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Abstract. At the Sun, shock waves are produced either by flares and/or by coronal mass ejections (CMEs) and are regarded as
the source of solar energetic particle events. They can be able to generate solar type II radio bursts. The non-radial propagation
of a disturbance is considered away from an active region through the corona into the interplanetary space by evaluating the
spatial behaviour of the Alfvén speed. The magnetic field of an active region is modelled by a magnetic dipole superimposed
on that of the quiet Sun. Such a magnetic field structure leads to a local minimum of the Alfvén speed in the range 1.2–1.8 solar
radii in the corona as well as a maximum of 740 km s−1 at a distance of 3.8 solar radii. The occurrence of such local extrema
has important consequences for the formation and development of shock waves in the corona and the near-Sun interplanetary
space and their ability to accelerate particles. It leads to a temporal delay of the onset of solar energetic particle events with
respect to both the initial energy release (flare) and the onset of the solar type II radio burst.
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1. Introduction

In the solar corona, shock waves can occur as blast waves due
to the flare process (Uchida et al. 1973; Vršnak et al. 1995)
or shocks driven by coronal mass ejections (CMEs) (Stewart
et al. 1974a,b). Some of them can continue as travelling shocks
in the interplanetary space. Coronal and interplanetary shocks
can be the source of type II radio radiation in the meteric (Wild
& McCready 1950; Uchida 1960) and deca-hectometric wave
range (Cane et al. 1981; Reiner & Kaiser 1999), respectively.
Type II radio bursts appear as stripes of enhanced radio emis-
sion slowly drifting from high to low frequencies in dynamic
radio spectra (see Nelson & Melrose 1985; Mann 1995; and
Aurass 1996 for reviews). A particular example is presented
in Fig. 1. It was recorded by the radio spectralpolarimeter
(Mann et al. 1992) of the Astrophysikalisches Institut Potsdam
on November 18, 2000. The solar type II radio burst started
at 130 MHz and 260 MHz on 13:11:42 UT with two emis-
sion stripes slowly drifting towards lower frequencies. These
stripes are usually called a “backbone” and are considered as
the signature of the associated shock wave travelling outwards
in the corona (Nelson & Melrose 1985). The fundamental-
harmonic structure of the “backbone” is evidently seen in this
particular event. Later on, several emission stripes shooting up
from the “backbone” towards lower frequencies appeared after
13:14:30 UT. They represent the so-called “shock-associated”
(SA) type III bursts (Cane 1981). Usually type III radio bursts
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are interpreted as the radio signature of electron beams propa-
gating along open magnetic field lines in the corona and, partly,
into the interplanetary space (Suzuki & Dulk 1985). Therefore,
the SA type III bursts are considered as beams of electrons
which are generated by the shock wave associated with the
“backbone” (Nelson & Melrose 1985).

Cane (1983) suggested the appearance of two different
kinds of shocks, the flare produced blast waves associated
with the solar type II radio bursts in the inner corona (Wagner
& MacQueen 1983) and CME driven interplanetary shocks,
which are considered to be the source of long-living solar
energetic particle events (SEPs) (Kahler 1994; Reames et al.
1996). Recently, Gopalswamy et al. (1998) investigated a large
sample of type II bursts including also the low frequency
range (≤14 MHz) covered by the radio spectrometer WAVES
(Bougeret et al. 1995) aboard the Wind spacecraft. “The result
of the study is that the flare-produced coronal and the transient
interplanetary shocks produced by CMEs are independent of
each other.” (Gopalswamy et al. 1998). A similar result has re-
cently been presented by Classen & Aurass (2002). Both stud-
ies confirm the suggestion by Cane (1983).

Yohkoh and SOHO images of the Sun and complemen-
tary spatial radio-heliographic observations revealed that solar
type II radio burst sources mainly propagate non-radially away
from active regions (Gopalswamy et al. 1997, 2000; Aurass
et al. 1998; Klassen et al. 1999; Klein et al. 1999). Type II
burst “sources ... are non-radial displaced from the axis of the
active region loops” (Klassen et al. 1999), “but seems to be re-
lated to the orientation of ... the motion of the plasma blob”
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Fig. 1. Solar type II radio burst during the solar event on November 18, 2000.

(Klein et al. 1999) associated with the shock. In order to study
the formation and development of shock waves in the solar
corona and the interplanetary space, it is necessary to know the
behaviour of the Alfvén speed along the propagation path of
the disturbance associated with the shock wave. That requires
a model of the magnetic field of an active region superimposed
on that of the quiet Sun and a density model (Sect. 2). The
formation and development of a shock wave in the corona and
the interplanetary space is considered in Sect. 3. It is carried out
much more in detail as previously done by Mann et al. (1999a).
In contrast to Gopalswamy et al. (2001), who only adopted a
purely radial magnetic field model (Dulk & McLean 1978), a
non-radial magnetic field model in terms of a magnetic dipole
is used in the presented paper (Sect. 2). Such an approach is
more appropriate to study the non-radial propagation of a shock
wave as that by Gopalswamy et al. (2001).

It is emphasized that the values of the various parameters
adopted in the paper can vary from case to case in reality. They
are used in the discussion in order to determine the possible
spatial and temporal scales of the formation and development
of shock waves in a quantitatively straightforward manner. The
results should be regarded in such a context in this paper. The
results of this study, especially those concerning SEPs, are dis-
cussed in Sect. 4.

2. The model

In order to study the formation and development of shock
waves, the behaviour of the Alfvén speed as the characteris-
tic speed in a magnetoplasma should be investigated in the so-
lar corona and the interplanetary space. Since the Alfvén speed
depends on the magnitude B of the magnetic field and the full

particle number density N, a model of the magnetic field of
an active region superimposed on that of the quiet Sun and a
density model is needed.

In the solar corona, shock waves are established near but
out of active regions (Aurass et al. 1998; Klassen et al. 1999;
Klein et al. 1999; Gopalswamy et al. 2000). Therefore, a one-
fold Newkirk (1961) model

Ne = N0 × 104.32 RS/R (1)

(N0 = 4.2 × 104 cm−3; RS, radius of the Sun) is chosen as an
appropriate model of the electron number density Ne for this
study. The white-light scattering observations of the corona by
Koutchmy (1994) showed that the one-fold Newkirk (1961)
model fits the conditions well above quiet equatorial regions.
Here and henceforth, R denotes the radial distance from the
center of the Sun. Note that the Newkirk (1961) model corre-
sponds to a barometric height formula with a temperature of
1.4 × 106 K. For R/RS → ∞ the Newkirk model provides an
electron number density of 4.2 × 104 cm−3. However, a typical
value of about 6 cm−3 is measured at 1 AU (Schwenn 1990).
The reason for this discrepancy is the solar wind, while the
Newkirk model is a hydrostatic one. Mann et al. (1999b) pre-
sented a heliospheric density model as a special solution of
Parker’s (1958) wind equation. It agrees very well with ob-
servations made from the corona up to 5 AU. It provides an
electron number density of 5.14 × 109 cm−3 at the bottom of
the corona. According to the observations by Koutchmy (1994)
such values are usually found above active regions. Since a
density model above quiet equatorial regions is needed for this
study, the one-fold Newkirk (1961) model is used for the re-
gions R ≤ 1.8 RS, whereas that by Mann et al. (1999b) is
adopted in the region R ≥ 1.8 RS (Fig. 2). Leblanc et al. (1998)
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Fig. 2. Radial behaviour of the electron number density according to
the one-fold Newkirk (1961) for the solar corona and the heliospheric
density model by Mann et al. (1999b) for the interplanetary space.

traced the electron number density from the corona up to 1 AU
by evaluating Wind data. Their study confirms the model by
Mann et al. (1999b). The electron number density Ne is related
to the full particle number density N by N = 1.92Ne for a mean
molecular weight µ = 0.6, which is an appropriate value in the
solar corona (Priest 1982).

As already mentioned, the complete magnetic field B can
be composed of that of an active region Bar and of the quiet
Sun BqS, i.e.

B = Bar + BqS. (2)

Here, an active region is modelled by a magnetic dipole with
the moment M and a length λ. λ = 0.1 RS is adopted because
of the assumed width of the hydrogen convection zone. It is
located in a depth λ/2 under the photosphere. The magnetic
field of such a dipole is given by

Bar =
3(M · r)r

r5
− M

r3
(3)

(Landau & Lifshitz 1975), where r denotes the distance from
the center of the dipole. Cylindrical coordinates are introduced
in such a way that the magnetic dipole is directed along the
z-axis and azimuthal symmetry is assumed with respect to the
z-axis. Then, a point P is unambiguously characterized either
by its distance ρ from the z-axis and its radius R from the center
of the Sun or by the distance r from the center of the dipole and
the angle γ (Fig. 3). In this frame of reference the magnetic field
(see Eq. (3)) is given by

Bac,z(r) = B0 · λ
3

16
·
(RS

r

)3
· (3 cos2 γ − 1) (4)

Bac,ρ(r) = B0 · λ
3

16
·
(RS

r

)3
· (3 cosγ sin γ) (5)

where B0 is defined as the magnitude of the magnetic field on
the axis of the dipole (i.e. γ = 0o) at a distance r = λ/2 (i.e.
at the photosphere). Consequently, the magnetic moment (M =
M·ez; ez, unit vector along the z-axis) has a value M = B0λ

3/16.
Here, B0 = 0.8 kG is taken as a typical value of the magnetic
field in an active region (see Priest 1982).

Fig. 3. Scheme of reference frame used in the paper.

In the same frame of reference the magnetic field of the
quiet Sun is given by

BqS,z = BS · cos β ·
(RS

R

)2
(6)

BqS,ρ = BS · sin β ·
(RS

R

)2
(7)

with β = arcsin(ρ/R) (Fig. 3). The radial behaviour of the mag-
nitude

BqS(R) = BS ·
(RS

R

)2
(8)

(with BS = 2.2 G) of the magnetic field of the quiet Sun has
been adopted from Mann et al. (1999a). It was obtained from
the analysis of the propagation of coronal transient (or EIT)
waves (Klassen et al. 2000) by assuming the conservation of
the magnetic flux and neglecting the azimuthal component of
the magnetic field with respect to the radial one (Mann et al.
1999a). Note that 2.2 G is a typical value of the magnetic field
in quiet photospheric regions (see Priest 1982). Equation (8)
provides a magnetic field of 4.8 nT at 1 AU. Similar values are
acutally measured by spacecraft (Mariani & Neubauer 1990).
The behaviour of the magnitude of the magnetic field as given
in Eq. (8) roughly agrees with the solar magnetic field model by
Banaszkiewicz et al. (1998), especially near the ecliptic plane,
i.e. above quiet equatorial regions.

The magnetic fields of the dipole and the quiet Sun can be
superimposed in two different manners: Along the z-axis both
magnetic fields are directed either parallel (“+” sign) or anti-
parallel (“−” sign). Henceforth, these cases are called the “par-
allel” and/or “anti-parallel” case. Then, the composed magnetic
field is obtained by vector addition (Eq. (2)). The magnitude
B = | B | of B is finally entering into the calculations of the
Alfvén speed.

In order to study the formation and development of shock
waves in the corona and the interplanetary space, the propaga-
tion of a disturbance along a straight path away from the center
of an active region (i.e. z = RS and β = 0◦) into the interplane-
tary space is considered. This straight line takes an angle δwith
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respect to the z-axis (Fig. 3). Then, for an arbitrary point P on
this line, ρ is related to R by

ρ

RS
= sin δ ·


√

R2

R2
S

− sin2 δ − cos δ

 (9)

and, consequently, the angle ϑ (Fig. 3) can be calculated by

ϑ = arctan

 1

cot δ + λ2 · RS
R

 (10)

leading to the determination of the radial distance r

r
RS
=
ρ

RS
· 1

sinϑ
(11)

from the center of the magnetic dipole. Finally, the angle α
between the straight line and the direction radially away from
the Sun is given by

α = δ − β (12)

(Fig. 3). Now, the magnetic field (Eqs. (4)–(7)) can be calcu-
lated at each point P along the straight line for a given value of
δ by using Eqs. (9)–(11). Note that each point P is unambigu-
ously defined by its radial distance R from the center of the Sun
for a given value of δ. Thus, the electron number density can
be found at this point P according to the density model (Fig. 2)
already introduced in this section.

The behaviour of the local Alfvén speed along such straight
lines can be evaluated in the parallel (v+A; full line) and
anti-parallel (v−A; dashed line) case. This is shown for δ =
15◦, 45◦, 75◦ in Fig. 4. Since the one-fold Newkirk (1961)
model is only appropriate outside active regions, the Alfvén
speeds presented in Fig. 4 are only meaningful for radial dis-
tances that are sufficiently far from the active region. Active re-
gions have a typical diameter of 2.4′ = 105 000 km = 0.15 RS

(Priest 1982). Thus, ρ (Fig. 3) should be greater than 0.08 RS

in order to be sufficiently far from the active region. It is
the case for radial distances beyond 1.301 RS, 1.083 RS, and
1.025 RS for δ = 15◦, 45◦, and 75◦, respectively. The depen-
dence of the Alfvén speed from the angle δ on a fixed radial
level at 1.32 RS is presented in Fig. 5. According to the density
model used in this paper (Fig. 2), an electron number density
of 7.87 × 107 cm−3 corresponding to a plasma frequency of
80 MHz is related to this level. Since a fast magnetosonic wave
is refracted towards regions of low Alfvén speeds, they are re-
fracted away from and towards an active region in the parallel
and anti-parallel case, respectively (Fig. 5).

The influence of the magnetic field of an active region mod-
elled by a magnetic dipole becomes negligible beyond a dis-
tance of 2.2 RS, i.e. the magnetic field of the quiet Sun dom-
inates there (see also Mann et al. 1999a; and Gopalswamy
et al. 2001). In order to illustrate the behaviour of the Alfvén
speed from the corona up to the interplanetary space (i.e. up to
1 AU (=214 RS)) in a representative manner, δ = 45◦ is cho-
sen in Fig. 6. The dotted line shows the Alfvén speed resulting
only from the magnetic field of the quiet Sun (i.e. according to
Eq. (8)) (see also Mann et al. 1999a).

On the one hand, the Alfvén speed has a local maximum
of 740 km s−1 at 3.8 RS as revealed by inspecting Fig. 6 (see
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Fig. 4. Alfvén speed along a straight line away from an active region
as a function of the radial distance R for three different values of δ (δ =
15◦, 45◦, 75◦). The full and dashed lines indicate the Alfvén speeds in
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Fig. 5. Dependence of the Alfvén speeds v+A and v−A on the angle δ for
a fixed radial distance R = 1.32 RS.

also Mann et al. 1999a; Gopalswamy et al. 2001). On the other
hand, the Alfvén speed has a local minimum in the corona be-
low 2 RS (see also Gopalswamy et al. 2001). The location of
this minimum is strongly dependent on the angle δ as shown in
Fig. 4. In the parallel case the minima of the Alfvén speeds have
values of 519 km s−1, 428 km s−1, and 236 km s−1 at 1.70 RS,
1.45 RS, and 1.16 RS for δ = 15◦, 45◦, and 45◦, respectively
(Fig. 4). Furthermore, the Alfvén speed takes a minimum of
86 km s−1, 227 km s−1, and 271 km s−1 at 1.38 RS, 1.32 RS, and
1.19 RS for δ = 15◦, 45◦, and 75◦ in the anti-parallel case,
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Fig. 6. Alfvén speed along a straight line with δ = 45◦ away from an
active region as a function of the radial distance R. The full and dashed
lines indicate the Alfvén speeds in the parallel (v+A) and anti-parallel
(v−A) case, respectively. The dotted line represents the behaviour of the
Alfvén speed only due to the magnetic field of the quiet Sun.

respectively (Fig. 4). In this case the minimum of the Alfvén
speed has relatively low values, which are comparable with the
sound speed (180 km s−1).

Recently, Gopalswamy et al. (2001) discussed the radial be-
haviour of the fast magnetosonic speed from the solar corona
up to the interplanetary space. They chose the model by Dulk
& McLean (1978) for the magnetic field above active regions.
This model gives only the radial behaviour of the magnitude
of the magnetic field and provides a value of 500 G at a dis-
tance of 1.01 RS. The magnetic dipole as a model of an ac-
tive region additionally allows one to consider the lateral be-
haviour of the magnetic field in contrast to the model by Dulk
& McLean (1978). The magnetic field model used in their pa-
per provides an magnetic field strength of 436 G at a distance
of 1.01 RS. Thus, both models are similar to each other along
the axis of the dipole, i.e. above the active regions. But, be-
cause coronal shocks such as type II burst sources mainly prop-
agate nonradially away from active regions, the magnetic field
model adopted in this paper is more appropriate for studying
the formation and development of shock waves in the solar
corona than the approach used by Gopalswamy et al. (2001).
Furthermore, the magnetic field of the active region (in terms
of a magnetic dipole) and that of the quiet Sun are regarded
as vector quantities, whereas Gopalswamy et al. (2001) con-
sidered only the magnitude of the magnetic field. Therefore,
the regions of relatively low Alfvén speeds (see Fig. 4) espe-
cially established in the anti-parallel case could not be found by
Gopalswamy et al. (2001). With respect to the density model,
Gopalswamy et al. (2001) used a 10- and 3-fold Saito den-
sity model (Saito et al. 1977) for active and quiet regions, re-
spectively, where the 3-fold Saito density model is similar to
that used in this paper. The 3-fold Saito and one-fold Newkirk
(1961) density model provide values of 5.08 × 108 cm−3 and
8.78 × 108 cm−3 at the base of the corona, respectively.

3. Discussion

In order to study the formation and development of shock
waves and the associated type II bursts in the corona, a

Table 1. Parameters of shock formation in the case of parallelly (+)
and anti-parallelly (−) directed magnetic fields.

+ −
δ 15◦ 45◦ 75◦ 15◦ 45◦ 75◦

V(km s−1) 750 910 2000 760 940 2000
RII/RS 1.54 1.20 1.04 1.22 1.16 1.04
f ∗pe(MHz) 50 120 220 110 140 220
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Fig. 7. Scatter plot of the start frequency of solar type II radio bursts
versus its radial source velocity.

disturbance propagating obliquely away from an active region
with a velocity V is considered. Here, it is thought that it is
travelling along a straight line making an angle δ with the z-
axis (Fig. 3). Using the sample of solar type II radio bursts in-
vestigated by Klassen et al. (2000) the radial source velocities
VII,r are in the range 267−1224 km s−1 with a mean value of
740 km s−1. The radial velocity Vr is related to the full veloc-
ity V by Vr = V/ cosα, where α denotes the angle between
the straight line and the radial direction (Fig. 3). Here, it is
assumed that the Alfvén-Mach number of a shock should ex-
ceed (at least) 1.4 in order to accelerate electrons sufficiently
for type II radio (i.e. “backbone”) emission. Thus, the type II
radio burst source is formed where Vr · cosα = 1.4vA is ful-
filled. Note that both α and vA depend on R. The velocity V of
the disturbance and the radial distance RII, where the type II
radio burst source is formed, can be determined by solving this
relationship. That is done for several values of δ as summa-
rized in Table 1. Here, the results of the radial behaviour of the
Alfvén speed (Fig. 4) are adopted for these calculations and
Vr = 740 km s−1 (Klassen et al. 2000) is taken as a typical ra-
dial velocity of a type II burst source. In Table 1, f ∗pe denotes
the electron plasma frequency at the radial distance RII,f . It is
generally assumed that the type II radio radiation is generated
by plasma emission (Melrose 1985). The emission takes place
near the local electron plasma frequency fpe = (e2Ne/πme)1/2

(e, elementary charge; Ne, electron number density; me, elec-
tron mass). In Fig. 7 the start frequency versus the radial ve-
locity of type II radio burst sources is given for the sample of
events considered by Klassen et al. (2000). The horizontal line
represents 220 MHz. The start frequency of solar type II radio
bursts should be below 220 MHz according to Table 1. This
is true for most of the cases in Fig. 7. Furthermore, the start



334 G. Mann et al.: Formation and development of shock waves in the solar corona and the near-Sun interplanetary space

0 10 20 30 40 50 60 70 80 90
0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2

2,4

2,6

2,8

3,0

β1=1.00

β1=0.50

β1=0.05

β1=5.00

M
A

1*

θBn

Fig. 8. Dependence of the critical Alfvén-Mach number on the angle
θBn for several values of the plasma-beta.

frequency should increase with increasing velocity of type II
burst sources according to the presented arguments. That is re-
flected in Fig. 7 by the dotted line, which represents the line of
linear regression of the sample considered.

Now, the propagation of a disturbance travelling obliquely
away from an active region in the low corona up to 1 AU
in the interplanetary space is considered. In order to estimate
the typical spatial and temporal scales of this movement, the
propagation of such a disturbance is thought to be along a
straight line. Then, the velocity V = 925 km s−1 and the an-
gle δ = 45◦ are chosen as typical (mean) values (Table 1).
At the beginning it propagates into regions with decreasing
Alfvén speeds according to Fig. 6, i.e. the Alfvén-Mach num-
ber is increasing. As already mentioned, the emission of so-
lar type II radio bursts occurs if the Alfvén-Mach number ex-
ceeds roughly the value 1.4. Thus, the appearance of the type II
burst would be expected at a distance of about 1.2 RS. This dis-
tance will be reached 160−210 s after the initial energy release
(Table 2). The further movement of the shock continues in re-
gions of increasing Alfvén-Mach numbers whose maximum of
2.1 and 4.1 are reached at 1.45 RS and 1.32 RS for the paral-
lel (+) and anti-parallel(−) case, respectively (Table 2). It is
well-known that supercritical shock waves accelerate particles
(Kennel et al. 1985). Figure 8 shows the dependence of the
first critical Alfvén-Mach number M∗A1 as defined by Edmiston
et al. (1984) on the angle θBn between the upstream magnetic
field and the shock normal for several values of the upstream
plasma-beta. The plasma-beta is defined by the ratio of the
kinetic pressure to the magnetic one, i.e. it is related to the
Alfv́en- and sound speed by βplasma = 8πNkBT/B2 = 2c2

s/γv
2
A.

The plasma-beta has values of 0.2 and 0.8 at places where the
Alfvén-Mach number takes its maximum in the parallel and
anti-parallel case, respectively. Thus, a shock wave with an
Alfvén-Mach number of 2.1 becomes supercritical in the case
of a quasi-parallel shock geometry (i.e. θB < 45◦) under coro-
nal circumstances, whereas a shock with MA = 4.1 is always
supercritical (Fig. 8). Only in the anti-parallel case, the distur-
bance does become a strong supercritical shock, which accel-
erates both electrons and ions very efficiently. Consequently,

such a shock wave can be a source of energetic particles out-
side active regions in the solar corona. That happens roughly
5 min after the initial energy release (Table 2). Such a tem-
poral delay between the initial energy release and the produc-
tion of energetic electrons has been reported by Krucker et al.
(1999), Haggerty & Roelof (2001), and Klassen et al. (2002). A
similar phenomenon can also be seen in the solar type II radio
burst on November 18, 2000 (Fig. 1). The SA type III bursts
as the signature of energetic electron beams occurred roughly
3 min after the onset of the “backbone” radiation as the signa-
ture of the associated shock wave. Such a time delay could be
caused by the occurrence of a minimum of the Alfvén speed
(or maximum of Alfvén-Mach number) in the middle of the
corona as discussed above. If the disturbance travels further
outwards, it moves into regions of increasing Alfvén speed,
where its Alfvén-Mach number decreases below 1.4, i.e. the
associated solar type II radio burst would disappear. That hap-
pens at a distance of about 2.7 RS corresponding to an electron
plasma frequency of 9 MHz (Table 2). Thus, a solar type II
burst would appear roughly 20 min in agreement with the ob-
servations. Furthermore, the same disturbance would be able to
drive a supercritical shock wave (i.e. with MA > 1.5) beyond
a radial distance of about 6 RS, which will be reached in about
1 hour after the inital energy release in the near-Sun interplan-
etary space.

Exact values of the scenario just discussed are given in
Table 2. It summarizes the spatial and temporal scales of the
formation and development of shock waves in the solar corona
and near-Sun interplanetary space for the parallel (+) and anti-
parallel (−) case. The frequencies given in the 4th and 7th col-
umn represent the electron plasma frequencies expected at the
radial levels of the 2nd and 5th column in Table 2. The travel
time t of a disturbance with the velocity V from the origin of
the straight line (R = RS; ρ = 0) up to a point P with a distance
R from the center of the Sun has been calculated by

t =
RS

V
·

√

R2

R2
S

− sin2 δ − cos δ

 (13)

as given in the 3rd and 6th column in Table 2.
In the interplanetary space beyond 6 RS the shock geometry

will be mainly quasi-parallel, i.e. θBn < 45◦, where the critical
Alfvén-Mach number has values in the range 1.2−1.6 (Fig. 8).
Consequently, most of the interplanetary shocks should be able
to accelerate particles, which can be observed as so-called solar
energetic particle events (SEPs) at 1 AU (Kahler 1994; Reames
et al. 1996). Since SEPs are usually detected by spacecraft at
1 AU, the energetic particles must be transported from the ac-
celeration site up to 1 AU. They are influenced by Coulomb
collisions with the charged particles of the ambient plasma.
The mean free path λmfp gives the length of the path of a par-
ticle with the velocity v through a plasma with the full particle
number density N up to its deflection of more than 90◦ from
its initial direction. λmfp is depending on v and N according to
λmfp ∝ v4/N (Krall & Trivelpiece 1973). Therefore, on the one
hand energetic electrons can more easily leave the dense corona
than energetic ions because of their higher speeds. On the other
hand, both energetic electrons and ions can travel from the
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Table 2. Typical spatial and temporal scales of the formation and development of shock waves.

direction of magnetic fields + −
R/RS t(s) fpe(MHz) R/RS t(s) fpe(MHz)

initial energy release 1.00 0 − 1.00 0 −
appearance of type II bursts 1.20 210 120 1.16 160 140
maximum of MA 1.45 430 60 1.32 310 80
disappearance of type II bursts 2.51 1300 10 2.87 1600 7.4
on-set of IP shock 6.18 4200 1.7 5.58 3600 2.0

acceleration site up to 1 AU in the case of interplanetary shocks
established beyond 6 RS because of the drastically lower parti-
cle number density in the interplanetary space.

4. Conclusions

The propagation of a disturbance away from an active region
through the solar corona into the interplanetary space has been
presented. Such a disturbance is initially produced by a flare
or the lift off of a CME. Here, the magnetic field of an active
region is modelled by a magnetic dipole. The complete mag-
netic field is a superposition of those of the magnetic dipole
and the quiet Sun. Such a magnetic field structure leads to re-
gions of a minimum of the Alfvén speed in the middle of the
solar corona. The Alfvén speed takes a maximum of 740 km s−1

at a distance of 3.8 RS from the center of the Sun. The oc-
currence of such extrema has consequences for the develop-
ment and formation of shock waves. A shock wave can be es-
tablished at regions where the travelling disturbance becomes
super-Alfvénic (i.e. MA > 1). This is the case in the mid-
dle of the corona (≈1.2−3 RS) and the near-Sun interplanetary
space beyond 6 RS. The occurrence of two shock waves, i.e.
one in the corona and the other one in the interplanetary space,
was actually observed during the solar event on May 12, 1997
(Gopalswamy & Kaiser 2002).

The occurrence of a local maximum of the Alfvén speed
in the near-Sun interplanetary space was already deduced by
Mann et al. (1999a). Moreover, Gopalswamy et al. (2001) con-
sidered the radial behaviour of the fast magnetosonic speed
above active regions, where they adopted the magnetic field
model by Dulk & McLean (1976), and already found a re-
gion of a minimum of the Alfvén speed in the middle of the
corona. Thus, they concluded that there are two regions, i.e.
in the middle of the corona and in the near-Sun interplanetary
space, where shock waves can be established.

Shock waves can accelerate particles (electrons, protons
and heavy ions) if they become supercritical (Kennel et al.
1985). That is the case in the corona in the range 1.2−2.9 RS

and near-Sun interplanetary space at distances beyond 6 RS

from the center of the Sun. Especially in the case of anti-
parallel directed magnetic fields of the active region and of the
quiet Sun, regions of low Alfvén speed occur in the corona.
There, strong supercritical shock waves can be established
and they become able to produce highly energetic particles.
Energetic electrons are predominantly able to penetrate into
the interplanetary space up to 1 AU due to their high velocity
and, consequently, large mean free path, in contrast to energetic
ions.

Thus, the discussion provides a typical scenario of the for-
mation of shock waves in the solar corona and the near-Sun
interplanetary space and their association with solar energetic
particle events:

– initial energy release (flare) and/or lift off of a CME;
– formation of a shock wave in the middle of the corona and

the appearance of its associated type II burst;
– production of energetic electrons by the coronal shock

wave;
– decay of the coronal shock wave in the upper corona;
– formation of a shock wave in the near-Sun interplanetary

space beyond 6 RS;
– production of energetic electrons and ions by the interplan-

etary shock observed as solar energetic particle events at
1 AU.

A similar scenario has already been discussed in a qualitative
manner by Mann et al. (1999a) and Gopalswamy et al. (2001).
Here, this study was generalized in a quantitative manner much
more in detail. The different steps of events occur with a defi-
nite time delay, for which Table 2 gives typical values.

At the region of maximum Alfvén speed the plasma-beta
is quite low, i.e. βplasma = 0.1. Then, the critical Alfvén-Mach
number M∗A is greater than 1.5. Consequently, only a distur-
bance with a velocity greater than 1100 km s−1 is able to travel
as a supercritical shock wave through the corona into the inter-
planetary space (Mann et al. 1999a). Since CMEs have veloci-
ties with a mean value of about 400−500 km s−1 (St. Cyr et al.
2000), a part of them can drive a shock wave only in the middle
of the corona and, later, in the interplanetary space due to the
occurrence of the maximum of the Alfvén speed (Mann et al.
1999a; Gopalswamy et al. 2001).
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