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Abstract. We present an analytic model of the Alfvén speed v, in the solar corona. The coronal magnetic field is modeled
by a radial component representing the global field and by a dipole representing an active region. The free parameters of the
model are constrained by actual observations of solar magnetic fields and coronal electron densities. The coronal magnetic field
strength in the quiet Sun is determined by coronal seismology, using EIT waves as proxies for the fast magnetosonic speed vy,
and thus for the magnetic field strength. Depending on the orientation of the dipole, we find local minima of vs (and vy,) at
the coronal base at distances of 0.2—0.3 solar radii from the center of the modelled active region (AR), as well as above the
AR at comparable heights. For all dipole orientations, a global maximum is found at 3.5 solar radii. We apply our model to the
study of the formation and propagation of coronal shock waves which are observed as flare waves and as type Il radio bursts,
using a sample of eight solar events. We find that flare waves are initially highly supermagnetosonic (with magnetosonic Mach
numbers of My,s = 2-3). During their propagation, they decelerate until M, = 1 is reached. This behavior can be explained
by a strong shock or large-amplitude simple wave that decays to an ordinary fast magnetosonic wave. The observed starting

frequencies and Mach numbers of the associated type II bursts are consistent with the predictions of the model.
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1. Introduction

Eruptive phenonmena play an important role during active
processes at the Sun. For instance, they appear as jets (e.g.
Brueckner & Bartoe 1983) associated with the magnetic re-
connection process, Moreton waves (Moreton & Ramsey 1960)
seen in Ha, coronal transient waves (also called EIT waves) ob-
served in the EUV range (Moses et al. 1997; Thompson et al.
1998), coronal mass ejections (CMEs; see e.g. Harrison 1986,
for a review) and shocks (Uchida 1968; Wagner & MacQueen
1983; Aurass 1996). In the solar corona, shock waves can im-
mediately be generated by the flare process as blast waves
(Uchida et al. 1973; Vrs$nak et al. 1995) and/or appear as bow
shocks driven by CMEs (Stewart et al. 1974a,b). They can
continue into interplanetary space. Coronal and interplanetary
shocks can be source of type Il radio bursts (Wild & McCready
1950; Uchida 1960; Cane et al. 1981). Since shock waves are
able to accelerate particles, they are potential sources of solar
energetic particles (SEPs; Cane et al. 1981; Cairns & Robinson
1987; Mann & Klassen 2002). Especially, the CME-driven in-
terplanetary shocks are generally regarded as the source of the
long-living SEPs (e.g. Kahler 1994; Reames et al. 1996).

For the understanding of the formation and development
of these phenomena the knowledge of the behaviour of the
Alfvén speed in the solar corona and near-Sun interplanetary
space is of great importance, since it is the most important char-
acteristic speed in a magneto-plasma (see e.g. Priest 1982). For
instance, in a magnetized plasma a fast magnetosonic shock

wave is formed if the velocity of the disturbance excedes the lo-
cal fast magnetosonic speed. Furthermore, EIT waves are con-
sidered as a manifestation of a fast magnetosonic wave travel-
ling over the whole hemisphere in the low corona (Mann et al.
1999a).

Mann et al. (2003, henceforth Paper I) studied the forma-
tion and development of shock waves in the solar corona and
near-Sun interplanetary space by evaluating the behaviour of
the local Alfvén speed along a straight path away from an ac-
tive region. This requires a model of the magnetic field of an ac-
tive region superimposed on that of the quiet Sun and a density
model. Since the behaviour of the Alfvén speed is very impor-
tant for understanding different phenomena at the active Sun,
we intend to revisit this subject in the present paper. We com-
pute the various coronal parameters (e.g. the Alfvén speed), not
only along a straight trajectory as was done in Paper I, but in
the whole corona and near-Sun interplanetary space. Here, the
magnetic field of an active region is modelled by a magnetic
dipole, with different orientations of the dipole axis. In addi-
tion, we include a density enhancement in the active region.

The model is described in Sect. 2, while in Sect. 3, the
free parameters of the model are constrained by using mag-
netographic observations as well as published electron density
measurements. In Sect. 4, we discuss the computed coronal pa-
rameters and their distribution. We then study the propagation
of flare waves and type Il radio bursts using the computed coro-
nal parameters. The conclusion is given in Sect. 5.
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2. The coronal magnetic field model

The study of the formation and evolution of large-scale
MHD waves and shocks requires the knowledge of the char-
acteristic velocities in the corona. The Alfvén speed is usually
defined as

B
\/47r/10/]mpn’
where B is the magnetic field strength, o the magnetic per-
meability of vacuum, ji the mean molecular weight (taken as
i = 0.6 according to Priest 1982), m,, the proton mass and n
the total particle number density. In contrast to Paper I, we also
consider here disturbances at very low heights, where we can-
not assume vy > cs, as is usually done in studies of type II
bursts. In this case, the most important characteristic speed is
the fast-mode speed, defined as

1 2
Vfm = J 3 {vi +c+ \/(vi + cf) — 4v% ¢ cos? 63} )

where 6p is the inclination between the wave vector and the
magnetic field B and ¢, the sound speed. The orientation of B
follows from the model, but the wave vector (i.e. the real tra-
jectory of the disturbance) is not known a priori. Therefore, we
consider here only the magnetosonic speed

)]

VA =

oms = (R + )" 3)

which is the fast-mode speed for g = 90°. For flare waves,
this is reasonable, since they propagate along the solar surface
where the magnetic field is predominantly radial'. For an ar-
bitrary inclination towards B, vy, gives an upper limit for vgy,
while vy is the lower limit (for 05 = 0°).

To compute the physical parameters we are interested in,
we need to model the total particle number density n (this can
be obtained from the electron number density via n = 1.92n,
for i = 0.6) as well as the magnetic field B. In contrast to
Paper I, we include the density enhancement in the active re-
gion (AR). The derivation of a suitable density model is dis-
cussed in Sect. 3.1.

The magnetic field B is composed of the field of an active
region Bar and of the quiet Sun By, i.e.

B = BAR + qu. (4)

The AR is modeled by a magnetic dipole, its center located
at a depth dgp below the photosphere, while the quiet Sun
magnetic field is represented by a radial field (resulting in
a 1/R*-behavior of the field strength). The latter assumption
is justified by several observations: the magnetic field in the
quiet Sun is predominantly oriented radially (as shown by vec-
tormagnetograms and EUV imaging), and to a first approxi-
mation, it does not show conspicuous variations with latitude.
This independence of latitude was also observed by Ulysses in
the radial component of the interplanetary magnetic field (IMF;
see Smith & Balogh 1995; Forsyth et al. 1996).

' Qur calculations have shown that in the low corona, the error in
velocity is below 5%.
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Fig. 1. Geometry of the model and frame of reference.

The geometry of the model is shown in Fig. 1. Each point P
can be characterized either by the polar coordinate system with
the variables R and 8 (with the solar center as origin of the coor-
dinate system) or by r and y (with the dipole center as origin).
Cylindrical coordinates (z and p) can also be used to describe
the model: in this system, the dipole is directed along the z-axis,
and azimuthal symmetry is assumed around the z-axis (see also
Paper I).

The magnetic field of the dipole (in cylindrical coordinates)
is then given by

daip
Bar (1) = Bao - (%) : (3 cos’y — 1) 5)
r
daip \’
dip .
Barp(r) = Bao (?) - (3 cosysiny) (6)

where r is the distance from the dipole center and By is the
magnetic field strength on the axis of the dipole (i.e. y = 8 =
0°) at a distance r = dgjp (i.e. at the photosphere, corresponding
to a heliocentric distance R of one solar radius)?.

The magnetic field of the quiet Sun is given by

Rs\?

Basz = B - cosp- () %
. Rs\?

Bysp = Bgo - sinf3 - (?S) . (8)

Here, By is the magnetic field strength in the quiet Sun at R =
1 Rg (where Ry is the solar radius).

Along the z-axis, the dipole can be directed either paral-
lel or antiparallel to the quiet Sun magnetic field. Both cases
model a unipolar active region. However, most ARs are actu-
ally bipolar. Therefore, an additional case which yields a bipo-
lar configuration is considered, namely a dipole that is inclined
by 90° with respect to the z-axis (this is denoted by ¢, the
angle between the dipole axis and z-axis, so that the vertical
dipole corresponds to ¢ = 0°/180° and the horizontal dipole
to ¢ = 90°/270°). In this case, the dipole has a magnetic mo-
ment which is twice as strong as in the vertical case in order to
give the same value of By as in the vertical case. Note that in
the horizontal case the resulting field is no longer azimuthally
symmetric around the z-axis.

2 For details on the derivation of Egs. (5) and (6), see Paper 1.

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20042169



http://www.edpsciences.org/aa
http://dx.doi.org/10.1051/0004-6361:20042169

A. Warmuth and G. Mann: A model of the Alfvén speed in the solar corona

Coronal electron densities
\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\

1010

Brosius 2000 streamers

|
[ .
pCoak 1994
Brosius 1996

I
]
I
o'shea 1998 [t . .
I active regions
i coronal loops
Mason 1999 4 |1
*:Londw 1998
& .
I
1
I
b
I
]

Gallagher 2001
— S
T N
£
5]

c

Koutchmy 1994

.. Mann

SR5 25 ¢ Saite™.,

7

\:\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\
1.10 1.20 1.30 1.40 1.50
R IR

10

1.00

Fig. 2. Coronal electron densities, n., against heliocentric distance, R.
The dashed verical line at R = 1.014 Rg indicates the coronal base:
data points below that line have to be considered as lying at the coronal
base. The thick orange dash-dotted line represents n.(R,5 = 0°) as
given by our model.

After B and n are calculated at each point P in the part of
the corona that we are interested in, we can derive the required
coronal parameters.

3. Observational constraints

In this section, we will try to constrain the free parameters of
our model — the electron density model as well as By, Bqo, and
dgip — by comparing the output of the model with actual obser-
vations. In order to derive a representative coronal model, we
have to look at a sample of several events, or better, active re-
gion configurations. Since we are particularly interested in the
propagation of coronal waves and shocks, we have chosen the
flare wave events that were studied by Warmuth et al. (2004a,b)
as our sample.

3.1. Density parameters

A thorough study of the literature was conducted in order to
choose an appropriate coronal density model. Figure 2 depicts
the coronal electron density, n, as a function of height R in the
lower corona (up to R = 1.5 Ry). It shows how some commonly
used electron density models compare to actual measure-
ments, and also gives an idea of the scatter between different
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Table 1. Coronal electron density measurements.

Publication Primary data source
Cook et al. (1994) Skylab/SO82B
Koutchmy (1994) WL eclipse observations
Brosius et al. (1996) SERTS

Landi & Landini (1998) CDS

Li et al. (1998) UVCS, SXT
O’Shea et al. (1998) CDS, SUMER
Aschwanden et al. (1999) EIT

Gallagher et al. (1999) CDS

Mason et al. (1999) CDS

Warren (1999) SUMER
Aschwanden et al. (2000) EIT

Brosius et al. (2000) SERTS

Parenti et al. (2000) CDS, UVCS
Aschwanden & Acton (2001) SXT

Gallagher et al. (2001) CDS, EIT

Warren & Warshall (2002) SUMER, SXT

Del Zanna & Mason (2003) CDS, TRACE
Warren & Winebarger (2003) SUMER

measurements®. Included are the one-fold Newkirk model
(Newkirk 1961, solid line), the 2.5-fold Saito model (Saito
1970, dashed line) and the Mann model (Mann et al. 1999b,
dotted line). Table 1 lists the studies from which the measure-
ments were taken and their primary data sources.

We have included measurements of four different coronal
structures: streamers (blue lines and symbols in Fig. 2), quiet
and equatorial regions (green), ARs (red) and coronal loops
(magenta). In order to choose a density model for the quiet
corona, we compare the various models to the measured n.(R)
for streamers and quiet/equatorial regions. It is immediately
evident that the Mann model, which is optimized for the he-
liosphere, gives density values that are too high in the inner
corona. On the other hand, we find that the one-fold Newkirk
model is still a good representation of the quiet coronal elec-
tron densities. As in Paper I, we therefore adopt the Newkirk
model for the inner corona, which is given by

ne = ng x 10328/

©))

where R is the distance from the solar center, Rg the solar ra-
dius and ng = 4.2 x 10* cm™). Note that the Newkirk model
corresponds to a barometric height formula with a tempera-
ture of 1.4 MK. We therefore assume 7 = 1.4 MK for the
whole corona, which implies an isothermal AR and a constant
cs = 180 kms™! (obtained via ¢s = +/yaaksT/ (fimy,), where yaq
is the adiabatic exponent and kg is the Boltzmann constant). At
a height of R = 1.8 Rg, we switch to the Mann model (which
gives the same 7. as the Newkirk model at this height), which
is more suited for the outer corona and heliosphere.

The measurements for ARs and coronal loops clearly show
a density enhancement, with a scatter between different mea-
surements that is considerably higher than for the quiet corona.

3 For many studies we only show the density values for a few
selected heights, which is sufficient to represent the behavior of n.
with respect to R. Also, the plotted values have to be considered as
approximate.
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Table 2. Event and active region overview. Shown are the event date, the NOAA AR number, the coordinates and importance of the associated
flare, the inferred magnetic field strength of the dipole and the global component in the photosphere, Bqy and Bqpho, the depth of the dipole
center, dgip, and the half-width of the AR, wagr. The last two columns give dgi, and wag for the case of a horizontal dipole. Magnetic field

strengths are given in Gauss, distances in Mm.

Event NOAA Flare Flare Vertical dipole Horizontal dipole
date No. loc. 1mp BdO Bq,phot ddip WAR ddip WAR
1997 Sep. 24 8088 S31E19 1B/M5.9 2500 7 10 35 20 55
1997 Nov. 3 (a) 8100 S20W13 SB/C8.6 2800 6 15 55 20 65
1997 Nov. 3 (b) 8100 S20W15 1B/M1.4 2800 6 15 55 20 65
1997 Nov. 4 8100 S14W33 2B/X2.1 2900 7 15 55 20 65
1998 May 2 8210 S1I5WI15 3B/X1.1 2800 7 10 50 20 65
2000 Mar. 2 8882 S20W58 SN/M6.5 2600 16 20 55 30 80
2000 Mar. 3 8882 S15W60 1B/M3.8 2600 17 20 55 30 80
2000 Nov. 25 9236 N20W23 2B/X1.9 2500 12 17 55 35 100
Mean: 2688 9.8 15 52 25 72
fo 155 4.6 4 7 7 14

However, an electron density as given by a four-fold Newkirk
model seems to be a reasonable representation of . at the cen-
ter of an average AR.

A smooth transition from the center of the AR to the quiet
corona in both the vertical and the horizontal direction is pro-
vided by means of two Gaussian profiles. By comparing with
various density measurements, the FWHM of the Gaussian for
ne(z) (vertical) was taken as iag = 80 Mm (R = 1.115Ry),
while the FWHM of the Gaussian for n.(8) (horizontal), wag,
was chosen in such a way that the density enhancement coin-
cides with the spatial extension of the AR magnetic field. The
mean values are wagr = 52 Mm (0.075 Rs) for the vertical and
war = 72 Mm (0.103 Rs) for the horizontal dipole. The result-
ing ne(R,B = 0°) for the vertical case is shown as the thick
orange dash-dotted line in Fig. 2.

3.2. Magnetic parameters

As already mentioned we use the eight events of Warmuth et al.
(2004a) for which high-quality magnetograms were available
to determine the most reasonable values of our “magnetic pa-
rameters” (Bgo, Bqo, and dgip). These events were associated
with five different active regions. The most important charac-
teristics of the events and ARs are summarized in Table 2.
MDI full-disk magnetograms (Scherrer et al. 1995) were
used to measure the unsigned magnetic flux density, Bphor, as a
function of distance s from the center of the dominant sunspot.
Figure 3 illustrates the measurement process. Bppo, Was mea-
sured within a sector (V in Fig. 3) consistent with the observed
flare wave propagation, and then averaged laterally over the
whole sector angle. This yields the average unsigned flux den-
sity as a function of s along the solar surface, Bphot(s)“. We
have corrected for projection effects by dividing Bpno at each
measured point by the cosine of the heliocentric angle.

4 To check if the measured fluxes are consistent with the ones really
experienced by the waves, we have derived By (s) also for the sector
which originates at the extrapolated starting point of the flare waves
(see Warmuth et al. 2004a). A comparison of the two data sets shows
that the fluxes in the quiet Sun agree closely.

MDI — 1998 May 02

1000

800

200

-200

—400
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Fig.3. Full-disk MDI magnetogram of the flare wave event of
1998 May 2. Overlayed are the Moreton (white) and EIT wavefronts
(black), as well as the sectors in which B, was measured as a func-
tion of distance s. The sector used for the vertical model (V) originates
in the main spot and samples the area of flare wave propagation, while
the sector for the horizontal model (H) originates in the center of the
AR and covers a comparatively narrow range centered on the AR axis.
The black cross north of the AR denotes the extrapolated starting lo-
cation of the Moreton wave. The magnetogram 1is linearly scaled to
B = +500 G.

By comparing the measured Bpno With the photospheric
flux that is given by the model, it is now possible to find the
most realistic values for the magnetic parameters (bearing in
mind that no perfect fit is expected for such a comparatively
simple model). Since the location of the origin of the measured
sectors coincides with the maximum measured flux of the dom-
inating sunspot, Bpho(s = 0) fixes the value of Bgo. This lo-
cation corresponds to § = 0° in our model. dgp can now be
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Table 3. The quiet Sun effective coronal magnetic field strength, By, as given by the measured photospheric magnetic flux in the quiet Sun,
By phot (Col. 2), for different fractions f of photospheric flux penetrating into the corona (Cols. 3-5). The last column shows B as deduced
from in situ measurements of the radial component of the IMF at 1 AU. All magnetic field strengths are given in Gauss.

Event By phot By By By Byo
date (foor =1/2) (foor = 1/3) (foor = 1/4) (from IP B)
1997 Sep. 24 7.0 3.5 2.3 1.8 1.4
1997 Nov. 3 (a) 6.0 3.0 2.0 1.5 1.2
1997 Nov. 3 (b) 6.0 3.0 2.0 1.5 1.2
1997 Nov. 4 7.0 3.5 2.3 1.8 1.2
1998 May 2 7.0 3.5 2.3 1.8 1.6
2000 Mar. 2 16.0 8.0 5.3 4.0 1.6
2000 Mar. 3 17.0 8.5 5.7 4.3 1.5
2000 Nov. 25 12.0 6.0 4.0 3.0 1.5
Mean: 9.8 4.9 33 2.4 14
o 4.6 2.3 1.5 1.2 0.2

chosen in such a way that the decrease of the modeled Bpho
with increasing s agrees with the measured values.

To fix the parameters for the case of the horizontal dipole
(¢ = 90°/270°), Bphot is measured in a different sector (H in
Fig. 3). The origin is located in the center of the AR, and the
measured sector samples the flux along the axis of the AR (as
defined by the line between the center of the AR and the main
spot). Again, the origin (s = 0) coincides with 8 = 0° in our
model.

While it is relatively straightforward to constrain By
and dgip, the average unsigned magnetic flux density at the bot-
tom of the quiet corona, By, is very difficult to determine. In
the literature, quite a broad range of numerical values is given,
dependent on the observing technique and instruments used.
We are aware that a precise determination of By is beyond the
scope of this work, but we nevertheless try to provide at least a
best estimate.

Typical MDI magnetograms have a noise level of
about 16 G (Liu & Norton, MDI website’, SOI Tech
Note SOI-TN-01-144) and are therefore not suited to derive
any characteristics of weak fields. However, it is possible to
average over a series of magnetograms to reduce the noise
level. For seven of the eight flare wave events, high-cadence
(1 min) full-disk magnetograms were available from MDI (for
1997 Sep. 24, only high-resolution magnetograms not cover-
ing the AR were available). For all events, we averaged over
30 1-min magnetograms in order to reduce the noise level from
16 G to 2.9 G. It is these averaged magnetograms that were
used to measure Bppo(s).

Recently, it has been shown that MDI gives flux densities
that are on average 0.64 times lower compared to the Advanced
Stokes Polarimeter (Berger & Lites 2003). By dividing our flux
densities by this factor, we find the photospheric magnetic flux
density in the quiet Sun, Bgphot, to be about 10 G on average.
This is in good agreement with the values recently found by
Lites & Socas-Navarro (2004) through high-resolution spec-
tropolarimetric observations. However, this value cannot sim-
ply be equated with Byo at the bottom of the corona. It has been
shown that the magnetic field in the quiet Sun forms a complex

3 http://soi.stanford.edu

“magnetic carpet” (Schrijver et al. 1997), which means that a
significant fraction of the magnetic flux closes down below the
corona. Recently, Close et al. (2003) estimated that only 50%
of the flux in a quiet region extends above 2.5 Mm (the clas-
sical height of the coronal base), while only up to ~10% ex-
tend above 25 Mm. Thus, By is the effective quiet Sun mag-
netic field strength at the base of the corona that can be derived
by Bgo = feor X Bgphot» Where feor is the fraction of the mag-
netic flux that penetrates into the corona. While f;, is certainly
height-dependent, we simplify the problem by assuming a con-
stant fo, with a sharp transition at the coronal base. However,
we do not really know which value of f., is appropriate. The
range of By that arises from using various values for feo is
shown in Table 3.

To further constrain By, we have to look for alternative ap-
proaches. A very promising method is to use the flare waves
themselves, which was first proposed by Mann et al. (1999a).
We identify the speed of the observed EIT waves (which prop-
agate in the quiet corona) with vy,,. With our imposed c, this
yields vs and, combined with the suitable n, we finally ob-
tain the ambient magnetic field strength. Here, we consider
only the eight EIT waves of Warmuth et al. (2004a), since for
these cases we are sure that they are fast-mode waves®. We
obtain a mean EIT wave speed of (ve;) = 310 £ 80 km s
(slightly higher than the speed derived by Klassen et al. 2000).
Neglecting any projection effects, we assume vgiy = vps. This
is justified since the wavefronts in the different wavelength
regimes — and therefore different height ranges — match up
very nicely (Warmuth et al. 2004a). Thus any projection ef-
fects should be small. Now we run into the next problem — we
do not exactly know the propagation height of the EIT waves,
which results in an uncertainty of n. In the literature, 1.08 Rg is
often found for the propagation height, but note that EIT waves
observed on the limb (i.e. the events of 2000 Mar. 2 and 3,
as well as the event studied by Hudson et al. 2003) are vis-
ible over a broad height range, although the excess emission
is generally stronger for lower heights. For the height range

® There are other cases of EIT waves — usually slower ones — that
are more probably bulk mass motions or successive activations of field
lines due to CME evolution (see e.g. Chen et al. 2002).
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of R = 1.08-1.005 Rs, the derived effective global magnetic
field strengths are By = 2.9-3.6 G. This nicely agrees with
the magnetic field strengths derived from the magnetograms if
we select foor = 1/3, which lies well within the range given
by Close et al. (2003), and is also consistent with the results of
Dere (1996).

We finally adopt By = 3.4 G as the definite value
for our average coronal model, which is obtained from the
“wave method” with more weight towards the lower heights.
Likewise, we choose Bgp = 2700 G and dgj, = 15 Mm for the
vertical dipole (see Table 2). For the horizontal case, we finally
adopt dgip, = 25 Mm, while Byg and By remain the same as in
the vertical case (the magnetic moment, however, is twice as
large). For the individual coronal models (which will be used
to study flare wave propagation in Sect. 4.4), we use the param-
eters given in Table 2, with f.o, = 1/3.

Before continuing, we perform an independent check of
Bgo: we compare it with the field strength given by the ra-
dial component of the IMF measured at 1 AU. We use data
from the MAG magnetometer (Smith et al. 1998) aboard the
ACE satellite, averaged over the Bartels rotation (27 days,
roughly one solar rotation) during which the wave event hap-
pened. Averaged over the events, this yields a radial component
of the magnetic field strength of 3 nT at 1 AU, which, when
back-extrapolated using flux conservation, gives 1.4 G at the
solar surface (see Table 3). This is inconsistent with our de-
rived By. However, the assumption of a purely radial behavior
of the large-scale magnetic field is not exact, although it is quite
a good approximation out of the ecliptic plane (Banaszkiewicz
et al. 1998). Moreover, our radial field represents the corona
which is closed on larger scales, and not the truly open re-
gions — those would be coronal holes, with densities of at least
an order of magnitude less than in our model. So apart from
the transition in field strength at the coronal base (represented
by feor), there is another drop in B in the height range where
the larger-scale field lines close. This probably happens near
the source surface at R = 2.5 Rg. Since we are primarily inter-
ested in the corona below, say, R < 2 Rs, we neglect this further
complication.

Figures 4 and 5 compare the measured Bppo(s) with the
modeled values for all events (thick lines indicate the radial
component of the magnetic field, thin lines the total field
strength), for the vertical and the horizontal dipole, respec-
tively. The agreement between the model and the measured
Bghot(s) is much better for the vertical scenario than for the hor-
izontal one. In all cases, the dominating spot has a considerably
larger distance from the center of the AR (s = 0 in Fig. 5) than
can be modeled by the horizontal dipole. However, we note that
the fall-off of Bpyoi(s) is reproduced reasonably well also in the
horizontal case, at least for larger distances. The vertical dipole,
on the other hand, models the measured fields quite well also
near the origin, which coincides with the center of the main
sunspot. In some cases (e.g. for 1998 May 2), even the mini-
mum of B in the range of s = 50-100 Mm can be discerned in
the measured Bppo(s).

Thus, we are confident that the parameters we derived for
the vertical case are sufficiently realistic to form the basis
of a representative, yet simple, coronal model. This “vertical
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Fig.4. Comparison of the modeled photospheric unsigned magnetic
flux density Bpno(s) with the measured values (thick grey line) taken
from MDI magnetograms. The radial component of the modeled mag-
netic field is shown as a thick black line (solid for ¢ = 0°, dashed for
¢ = 180°), while the total field strength is denoted by the thin grey
lines.
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Fig. 5. As in Fig. 4, but for the horizontal dipole (¢ = 90°/270°).

model” may not reflect the bipolar nature of an AR, but it is
useful to study ARs with a single dominant sunspot — most of
the ARs discussed here show such a tendency. In our study of
flare wave propagation, we will therefore use only the vertical
model.
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4. Discussion
4.1. Numerical values of free parameters

Our derived magnetic parameters are different from the ones
used in PaperI. There, Byy = 800 G, By = 2.2 G, and
A/2 = dgp = 35 Mm (0.05 Rs)were used, which were taken
from the literature. However, we are confident that the param-
eters derived in the present work, which are based on actual
measurements, provide a more realistic picture of the corona.

It came as a surprise that we obtained values for dg;, that
were on average between 1.4 (horizontal dipole) and 2.3 times
(vertical dipole) smaller than in Paper I. The original reason to
select dgip = 35 Mm was to locate the center of the dipole
in the middle of the convection zone. However, recent re-
sults from helioseismological studies with MDI suggest that
sunspots and active regions may be comparatively “shallow”
phenomena. For example, Zhao et al. (2001) have reported a
depth of 5-6 Mm for a sunspot (as defined by its thermal and
hydrodynamic properties), while they find strong mass flows
across the spot at depths of 9-12 Mm. While no quantitative
agreement between our simple model and the helioseismolog-
ical results is to be expected, these recent observations never-
theless show that it is not unreasonable to locate the origin of
sunspots and ARs closer to the solar surface than it has for-
merly been assumed.

4.2. Solar cycle dependencies of model parameters

The events/active regions that were used to derive our model
parameters were observed both during the ascending phase of
solar cycle 23 (1997 and 1998), and near its maximum (2000).
This enables us to study cycle dependencies of these free pa-
rameters. Table 2 reveals that Bgy shows no such variation,
while both By pho and dg;p are larger near solar maximum. The
variation of B phot is consistent with the well-known fact that
the solar weak-field component increases by a factor of ~2
from minimum to maximum (e.g. Rabin et al. 1991; Pevtsov
& Acton 2001). This increase is mainly due to the increasing
area of the comparatively strong network fields (cf. Pauluhn
& Solanki 2003). No explanation for the variation of dgp is
known — of course, poor statistics cannot be ruled out.

4.3. Distribution and numerical values of characteristic
coronal parameters

Figure 6 shows vy, as derived from our model (we do not show
va since it can always be obtained from vy, via Eq. (3)). The
arrows indicate the direction of the magnetic field. The corona
is shown from its base up to R = 2 Rs, within a sector of
B = £45°. From left to right, the cases for the parallel, an-
tiparallel and horizontal dipole are shown (¢ = 0°/180°/90°,
the configuration for ¢ = 270° is obtained by simply mirror-
ing the ¢ = 0° model at the z-axis). Note that the model pa-
rameters that were used for the horizontal case are different
from those for ¢ = 0°/180° (cf. Sect. 3). The horizontal case is
not azimuthally symmetric, and in order to give an idea of the
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3D configuration, Fig. 7 shows vy in the yz-plane, orthogonal
to the xz-plane depicted in Fig. 6.

It is immediately evident that the AR influences the coro-
nal structure quite dramatically. In the parallel case, local min-
ima of vy are found low in the corona, at a distance of
120 Mm from the AR center, with an absolute mini-
mum of vy, = 220 kms™!. In the antiparallel case, on the
other hand, a pronounced minimum (with a minimum value of
vms = 180 km s™!; this also means B = 0) sits above the AR at a
height of 150 Mm (R = 1.2 Rg). This behavior was implicitly
found in Paper I, but the 2D representation gives a much clearer
image of the coronal structure. We note that a minimum above
the AR is also present in the parallel case, but there it is much
less pronounced. The same is true for the minima flanking the
AR in the antiparallel case. In the center of the ARs, on the
other hand, we find vy, of the order of several 10000 kms~!.
For large distances s, we find vy,s = 300 km s~! at the coronal
base.

The horizontal case shows a different morphology: in the
xz-plane, a local minimum of vy, (at a height of ~240 Mm; as
in the antiparallel case, the lowest value is vps = 180 kms™!) is
found in one hemisphere, while the other hemisphere is char-
acterized by a finger-like enhancement of vy. In the yz-plane,
the distribution of vy, is morphologically similar to the paral-
lel case. Generally, in the horizontal case the coronal structures
are more extended as compared to the vertical one, which is a
consequence of the larger value for dg;, that was used for the
horizontal dipole.

Further out in the upper corona, a broad maximum of vy is
found, in accordance with the results of Paper I. It peaks with
Ums = 1100 kms™! at a height of R = 3.5 Rs. This maximum is
basically similar for all three model configurations. In Paper I,
the maximum was less pronounced and located slightly higher,
with vy = 740 kms™ and R = 3.8 Rs. Note that the maximum
will become less pronounced if the large-scale field lines are
closing below R = 3.5 Rg (cf. Sect. 3.2).

In order to study how the coronal structures change when
we use different model parameters, a series of different mod-
els was computed by varying Bygo, Byo and dg;,. We found that
an increase in By leads to a growth of the extension of the
coronal minima, as well as to an increase in altitude/distance
from the AR. When By is increased, the coronal minima mi-
grate downward/inward (with respect to the AR) and become
less extended. The most sensitive parameter, however, appears
to be dgip: when the dipole depth is increased, all coronal struc-
tures show dramatic expansion. Both the coronal minima and
the AR enhancement expand in size, and the minima move far-
ther out. On the other hand, the influence of changes in Bgg
and dgi, on the location of the global coronal maximum (at
R =~ 3.5 Rg) are small, since the influence of the dipole de-
creases proportional to 1/r°.

Figure 8 shows the distribution of another important coro-
nal parameter, the plasma beta 3,, which is obtained via

S =

8ankgT 62
) = Smksl _ Se (10)
B Svy

where an adiabatic exponent of y,4 = 5/3 has been assumed.
Bp gives the ratio of the gas pressure to the magnetic one, and
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usually B, < 1 is assumed in the corona. Figure 8 shows that
this condition is fulfilled near the AR and in the greater part of
the corona, while in the lower corona g3, is higher, but still less
than unity (e.g. 8, = 0.65 at the coronal base in the quiet Sun).
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Fig. 8. Coronal distribution of the plasma beta, 53;,.

However, at the locations of the minima of vy, B, can actually
become larger than 1. This is in agreement with the results of
Gary (2001), who found that 8, can reach unity at heights as
low as R ~ 1.2 Rs, which is just the height of maximum of 5,
in our antiparallel model. While Gary’s model was only 1D,
we can now show the actual locations of these maxima within
the context of the AR. Interestingly, they are consistent with
the location of the cusp of helmet streamers, where 8, > 1 is
required. Note that depending on the inclination of the dipole,
our simple model can reproduce the §,-enhancement required
for both radial (antiparallel case) and nonradial streamers (hor-
izontal case)’.

Very recently, the first reliable direct measurements of coro-
nal magnetic field strengths have become available through

7 Naturally, our model cannot account for a streamer itself.
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Fig. 9. Coronal parameters B, N, 3,, va, Unms, and 6, plotted as function
of distance s from the center of the AR, for a height of 2 = 10 Mm.
Solid and dashed lines are for ¢ = 0°/180°, respectively.

Zeeman splitting observations of infrared coronal emission
lines (Lin et al. 2004). At heights of R = 1.1-1.4 Rg, field
strengths of 4-2 G have been found, which is generally in
agreement with the values given by our model.

4.4. Propagation of flare waves

For the study of flare waves, it is instructive to trace the coro-
nal parameters at a fixed height (which should be close to the
probable propagation height of the disturbance), following a
curved trajectory parallel to the solar surface. In Fig. 9, we
have plotted B, N, B, va, Ums, and the inclination of the mag-
netic field to the curved trajectory, 6p, as function of distance s
from the center of the AR, for a height of # = 10 Mm. This
height should reflect the typical conditions near the coronal
base, where the disturbance that subsequently generates the
chromospheric Moreton signatures propagates. In addition, it is
high enough so that no density enhancement is to be expected
from a possibly extended chromosphere (cf. the spicular ex-
tended chromosphere model inferred from radio limb measure-
ments; see Ewell et al. 1993; for a recent confirmation of this
scenario by means of RHES S hard X-ray observations, see
Aschwanden et al. 2002).

As pointed out in Sect. 3.2, we are only considering the
vertical dipole model. The fall-off of the characteristic speeds
with increasing distance s from the AR is clearly seen (with
a distinct minimum for ¢ = 0°). Conversely, 5, rises from
Bp < 1to B, = 0.65, with a local maximum of g, = 2.5 for
¢ = 0°. The behavior of 6 is somewhat more complicated:
it declines rapidly from 90° (which means radial orientation
of B) to a minimum of 85 < 10°, but then returns quickly to
Oz = 90°. In contrast to vy and S, the minimum of Oz exists
in both the parallel and antiparallel cases. Also note that while
the minimum of vy, and the maximum of 3, are both located
at s & 120 Mm, the minimum of 65 is considerably closer at
s = 30-70 Mm. The mean distance between the center of the
main spot of the AR (i.e. the dipole center at s = 0) and the
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Fig. 10. Comparison of the modeled magnetosonic speed vy,s(s) (com-
puted along a circular trajectory following the curvature of the so-
lar surface at a height of 10 Mm) with measured flare wave speeds
for all studied events. The solid and dashed lines are the vy de-
rived for the parallel and antiparallel dipole (¢ = 0°/180°), respec-
tively. Asterisks denote Ho Moreton wave speeds, diamonds represent
EIT wave speeds.

extrapolated starting location of the Moreton waves inferred by
Warmuth et al. (2004a) is 88 + 28 Mm. This implies that the as-
sumption of vy = vy is valid over the flare wave propagation
distance, since the only significant deviation from 8 ~ 90°
is closer to the AR center and can thus be neglected for our
purposes.

We will now compare the measured Moreton and EIT wave
speeds of our eight events with the modeled vy,s. In order to
make a sensible comparison, we are not using our average
model, but the individual models for the various events, us-
ing the model parameters of Table 2. In Fig. 10, we have plot-
ted vnms(s) for all events, computed for a propagation height of
h = 10 Mm (i.e. at the coronal base). Asterisks denote the
speeds derived from consecutive Moreton wavefront pairs (in
the event of 1997 Nov. 3 (b), the speed of an X-ray wave is de-
picted instead), while diamonds represent EIT wave speeds. It
is evident that the waves are decelerating — the Moreton wave
speeds are declining with s and are always higher than the
EIT wave speeds. This was already pointed out by Warmuth
et al. (2001) and Vr$nak et al. (2002a). It is also evident that
the Moreton speeds are usually considerably higher than vys.
The speeds at small distances are always well above than vy,
and only in two events they eventually decline to levels compa-
rable with vp;.

The EIT wave speeds, on the other hand, are always com-
parable to vys. This is of course no surprise, since we have
assumed in our determination of the magnetosonic speed that
Ums = UgrT. If we accept that this is true, then Fig. 10 shows that
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Fig. 11. Comparison of the magnetosonic speed vps(s) derived from
the measured By (s) with measured flare wave speeds for all studied
events. The solid and dotted lines are the vy, derived for f.,, = 1/3
and 1/2, respectively. Asterisks denote Ho Moreton wave speeds, dia-
monds represent EIT wave speeds.

all of the studied waves are initially clearly supermagnetosonic.
For the Moreton wave speeds derived from the earliest wave-
front pairs, the mean magnetosonic Mach number (defined as
M = Uwave/Ums) 18 {Mpns) = 3.0 £ 0.4 for the parallel dipole,
and (Mps) = 2.5 + 0.6 for the antiparallel case.

In order to cross-check our results, we have also compared
the wave speeds with vy, derived from the measured Bphoi(s),
which is shown in Fig. 11. Note that the sectors used for mea-
suring Bppo(s) differ from the ones used for deriving the mag-
netic parameters in Sect. 3.2 in the sense that they are origi-
nating at the extrapolated wave starting location instead of the
main spot’s center. They thus coincide with the sectors in which
the waves were measured by Warmuth et al. (2004a). The solid
lines in Fig. 11 represent vy,s computed for f = 1/3. The de-
rived vps(s) is considerably more irregular than the modeled
one, but still we find that at least the first Moreton velocities
are considerably higher than vy, while the EIT wave speeds
are comparable to v,s. The mean magnetosonic Mach number
for the first wave speeds is (Mps) = 2.6 = 0.9, comparable to
the modeled ones.

Our findings imply that the waves are, at least initially,
strongly supermagnetosonic. Usually, flare waves are consid-
ered as weak fast-mode shocks (e.g. Narukage et al. 2002),
but at least for our event sample this is not the case. Warmuth
et al. (2004b) have proposed that pronounced Ha signatures re-
quire particularly strong disturbances, which presumably will
be faster.

Still, it might be argued that the initial Mach numbers
are too high. The wave speed measurements are accurate,

A. Warmuth and G. Mann: A model of the Alfvén speed in the solar corona

therefore a higher vy, would be required to obtain a lower M y;.
This could be achieved either with a decrease in density n, a
higher Bgphot, Or a larger feor. Decreasing n by a factor of 2
would increase vy, in the quiet corona only by a factor of 1.3,
and a further decrease of n would be inconsistent with the ob-
servations. A higher Bgpnot, on the other hand, would imply
that magnetographic observations are still missing a consider-
able percentage of magnetic flux. Recent observations by Lites
& Socas-Navarro (2004) suggest that this is not the case. feor is
the parameter that is least well known — it is possible that it is
larger than we have assumed, but probably not larger than 1/2
(Dere 1996; Close et al. 2003). To illustrate this possibility, the
dotted lines in Fig. 11 show vy for foor = 1/2. It is evident
that the waves are initially still highly supermagnetosonic —
using fe.or = 1/2, the mean magnetosonic Mach numbers are
(Mps) = 2.2 + 0.4 for the parallel and (M) = 2.0 = 0.6 for
the antiparallel dipole model, and (M,s) = 2.0 = 0.8 for vy,
derived from Bppo(s).

Certainly even lower Mach numbers could be achieved
using a combination of the three possibilities mentioned
above, but not without introducing a major inconsistency: the
EIT wave speeds would be significantly lower than vy,s. This
would be possible if EIT waves were not really waves at all,
but rather bulk mass motions or successive activation of mag-
netic field lines in the framework of a CME eruption (e.g. Chen
et al. 2002). While there may indeed exist such EIT “waves”
(EIT waves have a quite diverse morphology), we are con-
fident that the EIT signatures in our events have been cre-
ated by the same fast-mode wave as the associated Moreton
fronts. A second possibility to explain vgrr < vs would be
to invoke strong damping caused by a high viscosity. Ballai &
Erdélyi (2004), for example, have used the velocity attenua-
tion of EIT waves to derive viscosity coefficients over an order
of magnitude higher than the classical value. However, many
EIT waves show no significant deceleration over long distances
(B. J. Thompson, private communication). Moreover, in two of
our events (2000 Mar. 2 and 2000 Nov. 25, see Fig. 10) the
last measured Moreton wave velocities are comparable to the
EIT velocities, which were measured at much greater distances.
This is at odds with the notion of strong damping, which pre-
dicts that the velocities at larger distances should be signifi-
cantly lower. Other support for vgir = vpys comes from numeri-
cal simulations (e.g. Wang 2000; Wu et al. 2001).

In conclusion, we find that the arguments for a much larger
Ums are not convincing. The most natural explanation for the
kinematical behavior is that flare waves are signatures of a
shock or a large-amplitude simple wave (Mann 1995; VrSnak
& Luli¢ 2000). As this disturbance propagates, its amplitude
decreases due to the fact that the leading edge moves faster
than the trailing one, as well as due to geometric expansion
and dissipative processes, which results in deceleration. Finally
Mpns = 1 will be reached — the shock/large-amplitude wave has
decayed to an ordinary fast-mode wave. This scenario is also
supported by the evolution of the perturbation profiles of the
waves (Warmuth et al. 2004a), which show a steady increase
in perturbation thickness and a decrease in amplitude with in-
creasing distance s.
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4.5. Propagation of type Il radio bursts

All flare wave events we have studied in the present work were
also associated with type II bursts. We will therefore study how
these signatures of coronal shocks fit into the scenario we have
developed above. A detailed comparison of the type II kine-
matics with our model in the sense as it was done for the flare
waves is not possible, since we know only the velocity com-
ponent against the density gradient (derived from the observed
frequency drift rate)®. We thus use only the integral parame-
ters of the bursts as determined by Warmuth et al. (2004b).
We have recalculated the velocities using a onefold Newkirk
model, since this is consistent with our coronal model at the
type II propagation heights.

Averaged over the four type II bursts in our event sample
that could be reliably measured, we obtain an initial speed of
(vpy = 1230 + 250 kms™' and a mean propagation speed of
@) = 880 + 230 kms~!. Considering these two speeds (taken
as constant) as representative for the burst propagation, we
compute profiles of My, along straight trajectories originat-
ing in the AR center for various inclinations & (see Fig. 1),
since type II bursts can have distinctly non-radial trajectories
(e.g. Klassen et al. 1999). vy and v, on the other hand, are basi-
cally radial velocities. We divide them by the cosine of @ (with
a = 0 — 3, see Fig. 1) to get the true speed.

One important caveat is that in reality the emission-
producing region of the shock will not follow a straight trajec-
tory. Firstly, the coronal wavefront will refract towards regions
of low va (cf. Uchida et al. 1973). This effect will be stronger
for larger angles 8, and since we restrict ourselves to 6 < 45°,
we estimate that the effect will not be so large as to render our
approach invalid. In addition, strong tilting away from the ra-
dial direction will only happen very close to the solar surface,
whereas at greater heights the gradient of v is becoming in-
creasingly radial.

Secondly, the angle between the magnetic field vector and
the wave/shock normal, 85, plays an important role in parti-
cle acceleration, and thus radio wave generation. For exam-
ple, efficient electron acceleration through shock drift accel-
eration requires 5 > 80° under coronal conditions (Mann
1997). Calculating 6p along different straight trajectories, we
have found that this condition is fulfilled only over very short
distances (<0.1 Rg). Of course, the disturbance producing the
type II emission does not propagate in a single direction, but
has a significant angular width. Type II emission would then be
generated only at the locations where 85 > 80°, and the burst
source would move also along the shock surface in addition
to the overall outward expansion, or it may even jump rapidly
between different locations along the front of the perturbation.
The true complexity of the distribution of 8z — even in the case
of a simple dipole — is shown in Fig. 12. Since the exact tra-
jectories and width of the type II-producing disturbance are not
known, 65 is shown with respect to the surface normal.

An extended shock will always encounter regions of 6 >
80°, providing for continuous type II emission. In that case,

8 Co-temporal radioheliographic observations would allow for a
better characterization of the kinematics, but are unfortunately avail-
able only for a limited event sample.
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Fig. 12. Coronal distribution of the inclination between the solar sur-
face normal and the magnetic field, 6p.

the drift rate would not necessarily yield true kinematical infor-
mation about the physical disturbance, since different regions
of the corona are sampled in quick succession. However, the
simple fact that most type II bursts appear to be not too irregular
puts a constraint on this scenario. An alternative possibility is
to invoke shock diffusive acceleration at quasi-parallel shocks
(6p < 10°; see e.g. Mann & Liihr 1994; Mann & Classen 1995),
which is more easily achieved with a simple radial propagation
of the burst-generating shock. In any case, we believe that the
range given by () and (vp) is a reasonable approximation of
the true speed of a coronal shock, since the associated Moreton
waves initially have about the same velocities (see Warmuth
et al. 2004b).

Bearing in mind these limitations, the calculated profiles of
Mns — shown in Figs. 13 and 14 — should be regarded as giv-
ing a first idea of the behavior of My, in an expanding coronal
shock. In the case of the vertical dipole, My, becomes larger
than unity at heights of R ~ 1.1-1.2 Rg (note that My,s has to
be well above unity in order to excite radio emission). My rises
to a maximum (due to the local minimum of v,s) and then de-
clines again. For the parallel dipole, this maximum is broad and
comparatively shallow, with M,y ~ 1.5-3 at R ~ 1.2-1.4 Rg. In
the antiparallel case, the maximum is much more pronounced
with M, ~ 3-8 at R ~ 1.2-1.4 Rs. The same basic behavior
is found for the horizontal model, with the difference that the
maximum of M;,; becomes more pronounced for increasing d.

Accordingly, the type II bursts will become visible at
heights of R ~ 1.1-1.2 Rg (R = 1.2-1.4 Rs for the horizon-
tal model). In all cases M,s approaches or drops below unity at
R ~ 2-3 Rg, which is due to the global maximum in vyg. This is
consistent with the observation that most metric type II bursts
do not continue into the outer corona.

The mean starting frequency for the four well-defined type
IT bursts in our sample is fy = 148 MHz, while it is fy =
123 MHz if also the questionable measurements are taken into
account. By comparing fy to our electron density model, we
find that the type II bursts first become visible at heights of
R = 1.14-1.18 Rg, respectively. This is exactly within the ex-
pected range of R = 1.1-1.2 Rg given by the model. As the
initial disturbance encounters the local minimum of vy, it will
steepen rapidly to a large-amplitude wave or shock. Both kinds
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Fig. 13. Magnetosonic Mach number M,,, along straight lines with
various inclination ¢ towards the z-axis, as calculated with the vertical
dipole model. Black lines are for vy, = 1230 kms™!, grey lines for
» = 880 kms~'. Solid and dashed lines are for ¢ = 0° and ¢ = 180°,
respectively.
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Fig.14. As Fig. 13, but for the horizontal dipole model. Solid and
dashed lines are for ¢ = 90° and ¢ = 270°, respectively.

of perturbations are able to accelerate electrons, thus producing
type Il radiation.

The relative band-split (see Smerd et al. 1974; Vr$nak
et al. 2002b) of the type II bursts was used by Warmuth
et al. (2004b) to deduce mean magnetosonic Mach numbers of
(Mps) = 1.9-2.2. This generally agrees with the computed val-
ues of My, as well as with the Mach numbers derived for the
early phase of the Moreton waves. For ¢ = 180°/270°, how-
ever, the computed maxima of My,; are much higher than the
observed ones (see Figs. 13 and 14). A possible explanation
could be that the ARs in our events can best be described by a
parallel dipole, where the maxima of M, are less pronounced
than for both the antiparallel and the horizontal cases (we have
already argued against the horizontal model in Sect. 4.4).

5. Conclusion

We have presented a simple model of the Alfvén speed vs and
the fast magnetosonic speed vy, (along with other important
physical parameters) in the solar corona, using the model of
Mann et al. (2003) as a basis. We have improved the model
by constraining the free parameters with actual observations
(including the use of coronal seismology) and by considering
the case of a horizontal dipole (modeling a bipolar AR). The
model provides a global maximum of vy, = 1100 kms™' at a

distance of R = 3.5 Rg from the center of the Sun, and several
local minima at R = 1.2-1.4 Rg (depending on the orientation
of the dipole). At the coronal base in the quiet Sun, we obtain
Ums = 300 kms~!'. The plasma beta Bp, while less than unity
in most of the inner corona, can approach and surpass 1 in the
minima of vpy.

The fact that the model incorporates both the quiet corona
and an AR allows us to study the transition between those
two regimes, which are traditionally treated in isolation. This
is essential for the study of the development and evolu-
tion of coronal disturbances. We have considered flare waves
(Moreton and EIT wave signatures) and type II radio bursts
as signatures of coronal waves and/or shocks. The events
were taken from Warmuth et al. (2004a). For flare waves, we
have found that the disturbances are initially highly supermag-
netosonic (Mp,s ~ 2-3), but when they have reached typical
EIT wave distances (s > 400 Mm), they have decelerated to
Ms = 1. The most natural explanation for this behavior is that
the signatures are caused by initially strong shocks or large-
amplitude simple waves which decay to ordinary fast-mode
waves, thus confirming the initial hypothesis of Warmuth et al.
(2001).

For the associated type II bursts, we found that the mea-
sured starting heights are consistent with the region where the
magnetosonic Mach number M,; well exceeds unity, thus en-
abling type II emission. The measured My, of the bursts (us-
ing their relative band-split) is broadly consistent with the pre-
dicted values, as well as with the M, deduced for the flare
waves. This once again shows that flare waves and type II bursts
are created by the same physical disturbance.

We are aware that our model gives a very idealized picture
of the solar corona, since complex ARs are not well represented
by a dipole. However, this model allows us to learn about is-
sues that will also be important in more complex configura-
tions. For example, we can see how the local minima of vy,
vary with changes of the dipole orientation, strength, and depth,
etc. As another example, consider the distribution of 5 shown
in Fig. 12: how much more complicated will the situation be in
areal AR if already a simple dipole gives such rich structure?

In spite of being idealized, our model has been remarkably
consistent with both the imaging and radiospectral observations
of coronal disturbances. We conclude that at least the vertical
dipole model is an adequate representation of the corona in the
presence of an AR with a strong dominating sunspot (this was
the case in all studied events). A particularly interesting find-
ing has been the initially high magnetosonic Mach numbers
in the studied flare wave events. The corresponding high com-
pression factors suggest that particles could be accelerated to
comparatively high energies. Flare waves may thus be an addi-
tional source of solar energetic particles (see e.g. Krucker et al.
1999; Vainio & Khan 2004). We plan to use our model, com-
bined with both imaging and radiospectral data, to further ex-
plore particle acceleration at shocks or simple waves in the low
corona.
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