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ABSTRACT

Aims. We identify high-frequency Alfvén waves propagating upward in the solar chromosphere and transition region from observation
by Solar Optical Telescope (SOT) onboard Hinode.

Methods. The spicule shape is enhanced through application of a normal radial gradient filter and an un-sharp mask on the images
taken by SOT. The displaced position of the spicule is at each height obtained by tracing the maximum intensity after image process-
ing. The dominant wave period is obtained by the FFT method applied to the time variations of the displaced position at a certain
height. The phase speed is estimated with the help of a cross-correlation analysis of two temporal sequences of the displaced positions
at two heights along the spicule.

Results. We find in four cases that the spicules are modulated by high-frequency (>0.02 Hz) transverse fluctuations. Such fluctuations
are suggested to be Alfvén waves that propagate upward along the spicules with phase speed ranges from 50 to 150 kms~!. Three of
the modulated spicules show clear wave-like shapes with short wavelengths less than 8 Mm.

Conclusions. Our work identified directly upward propagation of Alfvén waves in the solar chromosphere and transition region. In ad-
dition to the recently reported Alfvén waves with very long wavelength and wave period, we find here four examples of Alfvén waves

with shorter wavelengths and periods. These findings shed new light on the wave origin and on coronal and solar-wind heating.
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1. Introduction

Upward propagating Alfvén waves are generally assumed to
exist in the lower solar atmosphere and exploited in theoreti-
cal models for heating of the corona and solar wind accelera-
tion (see, e.g., the reviews by Tu & Marsch 1995; Hollweg &
Isenberg 2002). The models may basically be divided into two
kinds. One kind of model assumes high-frequency Alfvén waves
with the cyclotron damping mechanism (e.g., Tu & Marsch
1997; Marsch & Tu 1997; Axford et al. 1999; Tu & Marsch
2001; He et al. 2008). The other kind of model assumes low-
frequency Alfvén waves which are subject to a nonlinear damp-
ing mechanism (e.g., Matthaeus et al. 1999; Hollweg 2000;
Suzuki & Inutsuka 2005; Cranmer et al. 2007). However, un-
til recently it was difficult to identify directly the properties of
Alfvén waves in the solar atmosphere from optical observations.

An indirect piece of evidence of the existence of
Alfvén waves or turbulence is the extraordinary, besides the ther-
mal motion effect, Doppler broadening of emission lines when
observed on the disk (see the review by Wilhelm et al. 2007)
and off the solar limb (e.g., Tu et al. 1998). The existence of
Alfvén waves in the coronal plasma has been recently reported
by Tomczyk et al. (2007), a result which is based on cross-
correlation analysis of Fe XIII (1074.7 nm) Line-of-Sight (LOS)
Doppler velocity time series. That Alfvén waves exist in the
chromosphere has been recently revealed by De Pontieu et al.
(2007a), with the evidence coming from the transverse oscil-
lation of spicules as observed in Ca 1T H (3968 A) by SOT

(Tsuneta et al. 2008) onboard Hinode (Kosugi et al. 2007). In the
work of De Pontieu et al. (2007a), Alfvén waves are thought to
permeate the entire chromosphere, as inferred from the ubiquity
of spicule oscillations, and the velocity amplitude of the oscilla-
tion is estimated to be on the order of 10 to 25 kms™!, and peri-
ods range from 100 to 500 s. It was suggested that the spectrum
of the generated Alfvén waves includes signals of both the pho-
tospheric 5-min p-modes and chromospheric 3-min oscillations,
and that these results strongly support coronal heating models
that are based on the dissipation of low-frequency waves.

De Pontieu et al. (2007a) found that the distribution of mea-
sured transverse displacements of 94 observed spicules agrees
well with the distribution derived from a Monte Carlo simulation
in which spicules carry low-frequency Alfvén waves with peri-
ods randomly chosen from a uniform distribution between 150
and 350 s and velocity amplitudes from a Gaussian distribution
around 20 + 5 kms~!. The wavelength for their low-frequency
Alfvén waves is reported to be generally in excess of the lengths
of the field-tracing spicules, and the wavelength lower limit
on the order of 20 Mm is compatible with the value resulting
from multiplication of the phase speeds (50-200 kms™') with
the long wave periods (100-500 s). However, Alfvén waves
with short periods less than 50 s and short wavelength less
than 10 Mm have not yet been detected and studied from spicule
dynamics. De Pontieu et al. (2007a) also reported the transverse
displacement propagation with a phase speed on the order of
100-200 kms~!. However, it was not mentioned in their paper
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Fig. 1. Left panel: processed image obtained by SOT in Ca Il H (3968 A) at 1y = 11:40:29 UT. The red dotted box indicates the position of the
spicule. The blue line is used to represent the skeleton of the spicule shape, Dy(#y; y), which appears wave-like. Three blue short lines indicate
the locations on the spicule where its displacement is further analyzed, i.e. Point-1, Point-II and Point-III. The dashed green line is the center
longitudinal axis of the red dotted box. Middle panel: profile of the defined spicule intensity Igyicuie(fo; y). Right panel: profile of the spicule

displacement D (fy; y).

whether the propagating transverse displacement oscillates, like
previously discussed 94 displacement oscillations just at a spe-
cial height above the solar limb. De Pontieu et al. (2007a) mod-
eled a mix of upward and downward propagating Alfvén waves
on a spicule and compared the modeling result with the dynam-
ics of one observed spicule. However, they did not show directly
whether the Alfvén waves are propagating upward, downward
or are a superposition of both.

In this paper, we present four cases showing upward propa-
gating Alfvén waves identified from dynamic spicules observed
by SOT on Hinode in Ca 11 H (3968 A). The wavelengths and
periods of these waves are shorter than the ones previously re-
ported. The wavelengths of Alfvén waves in our study are short
enough to modulate the spicules such that they are looking wave-
like. The periods of the wave in our study are short enough to be
less than the time the spicules are visible. We speculate that the
chromospheric waves identified here are generated by magnetic
reconnection, and are at a frequency susceptible to cyclotron
damping in the outer corona — a candidate mechanism for so-
lar wind heating (e.g., Tu & Marsch 1997).

2. Observations and data analysis

The dataset used here of image sequences in the Ca I1 H (3968 A)
wavelength range was obtained by Hinode/SOT from 11:29:32
to 11:49:50 UT on 19 March 2007. During this period, SOT was
looking at the southern polar region. The cadence for the image
sequence is 4.8 s. The spatial pixel size is 0.054”. Such high
temporal and spatial resolution allows us to observe the refined
structure and dynamics of spicules in the polar region, which is
a precondition to analyze an Alfvén wave carried by the spicule.

The SOT standard program “fg_prep.pro” is used to reduce
the images by removing dark current and other camera arti-
facts. The jitter of the images introduced by the spacecraft is
mostly removed by the correlation tracker system on SOT with

trivial jitter of 0.01”(0) remaining in the co-aligned time
series (Shimizu et al. 2008). The time series have a slow pointing
drift, with an average speed component of ~0.017”/min toward
the north as identified from the solar limb slow drift in the orig-
inal time series. This slow drift speed component is eliminated
before studying the spicule dynamics. While the slow drift com-
ponent tangential to the solar limb, which cannot be identified
from the dynamically evolving time series, is left to be elimi-
nated by subtracting the averaged linear transverse motion from
the spicule dynamics in the following analysis. The dataset, af-
ter taking into account the above effects, is ready to measure
the high-frequency displacement oscillation with amplitude be-
ing not less than 0.05”. We take two steps of image processing in
order to enhance the spicules for the convenience of further anal-
ysis. In the first step, the normal radial gradient filtering (NRGF)
technique (Morgan et al. 2006) is implemented to filter the back-
ground radiation intensity, which fades away gradually along the
radius. The purpose of NRGF is to enhance the structures in the
off-limb region as compared with the structures on the solar disk.
In the second step, the un-sharp mask technique (with “gradient”
being the second-order gradient) (Koutchmy & Koutchmy 1989)
is applied to remove the diffuse strong radiation intensity in the
off-limb region. Thus the spicule outline becomes clearer after
application of the un-sharp mask.

We then select four spicules to analyze their shapes and dy-
namics. A long slit with a certain width, which is generally par-
allel to the spicule, is placed in the image sequences, see the
left panel in Fig. 1 for the first case of spicule at the time (z) =
11:40:29 UT). Such slit is used to record the intensity distribu-
tion (after the image processing) along and across the spicule,
I(x,y), where x is the transverse coordinate in the slit, and y is
the longitudinal coordinate. The area of the slit is divided into
M x N pixels, where M is the number of columns (the number of
pixels in the transverse coordinate) and N is the number of rows
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Fig. 2. From left through middle to right: profiles of Dy(t,y) for Point-1, Point-II and Point-1III, respectively, which are located at three heights
marked with three blue short perpendicular slits listed from bottom to top in the left panel of Fig. 1.

(the number of pixels in the longitudinal coordinate). The trans-
verse and longitudinal side lengths of the pixel, dx and dy, are
both set as 0.054”. The spicule intensity of the displaced point
in the nth row on the spicule at the time 19, Ispicute(f0, Ynth row)- 1S
assigned with the mean of the intensity of the pixels having an
intensity in the top 20 percent of the M pixels in the nth row.

The intensity distribution along the spicule, Ipicue(0, y), is
shown in the middle panel of Fig. 1. The transverse position of
the displaced point in the nth row on the spicule at the time #,
Do (10, Yuth row), 1 set with mean position of the M pixels with
square intensity of every pixel as the weight. The transverse po-
sition obtained in this way has a sub-pixel resolution (<0.054").
Thus, a transverse position profile as a function of the longi-
tudinal coordinate of the slit, Dy(fy, y), can be obtained and is
illustrated as a blue line in the left panel of Fig. 1, which ap-
pears wave-like relative to the central longitudinal axis of the
long slit shown as a green dashed line in the figure. The spicule
may be inclined off the longitudinal axis of the fixed slit dur-
ing its evolution. The spatially oblique trend of the spicule at the
time #, D,(y), is a linear-fitting result of Dy(t;y) at the time ¢.
We subtract D,(y) from Dy(t; y), and obtain a modified displace-
ment spatial profile at the time ¢, which is defined as D (¢; y).
We illustrate D,(fy,y) in the right panel of Fig. 1. As can be
seen in Fig. 1, the spicule appears wave-like in shape with a
wavelength of ~2100 km (3"") and displacement amplitude of
~70 km (0.10”) at that time (tp = 11:40:29 UT).

Figure 2 shows three temporal sequences of displacements,
Dy(t;y1), Do(t;y2), and Dy(t;y3), for Point-I, Point-II and
Point-11I on the spicule, where y,, y» and ys are the longitudinal
coordinates in the long slit and equal to 3”, 3.5”, 4.5”, respec-
tively. In Fig. 2, we find that points on the spicule oscillate along
with the time, in addition to the average linear transverse motion
across the central longitudinal axis of the long slit. Such average
linear transverse motion of the point may be caused by the ap-
parent turning of the spicule toward the photosphere or by long
period waves acting on the spicule. The average linear transverse
motion velocities for these three points from bottom to top are
3.1,4.3 and 5.8 kms™!, respectively.

The linear transverse motion of the displaced point at the
heighty, D,(?), is a linear-fitting result of Dy(t; y) at the height y.
We subtract D,(t) from Dy(t; y), and consider only the pure tem-
poral oscillation at the height y, which we define as D,(¢; y). The
upper panel of Fig. 3 shows the oscillation sequence for Point-II
at the height of y,, D»(t; y»), which can be fitted with a sinusoidal
curve. FFT analysis is used to calculate the power spectrum
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Fig. 3. Upper panel: Black line means the D,(#; y,) for Point-II. Red line

is the fitting result with a sine function. Lower panel: Power spectrum
density (PSD) of D,(t; y,) obtained with the FFT method.

density (PSD) shown in the lower panel of Fig. 3. It is found
that the PSD has a maximum at the frequency of 0.021 Hz,
which corresponds to a period of 48 s. This period is shorter
than the lower limit of the period range for Alfvén waves car-
ried by the spicules as reported by De Pontieu et al. (2007a).
The displacement amplitude for the oscillation is estimated to
be ~36 km (0.05”) near the image pixel scale, and the velocity
amplitude is estimated to be ~4.7 kms~!. This velocity ampli-
tude is smaller than the range from 10 to 25 kms~!, given by
De Pontieu et al. (2007a).

We carry out the cross-correlation analysis of two oscillation
sequences for two of the three points, D,(t,y;) and D;(t, y»),
in order to judge the propagation direction of the oscillation
as well as to estimate the phase speed. The upper left and up-
per right panels of Fig. 4 display the oscillation sequences for
Point-I and Point-II, respectively. These two oscillations have a
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Fig. 4. Upper left panel: Dy(t;y,) for Point-I (black line) and its sin-fit result (red line). Upper right panel: D;(t;y,) for Point-1I (black line) and
its sin-fit result (red line). Lower left panel: cross power spectrum density (CPSD) for the oscillations of Point-I and Point-II. Lower right panel:
Correlation coefficient as a function of time lag between the oscillations of Point-I and Point-II.

maximum cross power spectrum density (CPSD) at a frequency
of 0.031 Hz, see the lower left panel of Fig. 4. The correlation
coefficient between oscillations of Point-I and Point-II as a func-
tion of the time lag can be obtained by applying inverse-FFT
method to the CPSD profile, and is plotted in the lower right
panel of Fig. 4. The correlation coefficient has a maximum value
at the time lag of ~5 s showing that the oscillation for Point-II
has a time lag of ~5 s relative to the oscillation for Point-1I, which
indicates that the Alfvén wave propagates upwards with a phase
speed of ~75 km s~! along the spicule. Please note that the phase
speed may be larger than 75 kms™! since we can not distinguish
a time lag shorter than 5 s, the interval between two exposures.

The upward propagation result is further confirmed in Fig. 5,
by carrying out another cross-correlation analysis of D;(; y»)
and D, (t; y3), the oscillation sequences for Point-II and Point-IIL.
It is found in the lower left panel of Fig. 5 that these two oscil-
lations have a maximum CPSD at a frequency of 0.021 Hz. As
is shown in the lower right panel of Fig. 5, the correlation coef-
ficient profile has a maximum at the time lag of 5 s, the phase
speed in the section between Point-II and Point-III is thus esti-
mated to be 150 kms™'.

Three other cases with Alfvén waves propagating upward
along the spicules are also analyzed in this paper. Here we give
a brief introduction to these three cases in the main text. For
more detailed illustrations, please see the supplemental mate-
rials in Appendix A. In the second case, the oscillation pe-
riod of the Alfvén wave is estimated to be 37 s corresponding
to a frequency of 0.027 Hz. The amplitude of oscillating dis-
placement is about 0.05”, and the velocity amplitude is about
6.1 kms~!. The Alfvén wave carried by this spicule is also found
to propagate upward with a phase speed range between 59 and
117 kms™". The second spicule appears in wave-like shape with
an apparent wavelength of 5800 km at 11:41:31 UT. In the third
case, the displacement oscillation sequences appear to have a

period of 45 s with three displacement humps in a time range of
100 s. The displacement amplitudes are so large to reach 0.2”, a
value higher than the displacement amplitudes in the former two
cases of Alfvén waves, which may be related with the apparent
surge-up of materials at the foot of this spicule and its large in-
clination. The Alfvén wave propagates upward along this spicule
with a phase speed of about 73 kms~!. There is no clear wave-
like shape appearing on the third spicule. In the fourth case, the
displacements oscillate with a period of 50 s, and are greatly di-
minished from more than 0.1” to less than 0.1 after one period,
which may indicate the damping of the Alfvén wave or the pass-
ing of an Alfvén wave packet. The Alfvén wave propagates up-
ward along the fourth spicule with a phase speed range from 109
to 145 kms~!. The fourth spicule has a wave-like shape with
an apparent wavelength of 5075 km at 11:49:11 UT. The sec-
ond and the fourth spicules are visible at larger heights than the
first and third spicules, and the lower sections of them are in-
discernible. In Table 1, we list the characteristics of these four
spicules with high-frequency Alfvén waves propagating upward
on them.

3. Summary and discussion

We have found and analyzed four cases of dynamic spicules
showing high-frequency transverse displacement oscillations
with time-lagged phases at greater heights, which suggests a
modulation of spicules by upward propagating high-frequency
Alfvén waves. These Alfvén waves fluctuate at high frequen-
cies (>0.01 Hz), and propagate upward with phase speeds in
the range between 50 and 150 kms~!. The maximum appar-
ent transverse velocities are estimated to be 4.7, 6.1, 18.1, and
20.8 kms~!, derived by using an expression of Dy, - 27/T,
where Djnmax 1S the maximum transverse displacement and
T is the wave period, which are compatible, respectively, with
the values estimated directly from the time variations of the
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Fig. 5. Upper left panel: D,(t;y,) for Point-II (black line) and its sin-fit result (red line). Upper right panel: D,(t; y3) for Point-1II (black line) and
its sin-fit result (red line). Lower left panel: cross power spectrum density (CPSD) for the oscillations of Point-1I and Point-III. Lower right panel:
correlation coefficient as a function of time lag between the oscillations of Point-II and Point-III.

Table 1. Characteristics of four cases of spicule dynamics with Alfvén waves propagating upward along them “.

Spicule number ~ Wave period Phase speed Velocity amplitude ~ Height  Inclination
Spicule-1 48 s 75-150 kms™! 4.7 kms™! 4.4 Mm 10°
Spicule-2 37s 59-117 kms™! 6.1 kms™! 5.8 Mm 29°
Spicule-3 45s 73 kms™! 18.1 kms™! 1.5 Mm 43°
Spicule-4 50s 109-145 km s~ 20.8 kms™! 7.3 Mm 30°

¢ Note: all these characteristics are obtained from spicule dynamics in the projected plane. The “height” in the fifth column is the Point-III height
above the limb. The “inclination” in the sixth column is the spicule inclination angle off the direction normal to the solar limb.

transverse displacements. The relatively smaller apparent ve-
locity amplitudes for the Alfvén waves on the first and second
spicules may be caused by the projection effect. They are still
discernable after the elimination of jitter and slow drift on the
image time series as well as the large-amplitude low-frequency
transverse motion of the spicule.

The dynamics of the third spicule shows an obvious surge-up
at the foot, and the spicule is highly inclined, which may explain
the observed large transverse velocity amplitude of Alfvén wave
on it. The fourth spicule may be modulated by an Alfvén wave
packet, and thus experiences a sequence of transverse oscilla-
tion with amplitude being large at the beginning and decreas-
ing soon after one period. Damping of the Alfvén waves may
be another possibility for the decrease of their velocity ampli-
tudes. The heights above the limb in the projected plane for
the four spicules, where we studied the transverse displace-
ment oscillation, are maximally located at 4.4, 5.8, 1.5, and
7.3 Mm, respectively. We did not check observationally if these
high-frequency waves exist in more extended spicule structures,
say above 10 Mm. However, from theoretical consideration, it
appears that for high-frequency waves it may be easier to prop-
agate outward without reflection. We do not see noticeable
growth or drop in wave displacement amplitude on the first three
spicules except for the dynamics of the fourth spicule, which

shows a growth in amplitude with increasing height and a damp-
ing in amplitude with increasing time at the same height.

To our knowledge, this is the first observation of an upward
propagating Alfvén wave with a frequency higher than 0.01 Hz
in the chromosphere and transition region. The Alfvén waves
with a period of 50 s may be damped by cyclotron reso-
nance at about 60 Rg, which is the mechanism used in mod-
els for the solar wind heating (Tu & Marsch 1997; Marsch
& Tu 1997). Such high-frequency Alfvén wave may undergo
some damping in the corona if the nonlinear transverse cascade
(Cranmer & van Ballegooijen 2005) or the mode conversion to
slow magneto-acoustic shock (Suzuki & Inutsuka 2005) actu-
ally take place. However, the turbulence cascading in the solar
corona may be weak (Tu & Marsch 1997), therefore it is possi-
ble these waves will not be dissipated quickly within 60 R. The
question as to how such waves are dissipated is still open. The
velocity amplitude reported here is less than the mean velocity
amplitude used in the model by Tu & Marsch (1997). This small-
ness is natural, since the former has a narrow frequency band,
which is embedded in the wide frequency band of the latter, and
moreover the observation involves a projection effect. Due to
the lack of three dimensional imaging of the dynamic wave-
like spicules, we only consider, in a plane perpendicular to the
LOS, the distance between points as well as the displacements of
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Fig. A.1. The spatial profiles of intensity and displacement of the spicule at 7y = 11:41:31 UT for Case-2.

the points. This consideration may underestimate to some extent
the phase speed and velocity amplitude of the Alfvén wave, ac-
cordingly. To accurately calculate the properties of Alfvén wave,
imaging of the spicule from many more visual angles is required.

At present, there are three possible mechanisms to gener-
ate the Alfvén waves, of which horizontal random walk on the
photosphere of the foot-point (van Ballegooijen et al. 1998) of
a field line and photospheric 5-min oscillation as well as chro-
mospheric 3-min oscillation (supporting Online Materials in
De Pontieu et al. 2007a) are both considered to be responsi-
ble for the low-frequency Alfvén waves, while the third mech-
anism namely small-scale magnetic reconnection is expected to
excite the high-frequency Afvén waves as suggested by Axford
et al. (1999). However, up to now, there is still a lack of di-
rect observational connection between the three possible mech-
anisms and the observed waves. The Alfvén waves with the
short wavelength and period discussed in this paper may orig-
inate from magnetic reconnection, whereas the low-frequency
Alfvén waves reported by De Pontieu et al. (2007a) were argued
to be caused by the 5-min p-mode and 3-min chromospheric os-
cillation. These mechanisms may be related with the spicule dy-
namics which is found to consist of two types: type-I spicules
that are probably driven by shock wave and have lifetimes of
3—7 min, and type-II spicules that are probably driven by mag-
netic reconnection and have lifetimes of 10—150 s (De Pontieu
et al. 2007b).

The wave fluctuation on the spicule may be called the fast
“kink” mode wave, if the spicule can be described as a sta-
ble flux tube in the non-uniform medium. The “kink” mode
wave will finally evolve into Alfvén wave after its propagation
upward into the more homogeneous medium (Cranmer et al.
2007). The apparent thicknesses of the spicules we studied are
wider than 120 km, corresponding to the diffraction limit of
SOT in 3968 A. It is possible that such spicules may contain
some very fine threads thinner than 120 km. These possibly ex-
istent threads seem to be affected by the same wave fluctua-
tion and show consistent dynamics. It seems difficult for these
thin threads to mimic the observed high-frequency dynamic
behavior if they were moving out of phase in low-frequency

large-amplitude oscillations, because they would then spin to-
gether and separate from time to time, and so finally destruct
the spicule.

In this paper, we only presented four examples of upward
propagating Alfvén waves along the spicules. These four ex-
amples show that high-frequency Alfvén waves do exist in the
lower solar atmosphere. However it is not easy to pick out more
spicules satisfying the analysis requirements from our dataset,
since spicules rarely exist individually without overlapping or
interacting with other spicules, and since very few spicules can
be visible for a time only as long as two wave periods. Because
of the limitation of the observational conditions, we cannot judge
how much energy they can carry. To explore experimentally how
much energy the high-frequency waves may contain, and to see
if they can contribute to the corona heating and wind accelera-
tion is a new task suggested by this study. A statistical study of
the upward propagating Alfvén waves carried by more spicules
is needed in the future work, in order to give a quantitative esti-
mate of the energy flux carried by these waves.
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Appendix A: Another three cases for upward
propagation of Alfvén waves

In this Appendix, we show another three cases of upward-
propagating Alfvén waves. The figure formats in these three
cases are similar to those in the first case. Several key
characteristics (wave period, phase speed, and velocity ampli-
tude) for the Alfvén waves on these three spicules are listed in
Table 1. Please note that the number of clear cases found in our
analyzed dataset is rather limited.
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Fig. A.6. Profiles of Dy(t; y) for Point-1, Point-1I, and Point-III on the spicule for Case-3.
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Fig. A.8. Correlation analysis result between D (#; y,) for Point-II and D,(t; y3) for Point-III for Case-3.
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