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ABSTRACT

SUMER/SoHO data taken at a coronal hole boundary show a repetitive explosive event occurrence rate of around 3 min increasing to over
5 min towards the end of the activity. We suggest that the neighbouring oppositely directed closed and open field lines at the coronal hole
boundary undergo repetitive reconnection seen as a sequence of explosive events. The repetitive reconnection may be triggered by transverse
oscillations of the flux tubes in the closed field line region. These oscillations periodically separate and bring together the closed and open field
lines on the two sides of the coronal hole boundary. An important indicator favouring the interpretation in terms of a kink mode is the observed
increase in the oscillation period.
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1. Introduction
Explosive events (also called bidirectional jets) are small regions of a few arcseconds size with strong blue- and red-shifted
emission reaching Doppler shifts of up to 150 km s−1 . Over the
past decade, there have been many studies of explosive event
(EE) activity. For example, Chae et al. (1998) found that EEs
appear preferably in regions with weak fluxes of mixed polarity or on the border of regions with large concentration of
magnetic flux. Madjarska & Doyle (2002) investigated time
delays between the chromospheric and transition region lines.
Teriaca et al. (2004) estimated that the average size of an EE
was 1800 km with a birthrate of 2500 s−1 over the entire Sun
based on the O vi 1032 Å line. The jets’ number density along
coronal hole (CH) boundaries was found by Madjarska et al.
(2004) to be about 4–5 times higher with respect to the quiet
Sun, while Doyle et al. (2005) reported on EEs which were
clearly visible in N v 1238 Å yet were very weak or absent in
O v 629 Å.
Dere (1994) was the first to note that EEs are often observed
in bursts lasting up to 30 min in regions undergoing magnetic
cancellation. This was confirmed by Pérez et al. (1997), Chae
et al. (1998) and Ning et al. (2004). It is this point that the
present study is directed towards. Here, we look at time series data taken with SUMER (Solar Ultraviolet Measurements
of Emitted Radiation) onboard SoHO (Solar & Heliospheric
Observatory) in a polar CH region over a period of more than

Fig. 1. The coronal hole region from the Sun’s north pole in the light
emitted by Fe ix/x 171 Å observed with EIT on 23 October 1996. The
white line shows the fixed position of the SUMER slit. The image was
taken 21 min after the beginning of the SUMER time series.

4 h and in particular, we search for evidence of whether these
bursts are random or have a periodical nature.

2. Data
The data presented here were acquired with the SUMER spectrometer (Wilhelm et al. 1995; Lemaire et al. 1997) in the
north polar CH on 23 October 1996. Slit no. 8 (0.3 wide
and 120 long) with detector B was fixed at x = 0 ; y =
950.25. Figure 1 shows the position of the slit on an EIT
(Extreme ultraviolet Imaging Telescope) image taken during our time series. The SUMER dataset was taken between
12:39:01–16:51:19UT, with an exposure time of ≈10.5 s.
SUMER data has a spatial resolution of 1 (i.e. the pixel size
along the slit).
The line in which the observation was transmitted to Earth
is O vi 1032 Å (originating at ≈300 000 K in the transition
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Fig. 2. Top: a sequence of ≈122 min (700 exposures of 10.5 s each) and 40 on solar-y from the time series flux map of O vi 1032 Å observed
with SUMER on 23 October 1996 (logarithmic scale). Over-plotted are the contours of the line widths. The white rectangle represents the
selected burst of EEs (60 min; 10 ) shown in more detail on the bottom panels: a) the flux map (logarithmic scale); b) line widths (logarithmic
scale); c) the Doppler velocity (linear scale; ±20 km s−1 ).

region). This line shows a very good response to EEs (Teriaca
et al. 2004). We applied the standard procedures for correcting and calibrating the raw data: decompression, reversal, flatfield, dead-time, local-gain and geometrical correction (e.g. see
Xia et al. 2005 for further details or the SUMER/SoHO homepage).

3. Results
In this contribution, we only focus on the location with the
biggest concentration of EEs, e.g. towards the base of the slit.
The upper panel in Fig. 2 shows the O vi 1032 Å flux for a
40 section over ≈122 min (700 exposures of 10.5 s each).
Over-plotted are the contours of the full width at half maximum
(FWHM) which give an indication of where EEs take place. It
is obvious that the largest EE activity is at the base of the time
series map. If we check the EIT image, we see that the base of
the slit is located right on the intersection between the base of
the dark CH and the top of a bright feature (a CH boundary).
We consider solar-y = 0 as the base of our slit (y = 890.25 in
solar coordinates, ≈70 down from the solar limb).

We further select only one example where a sequence of
EE repetition is seen (the white rectangle, 10 high; 60 min
time length) which is shown in more detail in the bottom panels of Fig. 2. In (a) we plot the O vi integrated flux, which is
done by summing all 50 spectral pixels of the SUMER window
and subtracting the continuum background. In (b) we show the
FWHM, and in (c) the Doppler velocity. These two parameters
were computed by fitting the line with a single Gaussian profile.
Although this is a good approximation for the “quiet” transition
region, a single profile is not really what we see when an EE
occurs. The Doppler map is hence only an indication of excess
blue/red wings in the line. As noted by Teriaca et al. (2004),
line profiles which show at least one of the fitted parameters
(or the χ2 ) diverging by more than 3σ from the average of its
distribution are potential EEs.
During the whole observation (≈4 h 12 min), the base of the
slit moved ≈9 on the solar disk (the rotational compensation
was switched oﬀ, as we are very close to the limb). Inspecting
the EIT image, we see that only in the initial stage was the
slit located on a CH boundary; as we progress in time, the slit
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Fig. 3. Panel a) is a sequence of 20 min for the flux (in counts/10.5 s, the thin line) and the FWHM (in arbitrary units, the thick line) variation
(averaged over 3 at solar-y = 3–5). Panel b) is the spectral radiance, L, integrated over 5 min in a “quiet” region (position 44 to 49 in panel a).
Panel c) is the spectral radiance integrated over ≈30 s (an average of 3 exposures of 10.5 s each) over an interval of 5 min (position 53 to 58
in panel a), showing how rapidly it changes during the EE activity. In panels b) and c), the average spectral radiance in a quiet region from the
CH is plotted as a thin line.

enters a “dark” region in the CH. This is why towards the second part of the observation the high EE activity from the base
of the slit vanishes. During the ≈60 min interval of our selected
EE sequence, the base of the slit moved ≈2.1 . From Fig. 2
it is obvious that these EEs undergo a repetitive sequence. In
order to estimate what is the repetition rate of the EEs occurrence, we applied the wavelet transform to the FWHM variation
with time at solar-y = 3–5 (see Fig. 2). Details on the wavelet
analysis were originally given by Torrence & Compo (1998)1 .
We basically apply the transform as described in Popescu et al.
(2005). For the convolution of the time series, we chose the
Morlet function, and to establish if the oscillations found are
real, we implemented the Linnell Nemec & Nemec (1985) randomization method, which estimates the significance level of
the peaks in the wavelet spectrum. The use of the randomization technique was done according to O’Shea et al. (2001). In
Fig. 3 we show some examples of the spectral profile of these
EEs which clearly have a secondary blue-shifted component,
sometimes with little or no increase in the intensity.
The top panel of Fig. 4 shows the time variation of the
FWHM in spectral pixels averaged over 3 on solar-y. The left
bottom panel is the wavelet spectrum; and the right panel is the
global wavelet spectrum, which is the sum of the wavelet power
over time at each oscillation period. The dark-coloured regions
from the wavelet spectrum show the locations of the highest
power. Cross-hatched regions indicate the “cone of influence”,
1

http://paos.colorado.edu/research/wavelets/

where edge eﬀects become important. Only periods less than
11 min are considered.
For the series of EEs starting around t = 50 min, the
wavelet analysis detects two classes of periods. A weak, less
significant “constant” period of around 8 min plus a stronger
signal which increases in period with time. The repetitive rate
is initially around 3 min increasing to over 5 min towards the
end of the activity. We clearly see six cycles in an interval of
≈25 min (from t = 50 up to 75 min). The weaker “constant”
period is present throughout the observations and is not related
to the increasing period.

4. Discussion
As outlined in the Introduction, several previous investigations
have indicated that EEs sometimes tend to occur in bursts.
For example, Ning et al. (2004) found that events can occur
3–5 min apart and suggested that oscillations due to some wave
motion could play a role in triggering the individual events. Fan
et al. (2004) adopted a 2D MHD approach involving anomalous
resistivity. Although such an approach can produce a burst-like
appearance, it is diﬃcult to see how it could produce the periodlike events seen in Fig. 4.
CH boundaries are regions where the magnetic field
changes its configuration. In particular, oppositely directed
closed and open field lines may co-exist at the boundary.
Therefore, favorable conditions for the occurrence of magnetic reconnection are present. The reconnection between the
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Fig. 4. Wavelet results for the time variation of O vi 1032 Å over 60 min, at solar-y = 3–5 (averaged over 3 ). The top panel shows the variation
of the FWHM in spectral pixels. The corresponding wavelet power spectrum is shown in the bottom middle panel. In the global wavelet power
spectra the top dashed line represents the maximum allowed period (≈29 min). The other lines represent the periods that appear in the selected
example of FWHM variation with time.

neighbouring and oppositely directed field lines is likely to be
observed as an EE or a bidirectional jet, as shown by the increased rate of EE activity at a CH boundary by Madjarska
et al. (2004). The repetitive character of these events and the
3–5 min periodicities seen in Fig. 4 imply that MHD waves
could be involved in this process. Recent SoHO/TRACE observations have revealed the presence of a great variety of MHD
waves in the solar atmosphere. Observational and theoretical
aspects of MHD waves in the solar atmosphere are discussed
in review papers by Aschwanden (2003) and Roberts (2004). In
the following discussion, we assess the likelihood of diﬀerent
types of waves to trigger EEs and modulate their occurrence
rate.
Three diﬀerent classes of MHD waves may exist: Alfvén
waves and slow/fast magnetoacoustic waves. The solar atmosphere essentially represents a low-β plasma environment
where the magnetic pressure dominates the plasma pressure.
Therefore, the slow waves are essentially acoustic waves constrained to propagate along the strong magnetic field lines.
These waves have negligible eﬀect on the strength and orientation of the magnetic field and are unlikely to play an important role in the above described reconnection process. Alfvén
waves are nevertheless believed to be relevant to many processes occurring in the solar atmosphere. These waves twist the
field lines along which they propagate. In the present situation,
however, it is unclear how the twisting could create more favorable conditions for the reconnection between the neighbouring
closed and open oppositely directed field lines. We therefore
examine the possibility of a mechanism involving fast waves.
The CH boundary region separates the tenuous CH region
from the denser quiet sun region. The equation of magnetohydrostatic pressure balance requires the total pressure (plasma
and magnetic) to remain constant across the boundary:
p+

B2
= const.
2µ

(1)

Equation (1) can be rewritten in the form
⎞
⎛ 2
c2 ⎟⎟
⎜⎜ c
ρ ⎜⎜⎝ s + A ⎟⎟⎠ = const.,
γ
2

(2)

where ρ is the density and

cs =

γp
ρ

 12


, cA =

B2
µρ

 12
(3)

are the sound and Alfvén speeds. Equation (2) implies that the
Alfvén speed in the CH region exceeds the Alfvén speed in
the neighbouring quiet sun region provided they have the same
temperature. The fast waves are ducted by the inhomogeneity
in the Alfvén speed and may propagate in the region where the
Alfvén speed is lower (Edwin & Roberts 1983). The field lines
in this region are closed. The observations presented in this paper were done in the O vi line which has a peak formation
temperature of about 300 000 K. Assuming that the electron
temperature is approximately the same as the ion temperature,
we find a sound speed of about ∼85 km s−1 . This gives a lower
estimate for the phase speed of the fast waves (the phase speed
of the fast waves exceeds the minimum Alfvén speed which,
in turn, exceeds the sound speed). The observed period P in
Fig. 4 is in the range of 3–5 min. Taking a typical flux tube
width of d = 1 Mm and assuming that cA ≈ 2cs , we find that
the corresponding dimensionless wavenumber is small:
kd <

2πd
≈ 0.2,
cA P

(4)

and, therefore, the thin flux tube approximation can be applied. Three diﬀerent types of waves can be generated in
thin flux tubes: slow (longitudinal), Alfvén (torsional) and
kink (transverse) waves. These waves are governed by the
Klein-Gordon equation and have their characteristic cut-oﬀ frequencies (Roberts 2004). As we eliminated the first two types
of waves, we discuss the kink mode.
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The kink mode oscillations shake the field lines of the flux
tube in the transverse direction. Such transverse motions could
periodically separate and bring together the closed and open
field lines at the boundary and thus trigger magnetic reconnection between oppositely directed field lines. Another important
indicator favouring the interpretation of the repetitive EEs in
terms of a kink mode is the period increase seen in Fig. 4. The
fact that the tube oscillates does not contradict the requirement
of hydrostatic pressure balance as the amplitude of the oscillations decreases exponentially outside the tube. The thinner
the tube, the smaller the wave amplitude away from the tube
(Edwin & Roberts 1983).
It is well-known that EEs are associated with the cancellation of the magnetic flux. On the other hand, the frequency
of the kink mode is proportional to the Alfvén frequency. The
Alfvén speed would gradually decrease due to the flux cancellation and this would result in an increase in the period of
the kink mode, i.e. as the outer field lines of the flux tube get
reconnected, they are substituted by the inner field lines. This
is a continuous process during which the Alfvén speed gradually decreases because the outer field lines “wear oﬀ”, i.e., the
strength of the magnetic field decreases.
Standing and propagating kink mode oscillations are readily observed in the higher regions of the solar atmosphere.
Standing kink mode oscillations could be excited impulsively.
They have damping times of about 3 wave periods (e.g.
Aschwanden et al. 1999). The kink modes could also be excited at photospheric heights due to the interaction between the
flux tubes embedded in the convection zone and the external
motions (see, e.g., Musielak & Umlschneider 2001; De Pontieu
et al. 2004). Provided the series of EEs seen in Fig. 2 (from t =
50 min to 75 min) were consecutively triggered by kink mode
oscillations, the damping time of these oscillations should be
long (about 5–10 wave periods). A possible candidate for the
damping of standing kink modes is the mechanism of resonant
absorption (Ruderman & Roberts 2002). The damping time is
given by the expression
τ=

d ρ0 + ρe
,
πl ρ0 + ρe

(5)

where ρ0 is the density inside the tube and ρe is the density
outside the tube, the transition being accomplished over a distance l  d to the boundary of the tube. Equation (4) shows
that the thinner the transitional layer where the Alfvén speed
decreases, the longer the damping time. In the present case,
this layer could become thin due to the continuous interaction
of the flux tube with the external magnetic field. An alternative
explanation for the observed long damping time is the presence
of a continuous/intermittent driver.

5. Conclusions
In summary, the following picture has emerged. The neighbouring oppositely directed closed and open field lines at the
CH boundary undergo repetitive reconnection seen as explosive events. The repetitive reconnection is triggered by transverse oscillations (i.e. the kink mode) of the flux tubes in the
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closed field line region. These oscillations periodically separate and bring together the closed and open field lines on the
two sides of the coronal hole boundary. This picture is somewhat similar to what is seen in the magnetosphere: a sudden
increase in the solar wind pressure during southward interplanetary magnetic field orientation leads to enhanced magnetic reconnection on the dayside magnetopause (Boudouridis et al.
2005). Hence, the proposed mechanism explains the repetitive
nature of the observed EEs, however, other possibilities should
not be excluded.
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