are different: the distance between the front of ejecta 2
ent at the shock wings than at the shock nose, @dsf{icil  and s2 is larger in Fig. 7b than in Fig. 7a, and the front of
and PiZZO 1999 OdStrCiL 2003 Therefore, the 1-D results ejecta 2 propagates faster in F|g 7b than in F|g 7a. The
shown in the previous section are limited to a simplified casep|ot 7c looks similar to the middle column of Fig. 2, where
where the observer is located at the paSSing of the nose of tl’me two ejecta come very close to each other and s2 has al-
IP shocks and the two ejecta coming afterward. In this secready crossed through ejecta 1, compressing and accelerating
tion we present a numerical simulation in two dimensions tothe |atter. In Fig. 7d, s2 is still propagating through ejecta 1
Study some of these effects in the tranSferring of momentumransferring momentum to ejecta 1, but there are no Signa_
between the two ejecta. tures of ejecta 2. Note that the trailing shock (s2) crosses

Table 4 shows the characteristics of the two ejecta-likeejecta 1 at different times at the different radial cuts, depend-
pulses in the 2-D simulation. In this case the speed differencéng on the geometry and the characteristics of the event.
between the two ejecta is larger than in the previous section. Figure 8 shows the event at 57 h after ejecta 1 initiation,
Ejecta 1 was injected during 4h at an angle of @ith re-  at this time ejecta 2 is reaching 1 AU, whereas the right wing
spect to the horizontal axis and having an angular extent obf ejecta 1 is still propagating in the inner heliosphere. In
about 58. At 15 h after this initiation, ejecta 2 was injected Figs. 8a,b the signatures of ejecta 2 and s2 present more dif-
during 4 h at an angle of 9with an angular extent of 70 ferences: s2 is faster in Fig. 8b than in Fig. 8a, there is a
The total mass of ejecta 2 was about 5.6 times higher than thetrong reverse shock in Fig. 8b which does not appear in
mass of ejecta 1, and the total kinetic energy of ejecta 2 wagig. 8a, and the distance between the front of ejecta 2 and
about 39.6 times higher than the energy of ejecta 1. Ejecta 32 is larger in Fig. 8b than in Fig. 8a. In Figs. 7c,d the two
was wider, massive and faster than ejecta 1. shocks had merged together and ejecta 1 is already propagat-

Figures 6, 7 and 8 present snapshots of density contouring faster than the front of ejecta 2.

(in color in the online version) showing the evolution of the  Table 5 summarizes some results of the two ejecta at the
simulation in 2-D at three different times. Denoted by char-time of Fig. 8 along the five radial cuts{&). The two
acteristic curves over the contours we show the surfaces oéjecta have different characteristics in each longitude. At
the two ejecta (dotted lines) and the shock front (solid line).(e) the front of the right wing of ejecta 1 is still propagating
Associated with every snapshot there are five plots (a,b,c,d,gp the inner heliosphere (R=0.79 AU) with a speed of about

R.[AU] 079 095 1.08 1.04 1.02 0.97
V. [km/s] 482 672 792 775 758 700
Wr.[AU] 0.07 0.04 0.01 0.47 045 0.45
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Fig. 6. Two-dimensional simulation. Snapshot of density logarithmic contours showing the evolution of the two ejecta at 19 h after ejecta 1
initiation. The five plotga, b, c, d, e) show radial cuts of solar wind parameters at different angles denoting the ejecta (solid cases) and their
shock waves (dotted lines).
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Fig. 8. Two-dimensional simulation. Snapshot of density logarithmic contours showing the evolution of the two ejecta at 57 h after ejecta 1
initiation. Same format as the previous figure.

V=482 km/s. At (c) ejecta 1 (R=1.08 AU) is already com- 2004). This interaction can occur on different scenarios de-
pressed and propagating faster than ejecta 2 (R=1.04 AU)ending on the characteristics of each event and not necessar-
and at (a) the left wing of ejecta 2 (R=0.97 AU) has a speedily all the interacting CMEs merge and form complex ejecta.
of about V=700 km/s. We performed two numerical exercises to study the interac-
The simulation shows that the evolution is more complextion of two ejecta-like pulses beyond the critical point using a
in two dimensions. Depending on the event characteristichydrodynamic model. As pointed out Bargill and Schmidt
at some angles there can be signatures only of a shock wav€2002, hydrodynamic and MHD simulations of ejecta prop-
or a shock and its ejecta, or an ejecta and two shocks, oagating in the interplanetary medium show similar evolutions
two ejecta and two shocks, as has been shown in other sinef plasma structures, so we can apply a hydrodynamic model
ulations Dryer, 1994 Riley et al, 1997 Odstrcil and Pizzp  in those cases where the magnetic field effects are not dom-
1999 Odstrcil 2003. However, we found again that along inant (e.g. there is no magnetic reconnection). The simu-
the angular extension where both ejecta interact, eventualljations show the transferal of momentum from ejecta 2 to
the initially slower ejecta 1 is compressed and its front be-ejecta 1. This momentum is transferred by the shock wave
comes faster than the front of ejecta 2. The transferring of(s2) driven by the ejecta 2 which compresses and accelerates
momentum between the two ejecta is mainly by the passingjecta 1. Although the two ejecta were launched with dis-
of the shock wave driven initially by ejecta 2 (s2) through parate velocities, in the end they tend to arrive at 1 AU hav-
ejecta 1. Note that this is also the case along the radial cuing similar speeds and the front of ejecta 1 ends propagating
(d) in Figs. 6-8, where although there are no signatures oglightly faster than the front of ejecta 2. These results for the
ejecta 2 driving s2 (the shock has always larger angular rangejecta velocities and radial widths are in agreement with the
than its driver), s2 compresses and accelerates ejecta 1.  plasma signatures of interacting MCs at 1 Al¥gng et al,
2003. Eventually, the two interplanetary shock waves driven
by the two ejecta merge together into a single stronger shock.
5 Conclusions

The int tion betw | shock d ei . hAcknowledgementSNe are grateful to X. Blanco-Cano and S.
e Interaction between several shocks and ejecta in t Rurtz for reading the early version of the manuscript. We are also

interplanetary medium is a complex problem that has im-grateful to P. Riley for providing the trace subroutine and the two
portant implications for the propagation of large-scale solarreferees for useful suggestions. We acknowledge the use of the data
wind disturbances and acceleration of solar energetic partifrom the SWEPAM ion instrument on-board ACE spacecraft. This
cles (SEPs) in the inner heliospheMafidas and Odstrgil  project was partially supported by CONACYT project J33127-E.



A. Gonzalez-Esparza et al.: Numerical simulations of interacting ejecta 3749

Topical Editor R. Forsyth thanks two referees for their help in Gosling, J. T. and Riley, P.: The acceleration of slow coronal mass

evaluating this paper. ejection in the high speed wind, Geophys. Res. Lett., 23, 2867,
1996.

Hundhausen, A. J.: An introduction in Coronal Mass Ejections,

References in N. Crooker, J. A. Joselyn and J. Feynman, ed., Geophysical

_ . . . Monograph Series, 99, 1999.

Berdichevsky, D. B., Farrugia, C. J., Lepping, R. P., Richradson, I.Hundhausen, A. J. and Gentry, R. A.: Numerical simulations of
G, Galvin, A. B., Schwenn, R., Reames, D. V,, Ogilvie, K- W.,  flare-generated disturbances, J. Geophys. Res., 74, 2908, 1969.
and Kaiser, M. L.: Solar-heliospheric-magnetospheric observa-Qdstrcil, D.: Modeling 3-D solar wind structure, Adv. Space Res.,
tions on 23 March-26 April 2001: Similarities to observations 32, 497-506, 2003,
in April 1979, In M. Velli, editors, Solar Wind 10, AIP Confer-  Odstrcil, D., Vandas, M., Pizzo, V. J., and MacNeice, P.: Numer-
ence proceedings, Woodbury, New York, 758-761, 2003. ical simulations of interacting magnetic flux ropes, In M. Velli,

Burlaga, L. F., Skoug, R. M., Smith, C. W., Webb, D. ., Zurbuchen,  editors, Solar Wind 10, AIP Conference proceedings, Woodbury,
T. H., and Reinard, A.: Fast ejecta during the ascending phase of New York, 699-702, 2003.
solar cycle 23 ACE observations, 1998-1999, J. Geophys. Res@dstrcil, D. and Pizzo, V. J.: Three-dimensional propagation of
106, 20957-20977, 2001. CMEs in a structured solar wind flow: 1. CME launched within

Cargill P. J. and Schmidt, S. M.. Medellin interplanetary CMES  the streamer belt, J. Geophys. Res., 104, 483-492, 1999.
using magnetohydrodynamic simulations, Ann. Geophys., 20,phillips, J. L., Bame, S. J., Gosling, J. T., McComas, D. J., Gold-
879-890, 2002. _ _ _ stein, B. E., Smith, E. J., Balogh, A., and Forsyth, R. J.: Ulysses

Dryer, M.: Interplanetary studies: propagation of disturbances be- plasma observations of coronal mass ejections, Geophys. Res.
tween the sun and the magnetosphere, Space Sci. Rev., 67, 363, | ett., 19, 1239, 1992.

1994. Riley, P., Gosling, J. T., and Pizzo, V. J.: A two-dimensional simu-

Gonzalez-Esparza, J. A., Balogh, A., Forsyth, R. J., Neugebauer, lation of the radial and latitudinal evolution of a solar wind dis-
M., Smith, E. J., and Phillips, J. L. Interplanetary shock waves  tyrbance driven by a fast, high-pressure coronal mass ejection, J.
and large-scale structures: Ulysses’ observations in and out of Geophys. Res., 102, 14 677-14 686, 1997.
the ecliptic plane, J. Geophys. Res., 101, 17057-17 072, 1996. Rjley, P.: CME dynamics in a structured solar wind, in Solar Wind

Gonzalez-Esparza, J. A. and Smith, E. J.: Solar cycle dependence of Nine, ed. S. R. Habbal, R. Esser, J. V. Hollweg, and P. A. Isen-
large-scale solar wind dynamics: Pioneer, Voyager, and Ulysses berg, 131, AIP Conf. Proc., 471, Woodbury, NY, 1999.
from 1 to 6 AU, J. Geophys. Res., 101,24 359-24371,1996.  Riley, P., Gosling, J. T., and Pizzo, V. J.: Investigation of the poly-

Gonzalez-Esparza, J. A., Lara, Agrz-Tijerina, E., Santdin, A., tropic relationship between density and temperature within inter-
and Gopalswamy, N.: A numerical study on the acceleration planetary coronal mass ejection using numerical simulations, J.
and transit times of coronal mass ejections in the interplanetary Geophys. Res. 106, 8291, 2001.
medium, J. Geophys. Res., 108, doi:10.1029/2001JA009186gtone, J. M. and Norman, M.: ZEUS 2-D: A radiation magnetohy-
2003a. N drodynamics code for astrophysical flows in two dimensions, |,

Gonzalez-Esparza, J. A, Lara, A., Saatil] A., and Gopalswamy, the hydrodynamics algorithms and tests, Astrophys. J., 80, 753,
N.: A numerical study on the evolution of CMEs and shocks in 1992,
the interplanetary medium, In M. Velli, editors, Solar Wind 10, vandas, M., Fischer, S., Dryer, M., Smith, Z., Detman, T., and
AIP Conference proceedings, Woodbury, New York, 206-209,  Geranios, A.: MHD simulation of an interaction of a shock wave
2003b. with a magnetic cloud, J. Geophys. Res., 102, 22295-22 300,

Gonzalez-Esparza, J. A., Cantl., Lara, A., and Goidtez, R.: 1997.

Propagation of CMEs in the interplanetary medium: numerical vandas, M. and Odstrcil, D.: Acceleration of electrons by in-
and analytical results, Adv. Space Res., 32, 513-518, 2003c. teracting CMEs, Astronomy and Astrophysics, 415, 755-761,

Gopalswamy, N., Yashiro, S., Kaiser, M. L., Howard, R. A, and  DQI:10.1051/00004-6361:20031763, 2004.

Bougeret, J.-L.: Radio signatures of coronal mass ejection inter\wang, Y. M., Ye, P. Z., and Wang, S.: Multiple magnetic clouds:
action: coronal mass ejection cannibalism?, Astrophys. J., 548, several examples during Maretpril 2001, J. Geophys. Res.,

L91-194, 2001. 108, 1370, doi:10.1029/2003JA009850, 2003.
Gopalswamy, N., Yashiro, S., Kaiser, M. L., Howard, R. A., and

Bougeret, J.-L.: Interplanetary radio emission due to interaction
between two coronal mass ejections, Geophys. Res. Lett., 29,
GL013606, 2002.



