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Abstract. On April 2 2001, following one of the largest flares of the present solar cycle, intense and complex metric type II
radio bursts were recorded by the Hiraiso Radio Spectrograph. Metric type II emission is a typical signature of the propagation
of a coronal shock. The dynamic spectra of this event present a clear bifurcation of the radio emission lanes, which is very rare
in the metric domain and requires a proper interpretation. We model this bifurcation as the result of the interaction of a piston-
driven spherical shock with a vertical current sheet located above the active region where the X20 flare occurred. The geometry
of the expanding transient and the coronal electron density, necessary to derive the type II dynamics, are constrained through
analysis of data obtained from the Solar and Heliospheric Observatory (SOHO) instruments. The model replicates successfully
the observed bifurcation, supporting our interpretation. Furthermore, we propose that magnetic reconnection was triggered in

the current sheet by the shock passage.
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1. Introduction

The X20 solar flare that occurred on April 2 2001 at 21:51 UT
above the huge active region NOAA 9393 (at N17 W67),
was accompanied by a very fast (>2000 kms~!) coronal mass
ejection (CME). Fast transients are expected to travel at su-
permagnetosonic speeds in the middle corona, thus devel-
oping piston-driven shock surfaces. Coronal shocks are de-
tected in dynamic spectra as metric type II burst radiation:
the propagation of a collisionless shock in the corona ex-
cites Langmuir waves which are then converted into elec-
tromagnetic radiation at frequencies near the local electron
plasma frequency fp.[Hz] = 8978 yne[cm™3] and its second
harmonic, where n. is the electron density. An overview of
the complex radio emission associated with the event stud-
ied in this work, is displayed in the dynamic spectrum ob-
tained by the Hiraiso Radio Spectrograph (Fig. 1). A strong
negatively drifting type II fundamental/harmonic pair is visi-
ble between 30 and 100 MHz. It starts from ~21:52 UT lasting
for about 5 min and drifting slowly toward lower frequencies.
These emission lanes are the signatures of an expanding shock
surface travelling through coronal plasma characterized by an
outwardly decreasing electron density. The dynamic spectrum
also shows an unexpected spectral feature: a strong type II
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positively drifting fundamental/harmonic pair lasting for about
one minute starting at 21:51:30 UT between 100 and 300 MHz
that would imply a sunwardly propagating shock. In the past
there have been only few identifications of positively drifting
metric type II bursts (Markeev et al. 1976; Korolev et al. 1979),
while more recently similar features were identified in the deca-
metric (van der Holst et al. 2002) and decimetric bands (Huang
2003). The presence of such a rare spectral signature deserves
special attention and requires an ad hoc interpretation. In the
following sections we will show that the observed bifurcation
of metric type II emission could have been produced by the
interaction of a piston-driven spherical shock with a vertical
current sheet located above active region NOAA 9393.

2. Data analysis and modelling

From the difference images of the Large Angle and
Spectrometric Coronagraph (LASCO; Brueckner et al. 1995)
aboard the Solar and Heliospheric Observatory (SOHO)
spacecraft we derive the morphology of the expanding
CME front surface (Fig. 2). The roughly circular shape ob-
served by LASCO is interpreted as the sky-plane projection
of a spherical plasmoid expanding from the solar surface and
driving a bubble-type bow/piston shock surface. The axis of
symmetry of the expanding bubble does not coincide with the
streamer axis (compare left and center panels of Fig. 2) but
they are separated by an angle 6, left as a free parameter of the
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Fig. 1. Dynamic spectrum obtained by the Hiraiso radio spectrograph
on April 2 2001 during the period 21:40-22:10 UT.

model (see cartoon on the top right of Fig. 3). Note that the
angle between the two axes inferred from Fig. 2 (=20°) is a
lower limit of 8 due to projection effects. The height-time evo-
lution of the CME leading edge observed by LASCO C2/C3
is shown (squares) together with a linear fit (dotted line) in the
left panel of Fig. 3. The goodness of the fit is supported by the
detection at 2.2 R of the CME by the Ultraviolet Coronagraph
Spectrometer (UVCS; Kohl et al. 1995) aboard SOHO and by
the start of a decimetric Drifting Pulsating Structure (DPS)
(say, at 1.1 Ry) visible after 21:44 UT in the dynamic spec-
trum, that could have been generated at the time of plasmoid
ejection (Khan et al. 2002). We also show the onset (21:32 UT)
and the peak (21:51 UT) of the flare. The location of the type I
emission at a given frequency corresponds to the intersection
of the shock wave with a particular density level (i.e., height)
of the streamer. In the right panel of Fig. 3, the white dotted ar-
rows point to the fundamental/harmonic frequencies emitted at
the two intersections of the expanding shock surface with the
streamer axis. The intersection points move, as a function of
time, in opposite directions (as specified by the black arrows).
Therefore, the dynamics of the type II emission can be deduced
from the pre-shock coronal density profile ne(r) o fpe(r)z,
where r is the height in solar radii (e.g. Mancuso et al. 2003).

2.1. Pre-shock coronal density profile

The pre-event coronal electron density of the streamer located
above NOAA 9393 is estimated from synoptic observations
performed by UVCS. Information on the coronal plasma den-
sity is inferred from the intensity and the profile of the bright-
est coronal lines emitted in the ultraviolet region via collisions
and resonance scattering. The spectroscopic technique devel-
oped by Antonucci et al. (2004) provides a means to calcu-
late the electron density on the basis of the doublet lines emit-
ted from the same ion O VI at A 1031.93 and 1037.62 A. The
electron density is derived from the ratio of collisional to ra-
diative component of one of the two spectral lines and de-
pends on the outflow velocity, since the expansion of the corona
induces a Doppler dimming of the resonant scattering com-
ponent of the line intensity. The electron density values in-
ferred from the above diagnostics are nicely fitted by a power
law: n.(r) = 1.35 x 105+%. On the same day, Manoharan
& Kundu (2003) reported the observation of a type II burst

at ~11:00 UT above active region NOAA 9393 with the Nancay
Radioheliograph. These radio measurements showed that the
236 MHz and 164 MHz emissions (corresponding respec-
tively to electron densities of 1.7 x 10% and 8.3 x 107 cm™3
for emission from the harmonic) were located respectively
at 1.38 and 1.60 R,. The densities inferred from these obser-
vations have the same radial profile as the one estimated by the
O VI doublet diagnostics except a multiplicative factor of 5.2.
The above discrepancy in the values derived from the two dif-
ferent density diagnostics might be due to line-of-sight integra-
tion effects. In fact, on one hand, any thin structure, even much
denser than the background density, would not produce sig-
nificant contribution to the line-of-sight-averaged emission ob-
served by UVCS. On the other hand, radio bursts are supposed
to be selectively produced in the densest parts along streamer
axes (e.g. Mancuso & Raymond 2004), where the strength of
fast-mode shocks can be very much enhanced. Vertical, dense
and thin current sheets are expected to be present above the
helmet structures in coronal streamers. From UVCS data, there
is some observational evidence of current sheets through the
detection of high ionization (high temperature formation) lines
(Ciaravella et al. 2002; Ko et al. 2003). Unfortunately, the ob-
served spectral range of UVCS data for the analysed event was
not optimized for detection of these lines, therefore the pres-
ence of a current sheet must be inferred through other phys-
ical properties. By analysing the ultraviolet emission of the
streamer axis above active region NOAA 9393, we found en-
hanced emission of the H I Lya 1215.67 A line at 1.75 R,
together with an O VI 1(1032)/1(1038) doublet intensity ratio
of 4.3 = 0.4, much higher than expected at this height. Such
a high doublet ratio seems to imply that the density is very
low. However, this result is consistent with the fact that the
our electron densities are derived by means of intensities that
are integrated along the line of sight, therefore contribution of
dense, thin plasma has to be negligible. Indeed, we estimate an
upper limit of only 0.01 for the filling factor (evaluated as in
Antonucci et al. 2004) of the dense structure. More important,
the high value of the ratio indicates nearly static plasma (Noci
etal. 1987) at 1.75 Ry, which well represents the conditions in
and just around a current sheet. In fact, if account is taken of
the finite conductivity and the azimuthal magnetic field com-
ponent of a coronal streamer, the field lines do not remain open
but close across the sheet (Somov & Verneta 1989). Therefore
the velocity inside the sheet should be indeed very small due to
the inhibiting effect of the transverse magnetic field (Pneuman
1972). Although the above properties are not conclusive, they
strongly suggest the presence of a current sheet with density
somewhat enhanced with respect to the average value of the
streamer.

2.2. Model results

We model the shock front by using a spherical expanding sur-
face as suggested by the LASCO images (Fig. 2). The bifurca-
tion of the type II emission is reproduced with great accuracy
for # ~ 27° and enhancement factors in the range 5-5.5 rel-
ative to the density profile provided by UVCS, confirming the
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Fig. 2. Left panel: composite of images taken by two SOHO instruments at the time of the April 2 2001 solar flare: the inner image of the solar
disk was taken by the Extreme ultraviolet Imaging Telescope (EIT; Delaboudiniere et al. 1995) in the Fe X11 195 A line; the outer image of the
corona was taken by the LASCO C2 coronagraph in visible light (times are specified below the images). Center panel: same as left panel but
during the eruption. Right panel: LASCO C2/C3 difference images showing the eruption at three different times. The dashed curves trace the

CME front surface in sky-plane projection.
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Fig. 3. Left panel: height-time evolution of the April 2 2001 CME (see text for details). The inset shows the fit derived from our model
interpreting the bifurcation of the type II fundamental/harmonic pair. Top right panel: cartoon showing the scenario of the model for an observer
located above the plane defined by the axis of symmetry of the expanding shock surface and the streamer axis at times #; < f, < 3. Bottom

right panel: same as Fig. 1.

presence of a dense current sheet unresolved with the O vi1dou-
blet diagnostics. The multiplicative factor that we derived from
the analysis of the radio observations of Manoharan & Kundu
(2003) is remarkably within this range (see Sect. 2.1), mean-
ing that density conditions above the active region were not
dramatically changed after the previous event that occurred
at ~11:00 UT. In the inset of Fig. 3, we show the model fit
(solid line) to the frequencies of the radio emission (filled cir-
cles) observed in the Hiraiso dynamic spectrum. For this plot
the UVCS density profile is scaled by a factor of 5.2. In the
same plot of the CME leading edge trajectory, the solid line
marks the heights, derived by the model as a function of time,
of the shock surface where the type II radiation is emitted. The
type 1I radio emission heights (stars), obtained by converting
the observed radio frequencies and using the adopted density
profile, nicely overlap the model curve.

3. Discussion and summary

Our study strongly supports the idea that on April 2 2001,
a curved piston-driven shock surface intersected a verti-
cal current sheet located above active region NOAA 9393
at ~21:51 UT. It is tempting to investigate if the interaction
of the shock with the current sheet could be also deduced in-
directly through other signatures. In the following, we suggest
a scenario for the subsequent development of the event and fi-
nally we describe the conclusions of our study.

3.1. Shock-induced reconnection in the current sheet?

The shock wave passage could trigger magnetic reconnection
in a current sheet, for example through tearing-mode insta-
bility (e.g. Odstr¢il & Karlicky 1997). In such a scenario, a new
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Fig.4. Hard X-ray light curve of the event in the range 19-29 keV
obtained by the Hard X-Ray Spectrometer (HXRS).

plasmoid located just above the reconnecting current sheet
might be impulsively ejected from the corona. Recently, a zero-
drift type II burst was interpreted by Aurass et al. (2002) as
the radio signature of a termination shock in the reconnection
outflow below an erupting prominence. Indeed, a second neg-
atively drifting type II burst feature, visible from 21:57 UT
and starting at about 200 MHz (Fig. 1), could be generated
by a different shock surface. This second shock would be
driven by a supermagnetosonic plasmoid leaving active region
NOAA 9393 after ~21:51 UT, following shock-induced recon-
nection in the current sheet. The high emission frequencies of
this second type II radio burst imply that the shock is prop-
agating in the wake of the first CME, through already com-
pressed plasma. Other fast drifting features in the metric dy-
namic spectrum that occurred after the bifurcation and a major
broad peak observed in the hard X-ray emission at ~21:54 UT
(Fig. 4) (likely produced by thick-target emission of mildly rel-
ativistic electron beams) might also indicate impulsive particle
acceleration due to this shock-induced reconnection stage.

3.2. Conclusions

A peculiar feature of the metric dynamic spectrum associated
with the giant solar flare of April 2 2001 has been interpreted
as due to bifurcation of the radio type II emission produced by
a curved fast mode shock surface intersecting a vertical current
sheet located above active region NOAA 9393. Although the
model was oversimplified in that we assumed a constantly
expanding spherical surface just above the transient, the results
reproduce quite remarkably the observed bifurcation. The
analysis of this event confirms that the electron densities
sounded by the shock correspond to characteristic values
of thin, enhanced density plasma structures, such as current
sheets. Moreover, we suggest that the shock wave passage
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may have triggered magnetic reconnection just above active re-
gion NOAA 9393, causing the ejection of a second supermag-
netosonic plasmoid after ~21:51 UT. Assuming that our inter-
pretation for this event is correct, we speculate on the idea that
radio emitting inward propagating shocks should occur more
often than reported. Therefore, it would be worth to check for
spectral signatures of bifurcation of type II emission for other
very high speed transient events. Note, however, that the pecu-
liar geometry of the expanding shock surface, needed to pro-
duce such a spectral feature, implies that the emission of the
positively drifting lanes fades quickly: the speed of the inward
propagating portion of the shock surface is likely to decrease
quite strongly, soon becoming submagnetosonic. In general we
expect that, if present, the bifurcation would be barely notice-
able for a few tens of seconds and we suspect that this effect
can be easily overlooked in routine data inspection.
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