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ABSTRACT

We analyze temporal variations in the intensities and the Doppler shifts of He 1584.33 A (chromosphere), O v 629.73 A (transition region), and
Mg 1X 368.07 A (corona) measured in and above chromospheric network near disk center with the Coronal Diagnostic Spectrometer (CDS)
onboard the Solar and Heliospheric Observatory (SOHO). There is significant correlation between the Hel and O V modulations, with OV
intensity leading He I intensity by 27.3 s £4.6 s but no significant time shift in the Doppler shift. Cross-correlation between the O V and Mg IX
intensities reveals multiple maxima without correlation between their Doppler shifts. Wavelet power analysis gives evidence of intermittent
chromospheric and transition-region oscillations with periodicities in the 250—450 s range and of coronal oscillations in the 110—300 s range.
Wavelet phase difference analysis shows that the determined time shift between variations of the HeI and O V intensities is dominated by waves
with about 300 s periodicity. We interpret these results as giving evidence of compressive waves that propagate downward from the transition
region to the chromosphere in the particular chromospheric network. We discuss different scenarios regarding origin and source localization of

waves, and we speculate on their role in coronal heating above chromospheric network.
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1. Introduction

The proposed mechanisms to heat the solar corona can roughly
be divided into two groups: (i) dissipation of magneto-acoustic
waves excited in the photosphere, and (ii) magnetic recon-
nection in the corona (see e.g. the review by Narain &
Ulmschneider 1996). We address these two mechanisms here
for the quiet sun using ultraviolet spectrometry. Our approach
is that the latter may discriminate between the two classes of
mechanisms.

The first mechanism, wave heating, is thought to result
from the footpoint motions imposed by convective motions
on the strong-field fluxtubes that are visible as photospheric
bright points concentrated in the magnetic network (Muller
et al. 1994). Thus, the photospheric plasma motion continu-
ally affects magnetic field lines and excites magneto-acoustic
waves. Such waves propagate upward along the magnetic field
lines and transfer energy from the photosphere to the upper
atmosphere where it may get dissipated after transformation
of the waves to smaller spatial scales through phase mixing
(Heyvaerts & Priest 1983) and/or resonant absorption (Ionson
1978; see e.g. the review by Walsh & Ireland 2003)

The second mechanism, reconnection heating, may oc-
cur from outer-atmosphere field topology changes imposed
by photospheric footpoint motions (Priest 1982) and/or by

field line deformations that produce small-scale reconnection
events called nanoflares (Parker 1988) with a duration of a
few seconds and scales below the present observational lim-
its. However, a nanoflare should create strong stress in mag-
netic field lines which may propagate downward as a mag-
netic body wave. Hansteen et al. (1997) attributed the ob-
served redshift of transition region emission lines to such
downward propagating compressive waves. On the other hand,
Peter et al. (2004) synthesized coronal line profiles from three-
dimensional MHD modeling and showed that field-line braid-
ing is a prime candidate for coronal heating in magnetically
closed structures.

Determination of the dominant mechanism to heat the outer
solar atmosphere in/above chromospheric network is often
based on results obtained from analysis of the oscillatory be-
haviour (Hansteen et al. 2000; Banerjee et al. 2001) or from nu-
merical modeling (Hansteen 1993; Wikstgl et al. 1997). Both
techniques suggest the presence of the propagating waves in
this part of the solar atmosphere.

In this paper we study wave modulation of ultraviolet
emission lines in and above quiet chromospheric network.
In particular, we employ cross-correlation and wavelet anal-
ysis of the intensities as well as the Doppler shifts of emis-
sion lines of HeI(chromosphere), O V (transition region) and
Mg IX (coronal) to study waves at different heights and their di-
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Fig.1. CDS slit position superimposed on SOHO/EIT images in
He 1304 A (logT=4.9) at the beginning (left) and end (right) of
the CDS measurements. The coordinates of the CDS slit center are
X =46.4 arcsec, Y =167.1 arcsec relative to disk center, with Y positive
to the north along meridians. Intensity in Wm™2sr™' A~! is displayed
on a logarithmic scale.

rection of propagation. Preliminary results have been reported
by Gomory et al. (2005).

2. Data and data reduction

We use data taken with the Coronal Diagnostic Spectrometer
(CDS, Harrison et al. 1995) onboard the Solar and Heliospheric
Observatory (SOHO, Domingo et al. 1995) in a JOP 78 (Kucera
et al. 1999) from 23:25 UT until 23:53 UT on May 14, 1998. A
quiet region of the solar atmosphere near disk center (Fig. 1)
was observed with the normal incidence part (NIS) of CDS
using the 2arcsec wide and 141 arcsec (84 pixels) long slit
in three spectral lines, namely: Hel 584.3310\(10gT = 4.5),
OV 629.73A (log T = 5.3) and Mg1X 368.07 A (log T = 6.0).
We should remind here that the He lines have complex forma-
tion history which may be influenced by the coronal EUV radi-
ation field (O’Shea et al. 2002). But, very recently Mauas et al.
(2005) showed that even in an active region the incident coro-
nal radiation has only very small effect on the UV lines of the
He. Therefore we can assume that the detected He Iradiation
reflects only conditions of the upper chromosphere. A dataset
of 190 spectral images with an exposure time of 5s and ca-
dence of 9.1 s was obtained using the “sit-and-stare” observa-
tion mode. Due to solar rotation a drift scan of 28.8 min was
obtained. The final scanned area is 141 arcsec x 4.4 arcsec. As
the spatial extent of chromospheric network features seen in
the O vline with CDS is typically about 10 arcsec (Gallagher
et al. 1998), variations of spectral line parameters shorter than
one hour are likely to be local variations rather then feature
drift. Moreover, Fig. 1 demonstrates that the same individual
chromospheric network (Y = 185-221 arcsec) was observed.

Using standard CDS software!, the raw measurements were
corrected for CCD readout bias, flat-field, cosmic rays, and
other instrumental effects of the CDS/NIS instrument. The
measurements were then converted to physical units. For the
Mg 1X line, binning of 2 pixels along the slit and 5 exposures
in time was performed to increase the signal-to-noise. A sin-
gle Gaussian with a linear background and Poisson statistics
(for pixel weighing) were used for fitting of each spectral line
profile?. Note, that although the MgIX 368.07 A has a weak
blend of the Mg vII (Brekke et al. 1997), which is 0.6 A apart,
the low signal-to-noise has not allowed to perform a multi-
component fitting of this spectral line. The fitted data prod-
uct consists of the intensities (i.e. amplitudes of the Gaussian
profiles) and the Doppler shifts per spatial pixel per expo-
sure (primary data). The wavelength scales were adjusted using
the average redshift/blueshift of the transition region/coronal
spectral lines of Peter & Judge (1999) and laboratory wave-
lengths of Macpherson & Jordan (1999). We thus obtained new
reference wavelengths of our spectral lines: HeI 584.330A,
OV 629.751 A, Mg1x 368.064 A. The square root errors of the
primary data were also calculated. Only data determined from
fits with uncertainty y> smaller than 10erg? cm™s 2 sr2 A2
were used.

3. Analysis

Only data of one part of the chromospheric network, hence-
forth called quiet network, visible in Fig. 1 on the slit between
Y=207-213arcsec (i.e. four pixels along the slit) are ana-
lyzed here. These data are of the highest signal-to-noise ra-
tio in all spectral lines and they are not influenced by erup-
tive events. One such event detected in the O vV Doppler shift
(Y=187-198 arcsec) was studied in detail and identified as an
explosive event (Gomory et al. 2003).

The He1, O vand Mg IX intensities and the Doppler shifts
were averaged over the four pixels covering quiet network (as
specified above) for each exposure. The averaged temporal
variations were then smoothed with a running mean of five time
steps (Fig.2).

Cross-correlation functions of the averaged and smoothed
temporal variations of the Hel, O vand MgIX intensities as
well as the Doppler shifts (Fig.3) were calculated using the
algorithm of Gomory et al. (2004a). In this algorithm the re-
moval of the edge pixel effect and subtraction of background
trends are taken into account.

A wavelet power analysis of all temporal variations (Fig. 4)
was performed using a technique developed by Torrence &
Compo (1998). The Morlet wavelet (Grossman & Morlet
1984), as analyzing function, and the value of the wavenum-
ber equal to 6 (high temporal resolution) were used for com-
putation of the continuous wavelet power spectra. Note that
wavelet transform suffers from edge effects at both ends of the
time series. Therefore, all resulting periods above 500s could

! http://solar.bnsc.rl.ac.uk/software/uguide/
uguide.shtml

2 http://orpheus.nascom.nasa.gov/cds/swnote/
cds_swnote_47.ps
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Fig. 2. Temporal variations of the He1, O vand MgIX intensities (upper row) and the Doppler shifts (lower row). The dots show primary
data (four values of four pixels along the slit for each exposure), the histograms display spatially averaged variations and the thick lines
show smoothed variations. The typical square root errors of the primary data are +14.2 ergem™2s™'sr' A™!, +8.8 ergem™2 s~ sr™' A~! and
£9.7 ergem2 s~ sr™! A" for the He1, O Vand Mg IX intensities (left error bars), respectively, and +2.1 kms™", 3.2 kms™' and +3.5 kms™'
for the He1, O vand Mg IX Doppler shifts (top error bars), respectively. The mean standard deviations of the primary data from the displayed
averaged temporal variations are +£59.6 ergem™2s™' sr' A1, £16.5 ergem™2 s sr! A and +17.7 ergem™2 57! sr~! A~! for the He1, O v and
Mg IX intensities (right error bars), respectively, and +3.1 kms™!, +4.6 kms™' and +5.8 kms~! for the Hel, O vand Mgix Doppler shifts
(bottom error bars), respectively. Positive values of the Doppler shifts correspond to redshift.
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Fig.3. Cross-correlation functions of the
Heland OvVintensities and the Doppler
shifts (upper row), and of the OVvand
Mg X intensities and the Doppler shifts
(lower row). The thin lines show the cross-
correlation functions of the averaged curves
and the thick lines show the cross-correlation
functions of the smoothed curves.
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be widely affected and were not taken into account. As sig-
nificance test, confidence level at 99% was calculated using a
white noise background spectrum.

A wavelet phase difference (Fig. 5) was also calculated fol-
lowing the method of Torrence & Compo (1998) using the
same wavelet and wavenumber as described above. 15% co-
herence exceedence level was used as significance test here
(Bloomfield et al. 2004).

4. Results
4.1. Chromosphere and transition region

Figure 2 shows temporal variations of the HeIand
O vintensities and the Doppler shifts. The cross-correlations
between the HeIand O V intensities and between their Doppler
shifts are shown in Fig.3. Both cross-correlations reach
values of about 0.5. The upper-left panel shows negative
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Fig. 4. Wavelet power spectra corresponding to the temporal variations of the HeI, O vV and Mg IX intensities (upper row) and the Doppler shifts
(lower row). The gray scaling shows the power of analyzing wavelets. Contours show locations of the most relevant periods in the time series,
i.e. periods with the significance more than 99%. The cross-hatched regions indicate the “cone of influence” (areas where the edge effects

become important).
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Fig.5. Wavelet phase difference [degrees] of the Heland
O vintensities. Contoured area corresponds to the 15% coher-
ence exceedence level, while the cross-hatched area marks the “cone
of influence”.

time shift of —27.3s between the Heland OV intensities.
In contrast, there is no significant time shift between the
He1and O v Doppler shifts. Thus, at least in some temporal
subintervals, the changes in the O V intensity precede changes
in the Helintensity without accompanying time shift in the
Doppler shifts. Since the temporal resolution of the time series
under study is 9.1 s each inferred time shift is determined with
an uncertainty of +4.55s.

Figure 4 shows wavelet power spectra from the Heland
OV intensities and from their Doppler shifts. The Helintensity
modulation indicates oscillations with periodicity around 300,
but significantly only in the time interval from 13.3 min
to 28.8min. The O Vintensity reveals strong power with
250—-450s periodicity. Note that the oscillations with longer
periods (around 400s) are relevant during the whole observ-
ing sequence whereas oscillations with shorter periods (from
2505 to 300s) occur only in the time interval from 11.6 min
to 21.6 min. Moreover, no notable power with periods shorter
than 200s was found for the Herand O Vintensities. The
He1Doppler shift shows only oscillations with lower power
which correspond to the periods around 220 s and around 450s.
These disputable periods are visible during the first 8.3 min and
15.8 min, respectively. On the other hand, it is interesting that
the O v Doppler shift indicates very similar periods with the
magnitude around 250s and around 450s but with consider-
ably higher power. Moreover, longer periods (~450s) persists
almost in the same time interval as the similar one detected in
the He I Doppler shift. Shorter periods (~2505s) are relevant in
the second part of the observing sequence.

As the cross-correlation function of the Heland
OVintensities reaches a maximum value of around 0.5
only, we used the wavelet phase difference analysis to clarify
the significance of the found negative time shift between the
He1and O v intensities (Fig. 5). This analysis reveals that there
is relevant negative phase delay of —20° which corresponds to
the time shift of —17 s between the most significant oscillations
which occur simultaneously in the temporal variations of
the Herand O Vintensities, i.e. between oscillations with
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periodicity around 300 s. Wavelet phase difference analysis of
the HeTand OV intensities shows phase delays also between
oscillations with other periods (e.g. phase delay of —116° for
the oscillations with period around 250s). But, such results
were not taken into account as these oscillations were not
significant at the same time both in the temporal variations of
the HeIand O V intensities.

Slightly different values of the time shift obtained from
the wavelet phase difference analysis and from the cross-
correlation of the HeTand O Vintensities can be caused by
the fact that whereas wavelet phase difference analysis pro-
vides temporally and frequency resolved time shifts the cross-
correlation gives only averaged time shifts which are obtained
as the final results from interference of all different oscillations
with their particular time shifts. This also explains lower values
of cross-correlation between the HeIand O V intensities.

4.2. Corona

The temporal variations of the Mg IX intensity and the Doppler
shift are displayed in Fig.2. Note that binning of 2 consec-
utive pixels along the slit and 5 exposures in time was per-
formed for the Mg IX line. Both temporal variations were cross-
correlated with the corresponding OV curves (Fig.3). But,
only very ambiguous results were obtained from the cross-
correlation function of the O vand MgIX intensities. As this
cross-correlation reaches multiple maximum (for time shifts of
+200s and —360s) it is impossible to determine whether the
changes were achieved first in the O Vintensity and then in
the MgIX intensity (positive time shift) or if it was happened
reversely (negative time shift). Moreover, no cross-correlation
was found between the O v and Mg I1X Doppler shifts.

The wavelet power spectra from the Mg IX intensity and the
Doppler shift were also calculated (Fig. 4). The Mg IX intensity
reveals significant power for periodicities in the range from
150s to 300s with the strongest peak around the period of
230 s. These oscillations are relevant mainly in the second part
of the observing sequence, i.e. during the period from 15 min to
26.6 min. Note that there are also significant oscillations with
periodicity around 100 s but with duration of only 3.3 min. The
Mg 1x Doppler shift shows relevant power for periods around
300 s which are significant for the first 15.8 min of the obser-
vations. Oscillations with periodicity around 110s are also de-
tected. In this case the bursty nature of the oscillations was con-
firmed, whereas they were relevant in the time intervals from
4.2 min to 7.5 min and from 11.6 min to 22.5 min.

5. Discussion

Several authors have studied the properties of spectral lines ob-
served in the UV and visible part of the electromagnetic wave-
length range and reported that the chromospheric plasma lo-
calized in network oscillates with a dominant period around
330s (Kneer & von Uexkiill 1993; Lites et al. 1993; Steftfens
et al. 1997; Judge et al. 1997; Curdt & Heinzel 1998; Krijger
et al. 2001). Our analysis of the HeIintensity revealed very
similar dominant oscillations with a periodicity of 300 s occur-
ring at around 15.5 min. In contrast, Doyle et al. (1998) ana-

lyzed intensity modulations of the same chromospheric spec-
tral line (He1 584 10\) and revealed presence of dominant oscil-
lations with considerable shorter periodicity of 200s. But we
should note that their results were not derived from the most
intense regions, so the network nature of those oscillations is
uncertain. In case of the He 1Doppler shift we found oscilla-
tions with periodicities of 220 s and 450 s which lifetimes were
at least 8.3 min and 15.8 min, respectively, but they were esti-
mated only with low power. However, Hansteen el al. (2000)
revealed that Doppler shifts of chromospheric spectral lines
show strong power for periodicities in the range from 160s to
250 and also relevant oscillations with longer periods around
330s and 400s. Moreover, Banerjee et al. (2001) found that
Doppler shift oscillations can extend up to values around 500s.
They also reported the intermittent nature of the chromospheric
oscillations with a typical lifetime of 10 min to 15 min. Note
that the discussed periods and typical lifetimes of the Doppler
shift oscillations are very similar to our results, thus corrobo-
rating our findings.

Temporal variation of the O V intensity and Doppler shift
discussed here showed dominant oscillations with the period-
icity around 300s and around 450s for the intensity and os-
cillations with periods around 250s and around 450 for the
Doppler shift. We also found that the lifetime of the shorter
periods was approximately 10 min. Doyle et al. (1998) found
that the intensities of the transition region spectral lines show
oscillations with dominant periods in the range from 200s
to 500s with the strongest power around 300s but moreover
they revealed periods with lower relevance approaching 600s.
Hansteen et al. (2000) reported relevant transition region oscil-
lations with periodicities in a band from 100 s to 330's with the
strongest peaks around 100, 200s and 330 for intensity and
200s for Doppler shift. Banerjee et al. (2001) pointed out that
intensities of transition region spectral lines show significant
power in the range from 250 s to 500 s with the strongest peaks
around 280 s and 420 s, whereas the Doppler shifts do not show
any significant power within this interval, but oscillate with pe-
riods close to 660s. Moreover, they showed that the lifetime of
these oscillations is approximately 20 min and can extend up to
around 40 min in case of the Doppler shifts. Although we ana-
lyzed a rather short data set, the found periods as well as their
times of appearance are even though in good coincidence with
the previous results. Moreover, our results confirm the presence
of two groups of transition region oscillations in the network,
i.e. oscillations with shorter periods (~250s) as well as with
longer periods (~400s and more).

The periods of the coronal oscillations above chromo-
spheric network are not very well known, although there have
been several attempts to determine them. Doyle et al. (1998)
reported that the low signal-to-noise detected in the studied
coronal line (log7 = 6.0) did not allow them to investigate
oscillations in the corona. Banerjee et al. (2001) analyzed the
same spectral line but although they found some oscillations
with the periods around 100s and 160 s the low count rates led
to low reliability of these findings. Despite of lower signal-to-
noise in the coronal MgIX line, we found significant coronal
oscillations with periods similar to the results of Banerjee et al.
(2001). But in addition, we also revealed that these oscillations
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Fig. 6. Topological models of the quiet so-
lar atmosphere above chromospheric network
adopted after Gabriel (1976; left and middle)
and after Dowdy et al. (1986; right) supple-
mented by the proposed propagating waves.
The black areas correspond to the observed
parts of the atmospheric layers while the white
contoured areas show the whole layers where
the He1, the O vand MgIX line radiation can
be generated. The wavelike arrows of different
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could extend up to longer periods (~3005s). Several authors an-
alyzed the TRACE measurements of the UV emissions from
coronal loops and they found coronal oscillations with periods
of 300s (De Moortel et al. 2002a, 2002b; Marsh et al. 2003).
We should note that the oscillations with periods of 100 s which
we found in the MgIX line intensities were present only during
a very short time interval of the observing sequence, so their
relevance is very uncertain.

Applying cross-correlation function to the temporal series
of the He1and O V intensities we found negative time shift be-
tween them, i.e. O Vintensity precedes He Iintensity. The rel-
evance of this negative time shift was confirmed by wavelet
phase difference analysis of these temporal variations which
moreover revealed that the obtained time shift is dominated by
oscillations with 300 s periodicity. This demonstrates that the
intensity changes start in the transition region and afterwards in
the chromosphere. We revealed that the cross-correlation func-
tion of the Doppler shifts of these lines reaches its maximum
for the time shift of Os. This implies simultaneous macro-
scopic plasma motion in the chromosphere and transition re-
gion. Following these results we can assume that the non-
radiative energy had to be transfered from the transition re-
gion downward to the chromosphere without any significant
bulk mass motion. Assuming a magnetic nature of the chro-
mospheric network (Stenflo 1994; Peter 2001a, 2001b) which
creates conditions for the existence of magneto-acoustic waves
our results can be explained by downward propagating com-
pressive waves taking place in this part of the solar atmosphere.

Moreover, we found that the mean spectral profiles of these
lines, corrected for the instrumental profile, are dominated by
non-thermal broadening. While the thermal broadening of the
spectral lines is 0.018 A for the He1and 0.034 A for the Ov,
the non-thermal broadening reaches values of 0.266A and
0.275 A, respectively. Instrumental line broadening was esti-
mated by the Gaussian function with the full width at half max-
imum (FWHM) equal to the slit width (i.e. 2 arcsec). In order to
test the reliability of obtained results we also overestimated in-
strumental line broadening (three times larger value of FWHM)
but the resulting non-thermal broadenings remained dominant.

Wikstgl at al. (1997) simulated upward and down-
ward propagating waves in/above chromospheric network and
showed that the order of intensity changes detected in spectral
lines with different formation temperatures unambiguously de-
termines direction of the wave propagation. They also pointed
out that the downward propagating waves affect profiles of the
spectral lines much more strongly than upward propagating

supergranular flow

orientations describe the propagating waves.

waves. In particular they showed that the spectral line broad-
ening is much greater if the emitting plasma is influenced
by downward propagating waves than by upward propagating
waves. Thus, clear observational evidence of the significant
non-thermal line broadening can also support the assumption
of presence of downward propagating waves.

Curdt et al. (1999) studied quiet solar atmosphere in/above
chromospheric network near disk center and cross-correlated
the temporal variations of the CallK intensities with the in-
tensities of the higher lines of the hydrogen Lyman series
and Lyman continuum. They found positive time shifts and
interpreted them as evidence of propagating waves that are
spreading out from the chromosphere to the transition region.
Summarizing their and our results we can assume that both
downward as well as upward propagating waves can occur be-
tween the quiet chromospheric and transition region layers in
the network at different times.

The ambiguous interpretation of the cross-correlation func-
tion of the O v and MgIX intensities (multiple maximum) does
not allow to determine if the proposed waves originate in the
corona and then spread down to lower parts of the solar at-
mosphere or if they originate in the transition region and later
affect the chromosphere and corona (Fig. 6, left). Hansteen
(1993) studied perturbations of the coronal magnetic field lines
(nanoflares) and reported that pure acoustic waves as well
as magneto-acoustic waves excited by nanoflares can effec-
tively propagate downward (i.e. they are not dumped). They
also found that slower acoustic waves reach the transition re-
gion approximately 30s earlier than the chromosphere what
is in good agreement with determined time shift between the
Her1and O v intensities. Calculation of Hansteen et al. (1997)
furthermore showed that these waves are hardly detectable in
the MgIX line what can explain why we have not found their
clear signature in this spectral line.

Moreover, if we follow Gabriel’s model of the transition
region (Gabriel 1976) then it is also possible that the observed
parts of the transition region and the corona were not magnet-
ically coupled. In this case the waves could be magnetically
driven from an unobserved part of the corona to the observed
part of the transition region but also vice versa (Fig. 6, middle).
This suggestion is supported by TRACE co-observations in the
Fe1x 171 A channel (GOmory et al. 2004b) which show a much
more extended area of coronal emission above chromospheric
network under study. So the assumption that the waves could
originate in the part of the corona unobserved by the CDS in-
strument is not in contradiction with our findings.
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On the other hand, low cross-correlation of the OV and
Mg X intensities and no cross-correlation between their
Doppler shifts could predict that the signals discussed here
originated in different magnetic structures (Fig. 6, right). The
multicomponent model of the chromospheric network (Dowdy
et al. 1986, Peter 2001a) predicts the existence of small low-
lying loops next to the magnetic funnels. Although the radia-
tion emitted from these different structures can be in principle
resolved (Peter 2001a, 2001b) the CDS spectral resolution is
not high enough to achieve this goal. Following this model it
can be alternatively assumed that the observed downward prop-
agating waves occur only in low-lying loops and do not affect
the corona above the particular chromospheric network.

6. Conclusion

Although we are not able to localize the original source of
waves, we clearly show the presence of the downward prop-
agating compressive waves spreading from the transition re-
gion to the chromosphere. Moreover, the time shift between the
He1and O v intensities discussed here corresponds with the re-
sults determined by Hansteen (1993) for the downward propa-
gating compressive waves excited by nanoflares in corona. This
probably points to the coronal origin of the proposed waves.
Following this we can state that our observational findings do
not conflict with predictions derived for the reconnection heat-
ing mechanism of the outer solar atmosphere above chromo-
spheric network.
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