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ABSTRACT

We examine long spectral time series of polar coronal
holes with the Coronal Diagnostic Spectrometer (CDS)
on-board SoHO. Previously, the presence of long period
waves in the plumes and inter-plume regions has been re-
ported from the observations of transition region lines.
From the current study of several coronal lines we will
report on the presence of long period outwardly propa-
gating slow magneto-acoustic waves in several locations.
We will also try to search for the origin of these waves and
will report on the connection, if any, of network bound-
aries in the disk part of the coronal holes and the plume
and inter-plumes. These slow magneto-acoustic waves
may contribute significantly to the heating of the lower
corona by compressive dissipation and may also provide
some of the energy flux required for the acceleration of
the fast solar wind.

Key words: Sun: Corona: Oscillations: coronal hole:
Waves.

1. INTRODUCTION

When viewed off-limb, polar plumes are the most promi-
nent structures in polar coronal holes (DeForest et
al. 1997; Koutchmy & Bocchialini 1998). More re-
cently, DeForest et al. (2001) produced images from
LASCO/SoHO, which clearly show polar plumes extend-
ing to altitudes of 30 solar radii or more, very close to
the outer edge of the C-3 field of view and above the
likely Alfvenic point of the wind flow. Plumes are con-
sidered to be bright threads rooted in the network and are
thought to form at the network boundaries where small
bipoles within a coronal hole reconnect with unipolar flux
concentrations (Wang & Sheely 1995; Wang 1998). It
has been known that the density of the plumes are much
higher (3-5 times) than the inter-plume background (Saito
1965; Ahmed & Withbroe 1977; Young et al. 1999) im-
plying that the coronal heating rate is not uniform over
the coronal hole. Plume formation involves magnetic
reconnection between unipolar flux concentrations and
nearby bipoles, but the bipolar fields constitute only a
small fraction of the total magnetic flux within the polar
coronal hole. Primarily, coronal holes are overwhelm-
ingly unipolar. This fact further suggests that plumes
are not the source of the high speed polar wind (Wang
et al. 1997), but probably the inter-plumes are. Baner-
jee et al. (2000) investigated the temporal behaviour of
polar plumes as observed in the transition region line,
O v 629A. In this paper we report on the temporal be-
haviour of the plume and inter-plume lanes as observed

Table 1. A log of the datasets.

Date Dataset  Pointing  Region Start
(X,Y) time
29/11/02 26348  116,1085 plume 18:42

02/12/02 26363 54,1070  plume 07:50
06/12/02 26406 -1,1070  plume 07:00
11/12/02 26438  -19,1070  plume 16:29
12/12/02 26447 56,1070  plume 16:30
13/12/02 26452  -29,1071 Int-plume 12:10
17/12/02 26478 59,1071  plume 18:03

18/12/02 26482 -1,-1076  Int-plume  06:58
27/12/02 26542 0,1070  plume 18:10
31/12/02 26568 -1,1070  plume 11:58

by the CDS/SoHO instrument but extending the previous
studies which were restricted to transition region temper-
atures to coronal heights.
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Figure 1. Location of the slit for the 2nd December 2002,
526263, dataset.

2. OBSERVATIONS AND DATA REDUCTION

For these observations we have used the normal incidence
spectrometer (NIS) (Harrison et al. 1995), which is one
of the components of the Coronal Diagnostic Spectrom-
eter (CDS) on-board the Solar and Heliospheric Observa-
tory (SOHO). The details of the observations including
pointing and start times are summarised in Table 1. The
temporal series sequence SER150W was run and data ob-
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Figure 2. Space time behaviour of different temerature
lines (X-T slice), for dataset s26363, plume.

tained for 11 transition region and coronal lines formed
between 2.5 x 105 K and 2.5 x 10° K.

In this paper, however, we shall only make use of the
most useful of these, the transition region O v 629 A line
(~ 2.5 x 10° K) and the coronal lines of Mg X 609, Mg x
625 A (~ 1 x 10° K) and Si x11 520 A (~ 2.5 x 10°
K). All the data were obtained with the 4 x 240 arcsec
slit with exposure times of 60 sec., corresponding to 150
time frames. In order to increase the signal-to-noise ra-
tio we binned by 2 along the slit to produce 70 pixels in
Y. The line profiles were then each fitted with a single
Gaussian in order to measure the intensity and the line-
of-sight (LOS) velocity. We note that the bakeout that
CDS suffered during the SOHO loss in 1998 changed the
line profiles produced by the NIS spectrometer.

The NIS1 profiles exhibit broader wings and the NIS2
profiles show a broadened and asymmetrical long wave-
length wing. The fitting of the lines takes these broadened
and asymmetric lines into account by using the BGAUSS
option of the CFIT Gaussian fitting routines available in
the CDS software tree in SOLARSOFT. Since we are al-
ways looking at the polar regions in these observations
the rotation of the Sun should not move our observing
region significantly over the duration of the observations
despite the fact that the observations were obtained in a
sit-and-stare mode, i.e. no rotational compensation was
used.

The data was first cleaned of cosmic ray hits by
using the CDS software procedures CDS_CLEAN and
CDS_NEW_SPIKE. Using the standard CDS software pro-
cedure VDS_CALIB the data was then de-biased and
flat fielded. Other effects such as fixed pattern ef-
fects and CCD burn-in were also corrected for with
this procedure. Slant and tilt corrections were ap-
plied to the data using another CDS software proce-
dure, NIS_ROTATE. As we are solely using data from
NIS2 in this work it was not necessary to ’switch
on’ the /ALIGN keyword in this NIS_ROTATE routine
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to account for the spatial offset typically present be-
tween NIS1 and NIS2. Further and fuller details on
cleaning and calibrating CDS data may be found at
http://solg2.bnsc.rl.ac.uk/software/uguide/uguide.shtml.

The resulting data after carrying out the reduction of the
data are in units of photon-events/pixel/sec. Multiplying
by the exposure time yielded units of photon-events/pixel
which were those used in this work. The total number of
photon-events in a line was obtained by integrating un-
der the fitted line profile. The velocity values presented
in this paper are relative velocities, that is, they are cal-
culated relative to an averaged profile, obtained using the
limb method, i.e. the summed profile at the limb whose
averaged LOS velocity is assumed to be zero. This aver-
aged profile was fitted by a Gaussian and its 'rest’ wave-
length determined. All other profiles were then measured
relative to this ‘rest” wavelength and the resulting ’veloc-
ities’ estimated. No absolute calibration exists for the ve-
locity scale, so that the derived velocities are therefore
merely indicative of the presence of line shifts.

3. RESULTS
3.1 Plume oscillations

In Fig. 1 we show the location of the slit for one repre-
sentative dataset, s26363, as observed on 2nd december.
The pointing of the slit was positioned at the north polar
limb in such a way that a major part of the slit was outside
the limb and a part on the coronal hole. The background
image is taken from EIT 195 A a few hours before our
observations.

First we concentrate on dataset s26363. In Fig. 2) We
show the space time behaviour (in a portion of the slit
which focuses on the plume region and the coronal hole)
as observed by different temperature lines, in the form
of X-T slices (the grey scale panels). To bring out the
details of the original intensity map (X-T slice) we have
filtered out the high frequency components in the image
(see Doyle et al. 1999 for details).

In this contrast enhanced image, the solar north-south
(SOLAR_Y) direction is in the vertical axis, the hori-
zontal axis is time. The right panels show the total num-
ber of counts in a pixel. The grey scale coding has the
most intense regions as white. The alternate bright and
dark ridges indicate the presence of oscilations in inten-
sity.

Now we present in Fig 3 the wavelet results for inten-
sity and Fig 4 for velocity in different temperature lines,
corresponding to a single pixel (px 13) within the plume
as recorded in the s26363 dataset. We should point out
here that the velocity signal is often weak for the coronal
lines in a single pixel and the resulting oscillations are
most of the time not significant. Thus we do not show
plots for velocity power in this short contribution. The
intensity variations are shown in the top panels. In the
wavelet spectrum the dark contour regions show the lo-
cations of the highest power. The light white horizontal
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Figure 3. Intensity wavelet results for pixel location 13, within a plume, corresponding to the dataset s26363.
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Figure 4.

Velocity oscillations corresponding to the

526363 dataset, in the plume and for the O V line.

lines within the dark contour regions indicate the loca-
tions of the maximum wavelet power at each particular
time. The lowest panel shows the variation of the prob-
ability level over the observing time, by which it is pos-
sible to see whether the maximum wavelet power at any
time in the wavelet spectrum has a high or low proba-
bility of being due to noise. Only locations that have a
probability greater than 95% are regarded as being real,
i.e. not due to noise. Cross-hatched regions, on either
side of the wavelet spectrum, indicate the ‘cone of influ-
ence’ (COI), where edge effects become important (see
Torrence & Compo, 1998).

Next, we show the spatial behaviour of the oscillation fre-
quencies measured from the different temperature lines
in Fig. 5. These figures show the measured frequencies
as a function of position along the slit (X-f slice). The
circles and the plus symbols correspond to the primary
maxima and the secondary maxima in the global wavelet
power spectra, which have a probability of more than the
95% after the randomisation test. The total number of
counts in a pixel (summed counts) during the observation
is shown in the right column, and is useful in identifying
the limb (pixel 11 corresponds to the limb). It also shows
the intensity fall off as we go outside the limb (pixel 11
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Figure 5. For dataset s26363, plume, spatial variation of frequency corresponding to different temerature lines, X-f slices
for intensity (the group of four panels in the left) and for the velocity (group of four panels on the right).

and lower). The intensity and velocity results both show
that the primary maxima in the global wavelet spectra lies
in the range 0.5-1.0 mHz. The appearance of more points
in the intensity X-f slices as compared to the velocity also
indicates that the intensity oscillations are stronger and
more reliable (> 95% probability level). Furthermore, it
is interesting to note that these low frequency oscillations
are also present on the disk part (very close to the limb,
e.g. from pxs 0—11), just below the plume. This gives an
indication that whatever is causing these oscillations in
the plumes is also present on the bright part of the disk.
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Figure 6. Space time behaviour of different temerature
lines (X-T slice), for dataset s26452, inter-plume.

3.2 Inter-plume oscillations

Now, we turn our attention to a dataset s26452, which
was taken within an inter-plume lane (see Table 1). As
before we show the X-T slices (grey scale panels of
Fig. 6) corresponding to diffrent temperature lines. The
alternate bright and dark ridges again indicate the pres-
ence of oscillations. We look at the same pixel loca-

o 5 1015
Counts/ 1.0E+05

tion within the inter-plume (as in the previous case of the
plume, pixel 13) and plot the wavelet results in Fig 7. The
transition region line O V and the other coronal lines, all
show significant oscillations within 0.7-0.9 mHz. Finally
in Fig. 8, we plot the spatial variation of the frequency
distribution for the same part of the slit as in Fig. 5. Once
again it shows the presence of the same frequency domi-
nance across many locations.

4. DISCUSSION

High-cadence EIT/SoHO observations indicate that quasi
periodic fluctuations with periods of 10-15 minutes are
present in polar plumes (DeForest & Gurman 1998), with
a filamentary structure within the plume, on a spatial
scale of 3-5 arc sec. These authors conclude that the
waves are either sound waves or slow magneto-acoustic
waves, propagating along the plumes at ~ 75-150 km
s~L. Ofman et al. (2000a) detected quasi periodic vari-
ations in the polarization brightness (pB) at 1.9 Rg, in
both plume and inter-plume regions. Their Fourier power
spectrum shows significant peaks around 1.6-2.5 mHz
and additional smaller peaks at longer and shorter time-
scales. Their wavelet analysis of the pB time series shows
that the coherence time of the fluctuations is about 30
minutes.

It is likely that the waves detected at 1.9 R by Ofman
et al. (1997, 2000a,b) using UVCS/SoHO and the waves
detected by DeForest & Gurman (1998) around 1.2 R,
using EIT/SoHO are the same as those reported here and
as also observed in transition region lines by CDS/SoHO
in the polar plumes, very close to the solar limb and in
the network boundary of the coronal holes by Banerjee
et al. (2000). In this work we have extended the ear-
lier work of Banerjee et al. (2000) to include the coronal
lines. The present analysis confirms the presence of these
long period oscillations even in the high corona. Thus it is
interesting to note that these long period slow waves are
present all the way from the chromosphere, through the
transition region to the corona. We should also point out
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Figure 7. Intensity wavelet results for pixel location 13, within an inter-plume, corresponding to the dataset s26452.
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Figure 8. Same as Fig. 5 but for dataset s26452 and in the inter-plume.

that we are detecting similar types of waves (compres-
sional and with long periodicities) in plumes and inter-
plume regions close to the limb and also in the disk part of
the coronal hole. Ofman et al. (2000a) have also observed
these long period waves in plumes and inter-plumes at
1.9 Rs. The periodicity in the inter-plumes seems to be
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slightly longer than in the plumes. Linear slow magneto-
acoustic waves propagate at a speed close to the sound
speed in a low ( coronal plasma. The long periodicity
in the inter-plume may be just a temperature effect on
the slow waves; plumes are cooler than the background
plasma (DeForest et al. 1997). However, we should also
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point out that, because of the line of sight effects and the
proximity of the polar plumes to our slit locations, we
can not rule out contributions from both regions being
present. Another possibility is that the waves detected ad-
jacent to a plume structure could simply be waves which
just leaked out of the plume cavity and are propagating
through the inter-plume. The details of the present study
will be presented in Banerjee et al. (2005).
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