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Abstract

We report the detection of oscillations in slender Ca II H fibrils (SCFs) from high-resolution observations acquired
with the SUNRISE balloon-borne solar observatory. The SCFs show obvious oscillations in their intensity, but also
their width. The oscillatory behaviors are investigated at several positions along the axes of the SCFs. A large
majority of fibrils show signs of oscillations in intensity. Their periods and phase speeds are analyzed using a
wavelet analysis. The width and intensity perturbations have overlapping distributions of the wave period. The
obtained distributions have median values of the period of 32±17 s and 36±25 s, respectively. We find that the
fluctuations of both parameters propagate in the SCFs with speeds of 11 11

49
-
+ km s−1 and 15 15

34
-
+ km s−1, respectively.

Furthermore, the width and intensity oscillations have a strong tendency to be either in anti-phaseor, to a smaller
extent, in phase. This suggests that the oscillations of both parameters are caused by the same wave mode and that
the waves are likely propagating. Taking all the evidence together, the most likely wave mode to explain all
measurements and criteria is the fast sausage mode.
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1. Introduction

Magnetohydrodynamic (MHD) waves have been observed
in various plasma structures in the solar atmosphere, particu-
larly in elongated features in the solar chromosphere and in the
corona (for recent reviews see, e.g., Banerjee et al. 2007;
Zaqarashvili & Erdélyi 2009; Mathioudakis et al. 2013; Jess
et al. 2015). According to the theory of MHD oscillations, the
waves may appear as a single modeor as a combination of
several modes (i.e., kink, sausage, torsional, or longitudinal)
with distinct properties and different observational signatures
(Edwin & Roberts 1983). These waves are often excited at
photospheric heights (e.g., by granular buffeting, Evans &
Roberts 1990, or vortex motion, Kitiashvili et al. 2011), and
either propagate away from their sourceor form a standing
oscillation.

While transverse wavessuch as kink or global Alfvénic
modescause theswaying of a flux tube or of an elongated
feature, sausage-mode oscillations result in a periodic axisym-
metric expansion and contraction of the structure at one
position. Torsional or twisting motions are associated with
torsional Alfvén waves propagating along the axis of fibrillar
structures (e.g., Spruit 1982; Solanki 1993).

The different wave modes in elongated structures have been
mostly observed at coronal heights in, e.g., coronal loops (e.g.,
Aschwanden et al. 1999; De Moortel et al. 2002; Wang
et al. 2002; Wang & Solanki 2004; Tomczyk et al. 2007;
Srivastava et al. 2008; Nakariakov et al. 2012, see Nakariakov
& Verwichte 2005 for a review), as well as at the upper
chromospheric levels in features such as filaments, fibrils,

mottles, and spicules (De Pontieu et al. 2007; Lin et al. 2007;
Okamoto & De Pontieu 2011; Pietarila et al. 2011; Tsiropoula
et al. 2012).
Images recorded in the Ca II K passband (with a filter

width of 1.5 Å) with the 1 m Swedish Solar Telescope
(Scharmeret al. 2003) in an active region close to the solar
disk center revealed the presence of slenderbright fibrils,
extending seemingly horizontally in the lower chromosphere
(Pietarila et al. 2009). Only recently, the second flight of the
1 m balloon-borne solar observatory SUNRISE (Solanki
et al. 2010; Barthol et al. 2011; Berkefeld et al. 2011; Solanki
et al. 2016) provided us with a high-qualityseeing-free time-
series of Ca II H images (with a filter width of 1.1 Å). The
relatively long duration of the observations (one hour) in an
active region (close to disk center) enabled a thorough study of
properties of the slender fibrils (Gafeira et al. 2016). In
addition, Jafarzadeh et al. (2017b) found ubiquitous transverse
waves in the slender Ca II H fibrils (SCFs) in SUNRISE data.
The SCFs have been shown to map the magnetic fields in the
low solar chromosphere (Jafarzadeh et al. 2017a). Earlier,
Pietarila et al. (2009)showedthat the fibrils, or the magnetic
canopy outlined by them, either suppressed oscillations or
channeled low frequency oscillations into the chromosphere,
depending on their location.
In this paper, we investigate width and intensity oscillations

in the SCFs observed with SUNRISE. Periods of the fluctuations
in individual SCFs are determined and the phase speed of the
waves propagating along the thin structures are quantified
(Section 3). We discuss our results in Section 4, where we also
conclude that the observed oscillations are likely manifestations
of sausage waves traveling along the fibrils.
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2. Observations

For the present study we use the data set described in Gafeira
et al. (2016), Jafarzadeh et al. (2017b), and Solanki et al.
(2016). The data set includes high spatial and temporal
resolution observations of an active region obtained in the
Ca II H passband (with a full width at half maximum, FWHM,
of 1.1» Å) of the SUNRISE Filter Imager (SUFI, Gandorfer
et al. 2011) on the 1 m SUNRISE balloon-borne solar
observatory (Solanki et al. 2010; Barthol et al. 2011; Berkefeld
et al. 2011)during its second science flight (Solanki
et al. 2016). The observations were obtained between
23:39UT on 2013 June 12 and 00:38UT on 2013 June 13
with a cadence of 7 s. These observations covered a part of
NOAA AR 11768, mainly its following polarity that was
dominated by a series of pores, some of which lie at least partly
within the SUFI field ofview (FOV). The FOV also contained
a number of plage elements and two granulation-scale flux
emergences (e.g., Centeno et al. 2017). The FOV was centered
at cos 0.93m q= = , where θ is the heliocentric angle.

Figure 1 illustrates a Ca II H image (right panel) along with
its co-spatial and co-temporal photospheric filtergram (left
panel) recorded at 300 nm with the SUNRISE/SUFI instrument.
The arrow on the Ca II H image marks an example SCF studied
here. All ofthe intensity values were normalized to the mean
intensity of the relatively quiet region, indicated by the white
box in the top-left corner ofFigure 1.

The Ca II H image has botha photospheric and a low
chromospheric component. The latter is strongly enhanced in

an active region (Danilovic et al. 2014; Jafarzadeh
et al. 2017a). The fibrils dominating much of the Ca II H image
are expected to be located in the lower chromosphere, as none
of the photospheric channels on SUNRISE even remotely shows
any signs of such fibrils (see Jafarzadeh et al. 2017a).

3. Analysis and Results

To analyze boththe intensity and width variations of the
SCFs with time, we mustfirstextract the fibrils from the
Ca II H filtergrams. We follow the identification and tracking
method described in detail in Gafeira et al. (2016). First, this
method defines a binary mask of all ofthe fibrils. This mask is
obtained by applying an unsharp masking and an adaptive
histogram equalization method to the intensity images to
increase their contrast. In these images, a threshold of 50% of
the maximum intensity defines the binary mask isolating the
fibrils from the background. All features smaller than the
diffraction limit of the telescope are discarded. For the temporal
evolution of a fibril we require at least 10 pixels of the fibril to
be visible at the same position in at least 5 out of 6 subsequent
frames, corresponding to a minimum lifetime of 35 s. In all of
these frames, a fibril backbone is defined as the line equidistant
to the fibril’s border. A second-order polynomial is fitted to all
backbones of the individual fibrils. Fibrils of complex
shapethat are poorly fittedare excluded from the analysis.
We extend this fitted curve by 0 3 in both end points, the
approximate width of a fibril, to compensate for the reduction
of the fibril to a single-pixel structure. The resulting line is what
we call the reference backbone (see the red line in Figure 2).
For more details, we refer to Gafeira et al. (2016). This
reference backbone is the central line for the mesh, displayed in
Figure 2. All other points of the mesh are calculated from
equally spaced lines perpendicular to this reference backbone.
This mesh is based on the fibril backbone, i.e., the temporal
average of all fibrils, and is therefore timeindependent,
allowing the study of the temporal variations of its brightness
and width. We use a mesh with a fixed total width of 1 2 for all
the fibrils, while the length is the same as the reference
backbone of each individual SCF. This procedure results in a
total number of 598 detected SCF over the full data set with
lifetimes of 35 s or longer.

Figure 1. Right: example of a Ca II H image recorded by SUNRISE/SUFI.
Left:image recorded at 300 nm, aligned with the Ca II H filtergram. The white
arrow in the right panel indicates a sample slender Ca II H fibril (SCF). The
white box marks the quiet region (QR) used to normalize the intensities in the
Ca II H and 300 nm images.

Figure 2. Illustration of backbones of a sample SCF (at different times and
averaged) and the grid associated with the SCF. The individual backbones of
this fibril determined in the images recorded at different times are represented
by the individual black lines. The reference backbone is represented by the red
line and the mesh is shown by the black grid.
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Using this approach, we straightened each identified SCF in
each image (observed at different times) by interpolating its
intensity onto every point of the mesh. After these steps we can
represent the SCF along a straight line, as shown in Figure 3 for
an example fibril pictured at 40 timesteps. Every black-framed
box in Figure 3 includes the straightened SCF at a given time.
This way of stacking the temporal snapshots of a fibril allows
us to easily follow fluctuations of its intensity (and with some
additional effort also of its width) at any location along the
reference backbone of the SCF during its entire lifetime.
Thuswe can identify different types of oscillations/pulsations
in these structures. The example shown in Figure 3 illustrates a
clear fluctuation of the intensity with a period of approximately
147 s (21 frames), indicated by the double-headed vertical
arrow.

To inspect the fluctuations in boththe intensity relative to
the mean intensity of the quiet Sunand the width of the SCFs
in detail, we evaluate the intensity at 17 positions along the
backbone of the fibril (lying between 20% and 80% of the full
length of the reference backbone measured from one of its
ends), perpendicular to which we create artificial slits (that
correspond to a given set of x positions in the mesh frame). We
then compute the position of the maximum intensity of the
fibril, the intensity at this position, as well as the width of the
fibril along each of these slits following the method outlined
further below.

In some cases, a second fibril may be present inside the mesh
determined for one fibril, usually near the edge of the mesh. As
a result, more than one local maximum is present along the
artificial slit used for the determination of the fibril’s width. In
such cases, we choose the local maximum that is closer to the
center of the mesh, i.e., the reference backbone of the fibril.
The width of a fibril is computed by fitting a Gaussian

function plus a linear background to the intensity profile
perpendicular to the backbone. To minimize the influence of
neighboring fibrils, the six points closest to the maximum
intensity position are given 30% higher weights. The FWHM
of the fitted Gaussian defines the fibril width. In Figure 4, we
present an example of these measurements, where positions of
the maximum intensity (red circles) and the width of the fibril
(vertical black lines) are marked at various positions along the

Figure 3. Temporal variation of an SCF. The images of a straightened fibril at
different times are vertically stacked. Individual images, recorded every 7 s,are
separated by horizontal black lines. The vertical arrow indicates the period of
the fibril’s intensity fluctuation. The color represents intensity, normalized to
the mean value of the quiet region marked in Figure 1.

Figure 4. Example of intensity maxima and width detections along cuts
perpendicular to the axis of an SCF. Plotted are vertically stacked images of a
fibril recorded in Ca II H observed at different times. Individual images,
recorded every 7 s, are separated by horizontal black lines. The red dots within
a given image represent the locations of the fibril’s maximum intensity along a
series of cuts roughly perpendicular to the backbone of the fibril, while the
vertical black lines indicate the width of the fibril at the same locations. The
color represents intensity, normalized to the mean value of the quiet region in
the SUFI frame (marked in Figure 1). The white arrow in the lower part of the
bottom image marks the location at which the oscillations plotted in Figure 7
occurred. Note that this fibril is not the same as presented in Figure 3.
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SCF (within each image) and at different times (from one
image in the stack to the next). For better visibility, we have
chosen a relatively short-lived SCF for clarity (i.e., we need to
show fewer timesteps). The plot clearly shows that the width is
bigger in the brighter part of the fibril. The way the width is
determined (see above)is independent of the fibril’s intensi-
tyas long as the profile shape of the intensity perpendicular to
the fibril’s axis does not change and the fibril’s intensity is
higher than the background. We note that the locations along
the fibrils are determined only as long as the intensity along the
SCF is larger than the average intensity of the image at each
timestep. Therefore, the positions close to the left end of the
example SCF shown in Figure 4 are not detected at all times.

3.1. Wavelet Analysis

We apply a wavelet analysis to characterize the temporal
variation of the power spectrum of the width and intensity
oscillations. We use the wavelet algorithm described by
Jafarzadeh et al. (2017c). For the cases with a clear intensity
and width oscillation, we also calculate cross-power spectra,
i.e., the multiplication of the wavelet power spectrum of the
oscillation in a given quantity at one position along the fibril by
the complex conjugate of the same wavelet power spectrum at a
different location along the same fibril. This provides us
with the phase differences between the consecutive positions
in width and intensity oscillations, and hence, with the
phase speed of the waves along the fibrils. Finally, we also
determine the wavelet cross-power spectrum between bright-
ness and width oscillations that provides the phase difference
between them.

In some cases, the determination of the maximum intensity
and width of a fibril at some positions along the fibril at a given
time is difficult, leading to gaps in some of the 17 positions
along the fibril backbone. These gaps are filled by linearly
interpolating in time to provide the wavelet analysis with
equidistant data points. Such interpolations can result in
overestimation of, e.g., periods of the oscillations. Gaps are
sufficiently rare, however, that their influence turned out to be
relatively insignificant. We find that 74% of the fibrils display
above 95% confidence level (inside the cone of influence)
oscillations in intensity, with on average 42% of the cuts along
each oscillating fibril displaying such an oscillation. Similarly,
82% of the fibrils exhibit oscillations of the width, whereby
38% of the cuts through the backbone of oscillating fibrils
show the oscillations (on average). For the fibrils displaying an
oscillation with a sufficiently high confidence, the frequency at
which the wavelet power spectrum has its strongest peak is
taken as the period of the oscillation (within a given fibril). The
most likely phase speed of the wave is determined in the same
way from the wavelet cross-power spectrum between different
spatial locations along a fibril. Only the highest peaks that are
above the 95% confidence level and inside the cone of
influence (i.e., frequency–time areas that are not influenced by
the ends of the timeseries) are considered.

3.2. Statistics

The two-dimensional histogram of intensity and width
periods presented in Figure 5 demonstrates that most of the
fibrils oscillate with periods between 20 and 40 s in both
quantities, with median values of 32±17 s and 36±25 s for
the periods of the width and intensity oscillations, respectively.

For a large fraction of the fibrils (≈75%) the periods in both
quantities are similar. For the phase speeds,we obtain median
values of 11 11

49
-
+ and 15 15

34
-
+ km s−1 for width and intensity

oscillations, respectively, without any correlation between
them. These median periods are rather short, well below the
cut-off frequency of the atmosphere, while the phase speeds are
above the sound speed in the temperature minimum region and
lower chromosphere.
We computed the wavelet cross-power spectra between

width and intensity oscillations within a given cut across an
SCF and determined the phase lag between the oscillations in
these quantities. A wide range of phase lags was obtained.
Figure 6 illustrates the distribution of values of this quantity.
The distribution has two clear peaks, a weaker one at 0° (in
phase)and strong peak at ±180° (anti-phase). As an example
for such an anti-phase oscillation, we present in Figure 7 the
temporal evolution of fibril width and intensity of the
sample SCF at the position indicated by a white arrow in
Figure 4.

Figure 5. Two-dimensional histogram showing the relation between the
periods of the width and the intensity oscillations in SCFs. The bin size follows
the period resolution that is limited by the lifetime of the fibrils. The black
curved line indicates the 95% confidence level.

Figure 6. Distribution of phase differences between width and intensity
oscillations in the SCFs at a given cut across each fibril.
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4. Discussion and Conclusions

We have provided observational evidence for oscillations of
the width of fibrils and of intensity along SCFs in the lower
chromosphere.

The high-resolutionseeing-free images under study were
recorded with SUNRISE/SUFI and revealed that such oscilla-
tions are almost ubiquitous all over the field of view, which
covered part of NOAA AR 11768. Fluctuations in length of
some of the SCFs were also observed, although it is not clear
how independent this parameter is from the intensity.

The oscillatory behavior of both parameters (i.e., fibril width
and intensity) was identified in wavelet power spectra
determined at a series of locations along the backbone of each
detected SCF. The wavelet transform was employed to analyze
the fluctuationsfrom which median periods of 32±17 s and
36±25 s were obtained for the width and intensity oscilla-
tions, respectively, with the uncertainty intervals representing
the standard deviations of each distribution. Cross-power
spectra between the perturbations at different locations along
a given fibril revealed phase speeds of 11 11

49
-
+ and 15 15

34
-
+ km s−1

for the width and intensity fluctuations, respectively. Again,
uncertainty intervals reflect standard deviations. Given that
these waves display brightness and width signatures, they have
to be compressible, ruling out Alfvén waves. Simultaneous
periodic fluctuations of intensity and width in elongated
structures are manifested by either slow-mode waves or fast
sausage-mode waves (Van Doorsselaere et al. 2011; Su
et al. 2012). In addition to observations of the latter wave
mode in the upper solar atmosphere (i.e., in the upper
chromosphere and in the corona, Inglis et al. 2009), observa-
tions of sausage oscillations have also been reported at lower
atmospheric heights, in structures such as pores (Dorotovič
et al. 2008; Morton et al. 2011).

To distinguish which wave modes are present in the SCFs
we need to compare the phase speeds of the oscillations with
the expected plasma Alfvén and sound speeds. The values for
the Alfvén and sound speeds were computed using the NC5
flux tube from Bruls & Solanki (1993) embedded in the VAL-
A atmosphere (Vernazza et al. 1981). For a majority of the

detected waves, these velocities are larger than the sound speed
at the low chromospheric heights sampled by the SUFI 1.1 Å
Ca II H filter, which lies around 7 km s−1. The measured phase
speeds are comparable to the local Alfvén speed for this height
region, with typical values in the range of 7–25 km s−1.
Interestingly, 20% of the SCFs show phase differences

between −30° and +30°, indicative of in-phase oscillations. A
strong peak was found at ±180°, with about 50% of all
oscillations having a phase difference within 30°of 180° (anti-
phase oscillations). Phase differences of around ±90° are
relatively uncommon.
A phase difference in the range of 150 180 ∣ – ∣, as displayed

by the example shown in Figure 7, is consistent with the
signature of sausage-mode oscillations in the SCFs under the
assumption of an optically thin plasma. The validity of this
assumption is confirmed by the fact that the observed intensity
increases at the intersection points of crossing SCFs, suggest-
ing that we can partly see through individual fibrils. The
contraction of the fibril caused by the sausage-mode oscillation
leads to a narrow fibril with a higher density. In an optically
thin regime, a higher density implies an increased intensity.
The subsequent expansion phase of the oscillation leads to an
increase of the fibril’s width at alower intensity. For such a
plasma, the intensity follows the electron density. However, a
detailed model of the brightening of these structures is required
to determine the behavior of the plasma under conditions
typical of the lower chromosphere.
In about 25% of our SCFs we did not find a clear correlation

between the fluctuations in the two parameters. The intensity
oscillations could also be caused by slow-mode waves, which
are expected to be present inside strong-field magnetic features,
such as flux tubes (although it is unclear to what extent the
SCFs can be described as flux tubes). However, the median
phase speeds obtained in our analysis are too high for slow-
mode waves. Only for a few SCFs do we obtain low phase
speeds that may well be compatible with the slow mode.
To our knowledge, our observations of sausage-mode

oscillations in the SCFs are the first direct evidence of this
wave mode in the lower solar chromosphere. Morton et al.
(2012) inspected oscillations of width and intensity in Hα
elongated fibrils and short mottles (in the upper chromosphere).
They found a phase speed of 67±15 km s−1 for their MHD
fast sausage waves, which is much larger than those we found
in the SCFs. Like us, they also found a phase difference of 180°
between their detected intensity and width perturbations.
Dorotovič et al. (2008) and Morton et al. (2012) showed that
the energy these sausage waves carry is sufficient to contribute
(around 10%) to the heating of the chromosphere and/or the
corona. Jess et al. (2012) claimed to see a fluctuation of the
width of what they call a chromospheric spicule (observed on
the disk as an Hα dark fibril). They interpret these fluctuations
as sausage modes in the chromosphere.
This work points to a number of follow-up investigations to

advance our knowledge and understanding of the detected
oscillations and waves. First, measurements that include
velocitieswould help to distinguish better between different
possible wave modes. Another important step is to compute
MHD wave modes in simple models of fibrils, possibly
described as flux tubes embedded in a magnetized gas. Such a
study should not only lead to new insights into the physics of
these oscillations, but would also reveal the expected behavior
of different physical parameters, thus providing guidance for

Figure 7. Example of a clear anti-correlation between oscillations in
maximum intensity (blue line) and width (red line) of the sample SCF in
Figure 4,at the location marked by the white arrow in the lowest panel of that
figure. The error bars represent the standard deviations of the photon counts for
the intensityand the uncertainties of the Gaussian fitting to the cross-section of
the fibril for the width.
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future observations and their interpretation. Finally, an
investigation of the physical processes that drive this
oscillatory behavior of the SCFs would also be very useful.
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