CME SHOCK COLLISIONS AND MAGNETIC CLOUD IMPACT
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ABSTRACT

The shocks in the solar corona caused by fast Coronal
Mass Ejections (CMEs) and the shock transitions at the
Earth’s magnetosphere caused by the impact of the corre-
sponding magnetic clouds (superposed on the solar wind)
are studied in the framework of computational magne-
tohydrodynamics (MHD). Due to the presence of three
characteristic velocities and the anisotropy induced by
the magnetic field, MHD shocks can have a complicated
structure including secondary shock fronts, overcompres-
sive and compound shocks, etc. Numerical simulations
show that CME shocks (in the lower corona) and the
shock at the Earth’s magnetosphere (at times of the im-
pact of a magnetic cloud) have such a complex structure.

Simulations of MHD shock collisions are presented and
discussed. Such complex events involving two or more
CMEs are actually observed and the complexity may al-
low to derive some parameters from the observations. In
addition, time dependent simulations show how the mag-
netic reconnection at the Earth’s bow shock is affected
by the magnetic cloud impact. The CME shocks are im-
portant for ‘space weather’ because they can easily be
observed in radio wavelengths. This makes it possible
to track the position of the CMEs/magnetic clouds and,
hence, to follow their propagation through the corona and
IP space. The topology of the shock at the Earth’s mag-
netosphere at the impact of a magnetic cloud is impor-
tant for the ‘geo-effectiveness’ of the magnetic storms.
Hence, the complex MHD shocks and shock interactions
play a key role in both observations and theory of space
weather!
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merical simulations.

1. MOTIVATION AND MODELING
(SUB-)PROBLEMS

The term “Space weather’ refers to the conditions in space
(the Sun, the solar wind as well as the Earth’s upper at-
mosphere) that affect Earth and its technological systems
and can even endanger human life or health. Many orga-

nizations (e.g. NASA, ESA, and others) spend a lot of ef-
fort to provide and improve predictions of space weather
events in the hope to be able take protective measures
against predicted magnetic storms. More reliable pre-
dictions, however, require a better insight in the physical
processes on the Sun and in the solar wind that drive and
affect the space weather events. However, these phys-
ical processes are a very complicated mixture of solar
events, solar energetic particle injections, cosmic rays,
magnetospheric, ionospheric, and thermospheric pertur-
bations, etc, and occur on a wide range of time and length
scales. As a consequence, the theoretical modeling of the
key problem, viz. to understand the ‘physics’ of Space
Weather, requires a joint, multi-disciplinary approach.
CMEs and the MHD shocks they give rise to play a cru-
cial role in space weather and a careful study of these
violent and complex phenomena is essential for a deeper
insight in space weather physics.

In the present paper, is is claimed that the CME related
MHD shocks play a key role in several space weather
(sub-)problems. E.g. in the sub-problem regarding why
and how CMEs are initiated, the MHD shocks caused
by fast CMEs can have a complex structure composed
of different types of MHD shocks (De Sterck and Poedts
(1999a,b,c)). Below it will be argued that precisely this
complexity combined with the fact that these shocks are
visible in radio wavelengths, may contain clues for de-
termining CME initiation parameter values. Next, there
is the sub-problem of the observation and modeling of
the propagation of CMEs and, in particular, the evolution
of the CME structure and the leading shock fronts dur-
ing their propagation through the interplanetary medium
needs to be studied. About two thirds of the interplane-
tary (IP) ejecta turns out to be complex, i.e. lasting sev-
eral days and consisting of two or more CMEs coming
together and interacting. Detailed comparison of radio
observations and theoretical models for such interacting
shock fronts may reveal information on the respective
speeds, shock strengths, etc., and is absolutely necessary
for predictions of arrival times of IP ejecta at Earth. Last
but not least, the impact of the CMEs or magnetic clouds
on the Earth’s magnetosphere is another important sub-
problem in which the MHD shock complexity is impor-
tant. In particular, the interaction of the CME leading
shock front with the bow shock at the Earth’s magneto-
sphere drastically affects the reconnection characteristics



of the magnetic field lines and, hence, certainly influences
the "geo-effectiveness’ of the magnetic storms.

The CME related complex MHD shocks are claimed to
play a key role in the above-mentioned sub-problems
concerning CME initiation, propagation, and the interac-
tion of magnetic clouds with the bow shock at the Earth’s
magnetosphere. Below, we will first discuss the possi-
ble components of complex MHD shocks generated by
fast CMEs, since it is precisely this complexity that en-
ables to distinguish between different parameter domains.
Next, we discuss new 2D simulation results on the inter-
action of such MHD shocks with different speeds during
their propagation between the Sun and the Earth. We then
present new results of 3D time-dependent simulations of
the interaction of a magnetic cloud with the bow shock at
the Earth’s magnetosphere. This clearly demonstrates the
dramatic consequences such magnetic cloud impacts can
have on the structure of the magnetospheric bow shock.
The possible consequences for the ‘geo-effectiveness’ of
the related magnetic storms is discussed and a challeng-
ing hypothesis on this issue is formulated.

2. MHD SHOCK TYPES: THE BUILDING BLOCKS

As is well-known from fluid dynamics, an object placed
in a supersonic flow causes the flow to create a parabolic
bow shock in front of the object in order to get around
it. The same happens in a magnetized plasma flow. In
a magnetized plasma, however, the magnetic field intro-
duces a preferred direction and thus anisotropy. In ad-
dition, in the (macroscopic) MHD description of such a
plasma, there exist three basic MHD wave modes, viz. the
Alfvén wave and the slow and fast magnetosonic waves,
instead of only sound waves. As a result, MHD shocks
can be much more complex than the shocks in hydro-
dynamic systems which have only one (isotropic) wave
speed. The characteristic velocities corresponding to the
three MHD waves depend on the direction of propaga-
tion. For a direction labeled by z, these velocities are
denoted by caz, ¢sq, and cy,, respectively. For any di-
rection x they satisfy the relation

Cfa > CAz 2 Csg-

Suppose now that the z—direction denotes the direction
perpendicular to the shock front. The above inequalities
then yield four possible positions for the normal plasma
speed, v, Viz.
(1] > Cfz 2 [2] > cax > [3] > cs0 > [4].

This corresponds to four plasma states satisfying given
values for the fluxes of mass, momentum, magnetic field
and energy. Each pair of those four states satisfies the
Rankine-Hugoniot ‘jump’ conditions and can thus be
connected by a shock. Consequently, there exist three
types of MHD shocks called 1) fast shocks, in which the
flow speed drops from super-fast to sub-fast but super-
Alfvénic, i.e. from position [1] to [2], in the shock;
2) slow shocks, in which the flow speed drops from sub-
Alfvénic but super-slow to sub-slow, i.e. from position

[3] to [4], in the shock; and 3) intermediate shocks, in
which the flow speed drops from super-Alfvénic to sub-
Alfvénic, i.e. from [1] to [3], from [1] to [4], from [2] to
[3], or from [2] to [4]. Some of the properties of these
shocks are summarized in Fig. 1 (a—c).
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Figure 1. Some properties of basic MHD shocks. The
thick vertical line denotes the shock front, the dashed line
is the shock normal. The arrowed lines denote magnetic
field lines that are refracted through the shock surface.
The region left from the shock front is upstream, right is
downstream. (From De Sterck (1999)).

In fast shocks ([1]-[2]) the tangential component of the
magnetic field is increased so that the magnetic field lines
are refracted away from the shock normal (i.e. 8> > 6,
in Fig. 1a). In slow shocks ([3]-[4]), on the other hand,
the magnetic field lines are refracted towards the shock
normal (see Fig. 1c); while intermediate shocks change
the sign of the tangential component of the magnetic field
(see Fig. 1b).

Each of the MHD shock types has a ‘limiting case’. A
fast “switch-on’ shock, e.g., has a vanishing tangential
component of the magnetic field upstream, but a finite
one downstream, as indicated in Fig. 1d. Similarly, in a
slow ‘switch-off” shock this magnetic field component is
‘switched off’ by the shock, i.e. it vanishes downstream.
A [1]-[4] *hydrodynamic’ shock is a limiting case of an
intermediate shock that does not change the magnetic
field which is perpendicular to the shock front in that
case.

Intermediate shocks and “fast switch-on’ shocks can only
occur for some well-specified regime of the upstream pa-
rameters (Kennel et al (1989); Steinolfson and Hund-
hausen (1990)). Switch-on shocks are intrinsically mag-
netic phenomena that have no analogue in hydrodynamic
flows of neutral fluids. They can only occur when the up-
stream magnetic field, By, is ‘dominant’. The flow speed
has to satisfy two conditions which, in terms of the up-
stream magnetic field read:

and

2 2 -1

Bl > P11 ’)/(1 — ﬂl) +1’ (2)
where v, ; is the upstream velocity component along
the shock normal and p; and 3, the upstream thermal
pressure and plasma beta, respectively; while ~ denotes
the ratio of specific heats. These conditions are derived
from the Rankine-Hugoniot jump conditions in 1D MHD
flows (Kennel et al (1989); Steinolfson and Hundhausen
(1990)).
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Figure 2. Height-time plot of a slow and a fast CME
showing the sudden increase in the speed of the slow-
CME due to the impact of the fast CME (from N. Gopal-
swamy et al. (2001))

3. CME PROPAGATION AND SHOCK
COLLISIONS

MHD shocks accelerate particles and these accelerated
particles emit radio waves. As a result, the shocks gen-
erated by CMEs can be observed in the corona and
IP medium, e.g. by the Wind/WAVES instrument (e.g.
Gopalswamy et al (2001)). The IP signals of CMEs do
not always possess the typical three-part structure of most
CMEs in the low corona (bright loop, dark void, bright in-
ner kernel). As a matter of fact, a lot of questions regard-
ing the propagation speed and the evolution of the CME
structure and the geometry of the leading shock front re-
main to be answered.
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Figure 3. A collision of two shocks of the same family
results into a shock of that family plus a rarefaction wave
(of another family).

In addition, on the recent Shine 2001 meeting (June 2001,
USA) Burlaga claimed that about one third of the in-
terplanetary ejecta are ‘magnetic clouds’ while the other
two thirds are ‘complex ejecta’. The latter have a com-
plicated magnetic field structure, last several days and
may contain several shocks. Such events most proba-
bly consist of two or more CMEs with different speeds
coming together. The well-known ‘2000 Bastille-day’
event, e.g., produced five CMEs with their correspond-

ing shocks overtaking each other. Hence, such interac-
tions or “collisions’ of different IP ejecta need to be stud-
ied in order to understand the observations. Gopalswamy
et al (2001) made a detailed and careful analysis of ra-
dio observations of two CMEs at different speeds origi-
nating from the same region on the Sun. These authors
constructed a height-time plot of the slow and the fast
CME which shows the sudden increase in the speed of
the slow-CME core due to the impact of the fast CME
shock (see Fig. 2). During this collision a broad-band
and complex radio enhancement is observed in the radio
signature from the Wind/WAVES dynamic spectrum in
the 1-14 MHz range.

28 28
26 26
24 24
22 22

18 18
216 216
14 14

28 28
26 26
24 24
22 22

18 18
216 216

08 08
06 06
04 04
02 02

Figure 4. Results of a 2D MHD simulations. Snapshots of
the pressure profile of two colliding MHD shocks at t =
0.50, 0.60, 0.64,0.66,0.68,and 0.70. The shock collision
takes place at x = 0.6 and t = 0.6.

In hydrodynamics, it is well-known that when two shocks
collide the two discontinuities merge into one discontinu-
ity that no longer satisfies the Rankine-Hugoniot condi-
tion(s). Several scenario’s are possible. The observation
of Gopalswamy et al (2001) seems to correspond to the
case where two shocks of the same family collide, result-
ing in a shock in that same family. However, such a shock
collision also causes a rarefaction wave of another shock
family (see the illustrative sketch in Fig. 3. The result-
ing shock propagates in the same direction as the original
shocks at an intermediate speed. The rarefaction wave,
however, propagates backwards. Clearly, in MHD this
picture gets more complicated due to the fact that there
are now three characteristic velocities instead of just one
which gives rise to a wider variety of shock families, as
discussed above. Moreover, the shocks we are interested
in are superposed on the solar wind.



In figures 4 and 5 six snapshots are shown of the pressure
and density profiles of two colliding MHD shocks (2D
simulation). The first shock is initiated at x = 0 and
t = 0 and has speed Cs5; = 1. Attime ¢ = 0.4, when
the first shock is already at + = 0.4, a second shock is
launched at z = 0 with speed Cs2 = 3. Hence, the two
shocks collide at z = 0.6 at time ¢ = 0.6. This results in
the formation of a stronger shock, with a strength that is
almost the sum of the strengths of the two initial shocks.
However, part of the energy goes into a small expansion
wave which travels to the left(!) and also to a contact
discontinuity traveling to the right at a smaller velocity as
is clear from the two last snapshots shown in Fig. 5.

Figure 5. Snapshots of the density profile for the same
shock collision as in Fig. 4.

Hence, even in this very simple setup the interaction of
the two colliding MHD shocks is non-trivial. Since such
shock interactions seem to occur frequently (‘two thirds”)
in the IP medium, numerical simulations of such complex
events may reveal some of the properties of the CMEs in-
volved. Therefore, the simulations need to be improved:
3D geometry effects need to be taken into account, the
shocks need to be superposed on the background wind,
more realistic states need to be considered, etc.; and an-
alyzed in more detail! Also, one should look after more
observational signatures of such shock interactions, e.g.
the rarefaction wave and the contact discontinuity, so that
detailed comparisons can be made of the simulation re-
sults and the observations.

The radio signal related to the case analyzed by Gopal-
swamy et al (2001) (not shown here) does not show sig-
nals of a second shock nor a shock after the collision. In
fact, in this case the two shocks did not collide: the radio
enhancement was caused by the collision of a fast shock

(of the second CME) and the core of the first (slow) CME.
We looked for other interesting cases to analyze. Fig. 6
shows a good candidate for two colliding shocks. How-
ever, after the collision there is no signal of the rarefaction
wave nor of the tangential discontinuity. This may be due
to observational constraints (the limited dynamic range
of the Wind/WAVES instrument) or due to the physics of
acceleration of particles by such (weaker) shocks. ..
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Figure 6.  Wind/WAVES dynamic spectrum in the
1-14 MHz range obtained by the RAD2 receiver,
04/11/2001.

4. CME IMPACT: SHOCK TRANSITIONS

The strength and the structure of the bow shock at the
Earth’s magnetosphere depends on a lot of parameters,
including 17, 5, 0.8, Vwind, ... Itis very likely that
during the impact of a magnetic cloud the upstream wind
becomes magnetically dominated enough to satisfy the
above two ‘switch-on shock’ conditions ((1) and (2)). In
that case, a shock front that contains a ‘perpendicular’
point (i.e. a point where the magnetic field is perpendic-
ular to the shock front, see Fig. 7) can not entirely be of
the [1]-[2] shock type. As a matter of fact, in Fig. 7a it is
illustrated that at point B the two shock segments can not
be linked to each other in a continuous way as the finite



deflection of the magnetic field from the shock normal
would suddenly change sign at that point.

Numerical simulations (De Sterck and Poedts (1999c))
show that a ‘magnetically dominated’ plasma flow solves
this problem by creating a more complex shock topol-
ogy to channel the flow around the spherical object, as
sketched in Fig. 7b. The shock front segment A-B is a
[1]-[2] fast shock, while B-D is of the intermediate shock
type and D-E is of the fast type again. The type of the
secondary shock front D-G is not clear. Finite volume
simulations led to the conclusion that this is a [2]-[4] in-
termediate shock evolving into a [2=3]-[4] slow switch-
off shock and a [3]-[4] slow shock along the shock front.
But recently, the same simulations with the THOR code
(based on a residual distribution discretization) revealed
that this D-G shock front may entirely be of the interme-
diate type (Csik et al (2001); Poedts et al (2001)). The
issue is not resolved yet and requires more simulations
with higher spatial resolution.

Figure 7. Topology of 3D flow over a sphere (from De
Sterck et al. "99)

As a result, the bow shock structure and the related mag-
netic reconnection processes are drastically affected by
the impact of a magnetic cloud, especially in the parame-
ter domain that allows fast switch-on shocks. Therefore,
it is worthwhile to verify the (speculative) hypothesis that
IF the condition(s) for switch-on shocks are satisfied dur-
ing magnetic cloud impact, THEN the magnetic clouds
have a high geo-effectiveness.

We included time-accurate boundary conditions in order
to simulate the impact of a magnetic cloud on the Earth’s
magnetospheric bow shock. The impact of the magnetic
cloud is modeled by decreasing the plasma beta (i.e. in-
creasing the magnetic field) at the inlet boundary during
the impact simulation while keeping the magnetic cloud
velocity and density constant. Also the angle 6,5 be-
tween the magnetic field lines and the stream lines at the
inlet boundary is fixed at 5 degrees. Figure 8 displays the
time dependent plasma 8 which is initially outside the
switch-on domain for this parameter choice (between the
two dashed lines in Fig. 8). During the cloud impact, the
plasma beta transverses the switch-on regime twice com-
ing back to its initial value from where it is kept constant
again.

In Figure 9 four snapshots are shown of the density and
magnetic field lines corresponding to the four positions
in parameter space indicated in Fig. 8. Strikingly, the
secondary shock front is present from in the beginning of
the simulation which starts outside the switch-on regime.
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Figure 8. The profile of the time-dependent plasma 3
in the simulations. The parameter domain for switch-on
shocks (based on the formulas (1) and (2), derived from
1D MHD is indicated by the two horizontal dashed lines.

However, as mentioned before the conditions (1) and (2)
are derived in a 1D situation and probably this result can
not simply be extrapolated and applied to the 3D case.
This seems to indicate that in 3D the switch-on regime
may be much larger.

As can be seen on Fig. 9 the shock topology changes
drastically when the magnetic cloud arrives and the mag-
netic field lines change accordingly . As a result, the
magnetic reconnection processes at the Earth’s magneto-
sphere, and therefore also the geo-effectiveness, will in-
deed be affected drastically in this case. However, at this
point we can not tell to what extent the geo-effectiveness
is increased (or decreased!). The answer to this impor-
tant question requires more detailed parameter studies
and better resolved simulations.

5. CONCLUSIONS

Space Weather physics is very complicated. A detailed
study of the MHD shocks generated by CMEs may reveal
key properties of several of its sub-problems.

MHD shocks can be much more complex than their HD
counterparts. This MHD shock complexity may be ad-
vantageous for theory because it may yield a way to dis-
tinguish between different models and it may allow to de-
rive parameter values by comparing observations with
theoretical results. As a matter of fact, the CME related
IP MHD shocks can be observed in the long-wavelength
radio spectrum (in the decameter, hectometer, and kilo-
meter domain) which enables to some extent to follow
magnetic clouds throughout their propagation towards
the Earth.

During their propagation through IP space, the MHD
shocks induced by fast CMEs remain complex and, in
addition, interact with each other. Such shock collisions



Figure 9. Snapshots of the magnetic cloud impact. Cut
through the equatorial plane (z —y symmetry plane cut of
a full 3D simulation). Density contours (filled coloured
contour lines) are superimposed by (black, solid) mag-
netic field lines. The snapshot times correspond to the
four points indicated in Fig. 8 (point 1 corresponds to the
top image, 4 to the bottom image).

have been observed and we encourage more detailed ob-
servations and more realistic numerical simulations. This
would allow a detailed comparison of the observations
and the theory. The complexity guarantees that some
characteristics of the magnetic clouds and/or of the back-
ground solar wind can be derived from such comparative
studies.

During the impact of a magnetic cloud, the Earth bow
shock may also be in the switch-on regime, allowing
complex shock structures. A 3D time-dependent MHD
simulation showed that this would have a drastic effect

on the evolution of the shock topology. The secondary
shocks certainly affect the geo-effectiveness of magnetic
storms: the associated switching back of the magnetic
field lines must influence the reconnection process at the
terrestrial magnetopause. However, much more modeling
and parameter studies are required to reveal the details.
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