A&A 674, A142 (2023)
https://doi.org/10.1051/0004-6361/202245373
© The Authors 2023

tronomy
Astrophysics

Five-minute oscillations of photospheric and chromospheric swirls

Jiajia Liu CiMEAE)23@, David Jess>*, Robert Erdélyi5’6’7, and Mihalis Mathioudakis?

Hefei 230026, PR China
e-mail: jiajialiu@ustc.edu.cn

Deep Space Exploration Laboratory/School of Earth and Space Sciences, University of Science and Technology of China,

2 Astrophysics Research Centre, School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 1NN, UK

and Technology of China, Hefei 230026, PR China

CA 91330, USA

CAS Key Laboratory of Geospace Environment, Department of Geophysics and Planetary Sciences, University of Science

Department of Physics and Astronomy, California State University Northridge, 18111 Nordhoft Street, Northridge,

3> Solar Physics and Space Plasma Research Centre (SP2RC), School of Mathematics and Statistics, University of Sheffield,

Hicks Building, Hounsfield Road, Sheffield S3 7RH, UK

Department of Astronomy, E6tvos Lordnd University, Pazmany P. sétany 1/A, Budapest 1117, Hungary

7 Gyula Bay Zoltdn Solar Observatory (GSO), Hungarian Solar Physics Foundation (HSPF), Petfi tér 3., Gyula 5700, Hungary

Received 4 November 2022 / Accepted 12 April 2023

ABSTRACT

Context. Swirls are ubiquitous in the solar atmosphere. They are thought to be related to the excitation of different modes of magne-
tohydrodynamic waves and pulses, as well as spicules. However, statistical studies of their collective behaviour are rare.

Aims. We aim to study the collective as well as the individual behaviour of photospheric and chromospheric swirls detected by the
automated swirl detection algorithm (ASDA) from observations obtained by the Swedish 1-m Solar Telescope and the Hinode satellite.
Methods. We performed a detailed analysis of six different parameters of photospheric and chromospheric swirls with the wavelet
analysis. Two clusters with periods with significant wavelet power, one from 3—8 min and the other from 10—14 min, were found.
The former coincides with the dominant period of the global p-mode spectrum. The wavelet and fast Fourier transform analysis of

example swirls also revealed similar periods.

Results. These results suggest that global p-modes might be important in triggering photospheric and thus chromospheric swirls.
A novel scenario of global p-modes providing energy and mass fluxes to the upper solar atmosphere via generating swirls, Alfvén

pulses, and spicules is then proposed.
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1. Introduction

Swirls are widely observed in different layers of the solar atmo-
sphere (e.g. Wang etal. 1995; Bonet et al. 2008, 2010; Attie et al.
2009; Balmacedaetal. 2010; Wedemeyer-Bohm & Rouppe
van derVoort 2009; Wedemeyer-Bohm et al. 2012; Suetal. 2014;
Kato & Wedemeyer 2017; Liuetal. 2019a,b; Shetyeetal.
2019). In addition to their ubiquity, they have been sug-
gested to be related to a number of different magnetohy-
drodynamic (MHD) processes from the photosphere to the
corona, including MHD waves and pulses (e.g. Carlsson et al.
2009; Fedunetal. 2011; Shelyagetal. 2013; Shukla 2013;
Mumford & Erdélyi 2015; Leonard etal. 2018; Murawski et al.
2018; Kohutova et al. 2020; Battaglia et al. 2021), spicules or jets
(e.g. Kitiashvilietal. 2012, 2013; Liuetal. 2019b; Oxley et al.
2020; Scalisietal. 2021a,b; Bateetal. 2022; Dey & Chatterjee
2022), and (magnetic) bright points or magnetic concentrations
(e.g. Balmacedaetal. 2010; Jessetal. 2010; Liuetal. 2019c;
Shetye etal. 2019; Murabito etal. 2020). Further observations
and numerical simulations suggest that swirls might be able to
channel enough energy from the lower to the upper solar atmo-
sphere (e.g. Wedemeyer-Bohm & Rouppe van der Voort 2009;
Liuetal. 2019b; Yadav et al. 2021; Battagliaet al. 2021).

Detailed studies of individual swirls or a small collec-
tion of swirls have shown intriguing and important proper-
ties. For example, Wedemeyer-Bohm & Rouppe van der Voort
(2009) analysed ten clear small-scale swirling candidates
observed in the chromosphere by the Swedish 1-m Solar Tele-
scope (SST; Scharmer et al. 2003) and found that these swirls
could be related to the so-called magnetic tornadoes channelling
energy into the solar corona. A series of investigations were
conducted to establish the properties of a persistent quiet-Sun
swirl whose lifetime exceeded 1.7 h (Tziotziou et al. 2018, 2019,
2020), including its associated waves and oscillations. How-
ever, owing to their ubiquity (>10° swirls in the photosphere at
any time; e.g. Liu et al. 2019a) and small scale (with an aver-
age radius of several hundred kilometres), statistical studies of
manually selected swirls have proven difficult and may intro-
duce undesired human bias. Several automated detection meth-
ods have recently been developed. Kato & Wedemeyer (2017)
presented two detection algorithms that are based on a line inte-
gral convolution (LIC) imaging technique. One technique uses
enhanced vorticity and the other the vorticity strength to iden-
tify swirls. Their methods were tested on a simulated chro-
mosphere generated by the CO’BOLD (Freytag et al. 2012)
numerical MHD code. Another method, recently proposed by
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Dakanalis et al. (2021), employs a series of processes including
image pre-processing, tracing of curved structures, segmenta-
tion, and clustering. The last two processes are widely used in
machine-learning techniques. This method was tested with syn-
thetic data and observations obtained by the SST and was fur-
ther suggested to be applicable for quasi-linear fibrillar structure
detections following some modifications.

Employing the velocity field information estimated from
successive images by Fourier local correlation tracking (FLCT;
Welsch et al. 2004; Fisher & Welsch 2008), Liu et al. (2019a)
developed an automated swirl detection algorithm (ASDA').
ASDA was applied to photospheric and chromospheric obser-
vations (Liu et al. 2019a,b) acquired by the Solar Optical Tele-
scope (SOT; Tsuneta et al. 2008) on board Hinode (Kosugi et al.
2007) and by the CRisp Imaging SpectroPolarimeter (CRISP;
Scharmer 2006) on the SST (Scharmer et al. 2003). A total num-
ber of more than 10° swirls were found in the photosphere at
any moment of time, with an average radius of ~300 km, a rotat-
ing speed of ~1 kms~!, and a lifetime of about 20 s. Correla-
tion analyses between photospheric and chromospheric swirls,
together with three-dimensional MHD numerical simulations,
suggested that ubiquitous Alfvén pulses might be excited by
photospheric swirls and travel to the chromosphere (Liu et al.
2019b). The co-existence of intensity swirls and magnetic swirls
(Liu et al. 2019¢) in the simulated photosphere generated by the
Bifrost code (Gudiksen et al. 2011; Carlsson et al. 2016) sug-
gested that the necessary condition for the generation of Alfvén
pulses in the solar atmosphere might be fulfilled. This scenario
was confirmed by the MHD numerical simulation using the
radiative MHD code CO’BOLD (Battaglia et al. 2021). Recent
advances in analytical and numerical simulations (Oxley et al.
2020; Scalisi et al. 2021a,b; Singh et al. 2022) suggest that these
Alfvén pulses might further drive mass motions upward, such as
spicules, that propagate in the upper solar atmosphere.

In addition to these recent advances in observations, numer-
ical simulations and theories of solar atmospheric swirls, we
are not aware of many works that have studied the collective
behaviours of swirls and their relation with global phenomena
of the Sun, such as the five-minute global acoustic oscillations
and the solar activity cycle. In this paper, we present evidence of
the five-minute oscillation of photospheric and chromospheric
swirls. This paper is organised as follows: Data and methods
are briefly introduced in Sect. 2 before we present our results
in Sect. 3 and draw the conclusions in Sect. 4.

2. Data and methods

Five sets of data are used in this study. The first three sets
of data consist of wide-band photospheric images at Fe I
630.25 nm, chromospheric images at the Ha line core with
a central wavelength of 656.3 nm, and chromospheric images
at the Ca II line core with a central wavelength of 854.2 nm
by SST/CRISP (Scharmer et al. 2003, 2008; Scharmer 2006)
between 08:07:22 UT and 09:05:44 UT on 21 June 2012. The
target was a quite-Sun region close to the disk centre (x, = -3,
y. = 70”) with a field of view (FOV) of 55” x 55”. The spatial
and temporal resolutions are 0.1 and 8.25 s, respectively. The
black and white background in Fig. 1a depicts an example of the
SST chromospheric images at the He line core.

The other two sets of data consist of blue continuum
(FG Blue) photospheric images with a central wavelength of
450.45 nm, and images at the Ca 11 H line with a central wave-
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length of 396.85 nm taken by Hinode/SOT (Kosugi et al. 2007;
Tsuneta et al. 2008) between 05:48:03 UT and 08:29:59 UT on
5 March 2007. Each of them contains 1515 images of a quiet-
Sun region close to the disk centre (x, = 5.3”, y, = 4.1"") with
a FOV of ~56” x 28”. The spatial and temporal resolutions are
0.1” and 6.42 s, respectively. Figure 1c depicts an example of the
SOT FG blue photospheric images. We note that the broadband
Ca 11 H observations by Hinode/SOT cover a wide range of alti-
tudes from the photosphere to the chromosphere (Rutten et al.
2004; Carlsson et al. 2007).

ASDA (Liu et al. 2019a) was applied to every two succes-
sive images in each data set. ASDA contains two essential steps
to perform the detection of swirls: (1) velocity field estimation
using FLCT (Welsch et al. 2004; Fisher & Welsch 2008), and
(2) vortex identification using two parameters (I'; and I';) pro-
posed by Graftieaux et al. (2001). For each point in the veloc-
ity field, 49 points around it are used to calculate I'; and I'; to
identify the centres and edges of swirls, respectively. A detailed
description of ASDA and how the parameters including location,
radius, rotating speed, expanding/shrinking speed, and lifetime
of swirls are extracted from the I'} and I'; values was given in
Liu et al. (2019a). In summary, I'; is used to identify swirl candi-
dates and the regions they cover, while I'; is used to quantify the
swirl strength. The red and blue curves in Figs. la,c are swirls
that were detected by ASDA from the example SST He chro-
mospheric observation and SOT FG blue photospheric obser-
vation, with clockwise rotations (red) and counter-clockwise
rotations (blue), respectively. Figures 1b,d show the distribu-
tions of the I'; values calculated from the example observations.
Figure 2 depicts examples of individual swirls detected using
ASDA from SST and Hinode/SOT observations. Rows 2-6 dis-
play zoomed-in views of the dashed orange boxes in the first
row. The panels in the second row show images and velocity
fields ~5 min before the example swirls, with curved stream-
lines at locations similar to where the swirls will form, indi-
cating their prerequisites. The third to the sixth rows are the
first, middle, and last frames of the example swirls, respectively.
Consistent with the statistical findings in Liu et al. (2019a,c),
these swirls are located at intergranular lanes (dark features in
the first, third, fourth, and fifth columns). The last row shows
the photospheric and chromospheric conditions ~5 min after the
example swirls.

To explore the relation between photospheric and chromo-
spheric swirls, bypassing a number of difficulties such as selec-
tion effects, the inclined magnetic field from the photosphere to
the chromosphere, and the irregular shape of swirls, Liu et al.
(2019b) proposed a new method for calculating the correlation
coefficient between photospheric and chromospheric swirls. To
quantify the collective behaviour of swirls in the same data set
(i.e. the same layer in the solar atmosphere), we have adapted
the above method, as follows:

— For the I'; maps of all images in a given layer, set all points
to be 0 except those greater (less) than 2/ (—2/x), which are set
tobe 1 (-1).

— Take the first I'; map from the above as the reference and
mark it as I';;. Define T as the sum of the absolute values of all
points in I7;.

— Take the second I'; map and mark it as [',. Define T, as
the sum of the absolute values of all points in I'.

— Multiply I';; and Iy, point by point to obtain the correla-
tion map C. Their correlation coefficient CC is then defined as
., O)/T, where T = max(T, T3).

— Repeat the above processes for the rest frames to obtain
their correlation coefficients with the first frame of the data set.
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Fig. 1. Examples of swirls detected in SST and Hinode observations. the black and white backgrounds in panels a and c are the SST He line core
chromospheric and SOT FG blue photospheric observations on 21 June 2012 and 5 March 2007, respectively. Red and blue contours are swirls
detected by ASDA (Liu et al. 2019a) with clockwise and counter-clockwise rotations, respectively. Panels b and d are the I', maps, corresponding
to observations in panels a and c. I, values are used to define edges of swirls (see e.g. Graftieaux et al. 2001; Liu et al. 2019a). Figure axes
represent physical distances across the surface of the Sun (in Mm), with the origin of the chosen domain placed at the centre of the observing FOV.

The definition of CC shows that it evaluates the similarity of
the swirl distribution between two frames. This process is shown
in Fig. 3.

3. Results
3.1. Overall parameters

Figure 4a depicts the distribution of CC for SST He line core
chromospheric swirls. The correlation between each frame and
the first frame drops quickly. The inset in panel a shows a
zoomed-in view of the region before the dashed green line. The
dashed blue line corresponds to a CC of 0.1 at ~25 s. This is
consistent with the average lifetime of photospheric and chro-
mospheric swirls found using a different method (~16-23 s,
Liu et al. 2019a,b), and it again confirms the short-lived char-
acteristics of these small-scale structures.

We employed a wavelet analysis (Torrence & Compo 1998)
to explore any potential periodicities in CC. To avoid the influ-
ence of the first few frames, which have a high correlation with
the first frame, all frames before the dashed green line in Fig. 4a
were omitted. Normally, an overall trend needs to be removed
from the original time series to remove the undesired periods
introduced by the long-term variation. This overall trend is usu-
ally generated as the rolling average with a certain window width
of the original time series. However, this needs very careful con-
sideration because false periods with values close to the window

width can be introduced and thus contaminate the wavelet power
spectrum.

Instead of subtracting the rolling average, we removed the
long-term trend of the time series by applying a high-pass fil-
ter to it that greatly weakens all signals with a period longer
than one-quarter of the length of the original time series. This
approach is preferred as it does not introduce any false peri-
ods. The processed time series was then used for the wavelet
analysis after subtracting its average value. Figure 4b shows the
processed CC. Its wavelet power spectrum is shown in Fig. 4c
with darker colours depicting stronger powers and black curves
depicting 95% confidence levels. Several periods from 2 min to
8 min are found.

These periods are more obvious in the global wavelet spec-
trum (Fig. 4d). Two significant peaks at 2.7 min and 5.5 min are
found above the 95% confidence level (dashed black curve in
Fig. 4d). Horizontal dotted lines are used to estimate the exten-
sion of each peak. For a given peak, its extension is defined by
the distance between the local minima or the local 95% con-
fidence levels (whichever is closer to the target peak) on either
side. The periods found by the wavelet analysis on the CC values
of swirls in the SST Ha line core observations were then deter-
mined as 2.7 + 1.5 min and 5.5 + 1.8 min. Similar approaches
using the wavelet analysis were applied to other properties of
SST He line core chromospheric switls, including the total num-
ber of swirls in each frame (N), their average intensity(f), aver-

age radius (R), average rotating speed (v;), and average absolute
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Fig. 2. Examples of individual swirls in SST and Hinode observations. The black and white backgrounds are the corresponding intensities at each

passband. Rows 2—6 are the zoom-in views of the orange boxes in the first row. Green arrows are velocity fields estimated using FLCT. The red
and blue curves are the edges of the example swirls with clockwise and counter-clockwise rotations, respectively (see main text for details).
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Fig. 3. Flowchart of how the correlation coefficient (CC) is calculated. /1, I, , and I,; are three frames of the intensity observations. Two ', maps
(I'y1 and I'yy) are generated from these three intensity observations employing ASDA (Liu et al. 2019a). They are further ternarised to contain only
values of —1, 0, and 1. These ternarised I'; maps are then used to calculate CC. For more information, see the text provided in Sect. 2.

expanding/shrinking speed (v.). Similar periods from 2 min to
13 min are found, which are shown as the fourth row in Table 1.
Any periods longer than one-quarter of the length of the time
series are crossed out in the table.

Figure 5a shows the variation in the average intensity of SST
Fe I wide-band photospheric swirls after the highpass filter was
applied and its average value was subtracted. Figures 5b,c are the
wavelet power spectrum and the global wavelet power, respec-
tively. Only one significant period at 6.7+ 1.1 min above the 95%
confidence level was found. The periods found from the time
series of other parameters of the SST photospheric swirls range
from 2 min to 13 min (second row in Table 1). The remainder of
Table 1 shows significant periods for the six parameters (CC, N,
I, R, v, , and 0,) of swirls detected in the SOT FG blue, SOT Ca It
H, and SST Ca 11 line core. Eighty-four significant periods were
found from all the 30 time series ranging from 1 min to 17 min,
with an average value of 6.9 + 4.4 min. Out of all 84 periods, 45
(~54%) are between 2 min to 9 min.

3.2. Periodicity of individual swirls

To examine whether these periodicities also exist in individual
swirls, we further applied the wavelet analysis and fast Fourier
transformation (FFT) to the I'; and I'; maps in small regions
centred on the example swirls shown in Fig. 2. To conduct the
FFT analysis, cogitating on the example swirl in the SOT Ca 11
H observations (Fig. 2e), a three-dimensional data cube (x, y, f)
18 x 18 pix? around the centre of the swirl was extracted from
its I', maps. 18 x 18 pix? is about twice of the average diameter
of swirls detected, and it was chosen to avoid mixing signals
of multiple swirls in the FOV. This data cube was then con-
verted from the space-time domain (x, y, f) into the wavenumber-
frequency domain (k, w) using FFT (similarly applied by e.g.
DeForest 2004; Liu et al. 2012; Jess et al. 2017). We deduce
from the definition of I, that it represents regions that are cov-
ered by swirl candidates, thus it indicates the appearance of
swirls. I';, instead of the originally observed intensity, was used
in the FFT analysis because the former is directly related to

swirls. As shown in Fig. 6a, several periods from ~3—8 min can
be identified as regions demonstrating high FFT power, where
the power is the square of the complex Fourier amplitudes.
Applying similar approaches to the example swirls in other pass-
bands reveals periods from ~3—16 min (Fig. 6), which are highly
consistent with periods found from their corresponding overall
parameters (Table 1).

The upper panel in Fig. 7 shows the variation in the aver-
age I', values in the area of 18 x 18 pix? around the cen-
tre of the SOT Ca 11 H example swirl (Fig. 2e), with the ver-
tical dashed line denoting the moment of the example swirl
in Fig. 2e4. Some periodicities can easily be pointed out by
visual inspection. These periodicities are further confirmed by
the wavelet analysis, which shows significant wavelet powers
above the 95% confidence level at around 3.4, 7.0, and 14.0 min.
The same approach applied to the average I'; values around the
SOT Ca 11 H example swirl reveals almost identical periods at
around 3.6, 7.0, and 14.0 min (first row, third column in Table 2).

Table 2 lists all periods we found from the wavelet analy-
sis of the average I'; and I'; values around the example swirls
in the five passbands. Similarly as the SOT Ca T H example
swirl, the periods found from the I'; values are almost identi-
cal to those from the I'; values, and most of these periods fall
within the range of 3 to 14 min. When both I'; and I'; indi-
cate the appearance of swirls, the above results suggest that in
addition to the collective behaviour of swirls, the occurrence of
individual swirls also exhibits periods from around 3 to 14 min.

3.3. Distribution of the periods

Figure 8 shows the distribution of periods we found in the
overall parameters of photospheric swirls (panel a) and chro-
mospheric swirls (panel b). Black dots denote the periods,
and circles denote their extensions. Swirls detected from the
SOT Ca1H observations were omitted from these two panels
(but are included in panel c), as they might consist of photo-
spheric and chromospheric swirls due to the complicated for-
mation heights of the SOT Ca1lH broadband filter. Except for
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Fig. 4. Variation in CC and its wavelet power spectrum. Panel a is the distribution of CC vs. time for the SST He line core chromospheric swirls.
See Sect. 2 for the definition of the CC. The inset in panel a is a zoomed-in view of the region before the dashed green line. The dashed blue line
corresponds to a CC of 0.1. Panel b shows the variation in CC after applying a highpass filter and subtracting its average value. Panel c is the
corresponding wavelet power spectrum with darker colours for higher powers. The solid black curves are the local 95% confidence levels. The
solid black curve in panel d is the global wavelet power. Purple text indicates peaks above the 95% confidence level (dashed black line). The dotted

black lines are used to determine the extension of each peak.

two periods longer than 15 min among the phototopheric periods
in the Hinode/SOT observations, there is no obvious difference
between photospheric and chromospheric periods. Their corre-
sponding average values are 7.1 + 4.4 min and 6.7 + 4.1 min.
Figure 8c shows the distribution of all photospheric and chromo-
spheric periods. It is shown again that most periods fall within
the range of 3 min to 8 min. Another range of 10 min to 14 min,
which is consistent with the second harmonics of the 3 min to
8 min periods, covers the second most periods. To further exam-
ine these findings, we employed a machine-learning method:
the k-means clustering (MacQueen 1967), which is one of the
simplest but most effective algorithms for clustering purposes.
It is worth noting that k-means clustering is an unsupervised

A142, page 6 of 11

machine-learning algorithm that does not need labels. It takes
a set of data as the input and automatically groups them into
different clusters, among which data points in each cluster have
similar properties (i.e. periods in this case).

The method relies on a given set of data containing n points
(x1,x2,...,x,) to be divided into & clusters (S{,S,,...,S%). The
target of the k-means clustering is to separate all data into k clus-
ters of equal variance while minimising the inertia defined as

> min(lx; = 1P, @)
=0

where y; are the centroids (average values) of each cluster. The
k-clustering method was applied to photospheric periods with a
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Table 1. Periods in units of minutes found from the wavelet analysis of the overall parameters of SOT and SST photospheric and chromospheric
swirls.

Passband CC N 1 R v Ve
SOT FG blue 10.0+2.7 0.6+0.1 2.4+0.5 2.6+0.8 3.0£0.4 3.0+0.8
16.8+8.1 5.8+0.3 3.6+0.3 8.4+1.4 72414 5.0+0.4
10.0+1.7 7.2+1.9 11.8+1.7 16.8+2.5 11.8+3.5

474436 47424

SST Fe 1 wideband 3.9+0.7 1.5+0.1 6.7x1.1 2.3+0.5 1.9+0.3 5.5+0.8

7.9+0.9 3.3+0.3 6.5+1.1 3.9+0.5 7.9+0.7
13.1+1.7 11.1+£2.5 13.3+1.5 13.1+£5.5
3714+39
SOT Cann H 2.6+0.6 0.6+0.1 5.0+1.6 1.6+0.5 1.8+0.6 1.6+0.3
5.0+0.9 4.2+0.7 9.8+0.8 3.6+0.4 5.0+0.9 3.0+0.2
14.2+3.6 7.2+0.9 14.2+0.8 6.0+1.1 10.0+1.4 5.0+0.9
14.2+0.9 10.0+0.8 10.0+1.1
16.8+1.1
SST Ha core 2.7+0.8 2.7+0.3 7.7+1.1 2.3+0.4 2.9+0.9 1.7+0.3
5.5+0.9 6.7+0.6 11.1+£0.3 55+1.3 13.1+1.7 3.3+0.6
10.9+1.2 9.3+0.8 6.5+0.8
13.1+1.0 13.3+1.4
SST Ca 1l core 1.7+0.3 5.5+0.3 4.7+0.8 1.3+0.2 1.5+0.4 7.7+1.3
3.9+04 11.1£3.3 2.3+0.2 6.5+0.4 13.1x1.6
11.1£2.2 13.1+2.2

Notes. CC is the correlation coefficient as defined in Sect. 2. For swirls detected in each observation frame, N represents the total number, 1 the
average intensity, R the average radius, v, the average rotating speed, and v, the average expanding/shrinking speed.
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Fig. 5. Variation in the average intensity of swirls and its wavelet spectrum. Panels a—c are similar to panels b—d in Fig. 4, but for the SST Fe 1
6302 wide-band photospheric swirls.

k value of 2. The number 2 was chosen because we expect two cation of the k-clustering method to the chromospheric periods
main period clusters as found above. Two distinct clusters (blue reveals a very similar result. The two clusters (green and pink
and orange circles in Fig. 8a) are indeed found, with average circles in Fig. 8b have average periods of 4.1 + 2.1 min and
periods of 4.6 + 2.3 min and 12.8 + 2.3 min, respectively. Appli- 11.9 + 1.3 min, respectively.
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Fig. 6. k — w diagrams generated from the I', maps in small regions centred on the example swirls in different SOT and SST observations. Numbers
denote the corresponding central periods of the patches with high FFT powers.

4. Conclusions and discussions found in the time series of the correlation coefficient (CC), the

We conducted a statistical study of oscillations related to photo- number of ?Wlﬂ_s per frame (N), th.e average Eltensuy (D), the
spheric and chromospheric swirls detected from five SST and ~ average radius (R), the average rotating speed (vr), and the aver-
SOT data sets using ASDA. Periods with significant wavelet —age expanding/shrinking speed (V) of swirls detected in all five
powers above their corresponding 95% confidence levels were data sets. These periods range from 1 min to 17 min, with an
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Fig. 7. Variation in the average I'; values in small regions centred on the SOT Ca II H example swirl and its wavelet spectrum. Panels a—c are
similar to panels b—d in Fig. 4, except that the vertical dashed line depicts the moment of the example swirl.

Table 2. Periods in units of minutes found from the wavelet analysis in small regions centred on SOT and SST example swirls.

Passband SOT FG blue SST Fe I wideband SOTCanH  SSTHacore SST Call core
I 10.0+3.0 3.7+0.6 3.6+0.6 2.7+0.7 1.9+0.3
20.0+2.5 7.7+1.6 7.0+1.4 9.1+2.0 3.3+04
282453 14.0+2.6 5.5+0.9
10.9+0.7
I, 3.6+0.6 6.5+2.2 34+1.1 2.7+0.6 1.9+0.3
12.0+3.1 7.0+0.6 6.3+1.8 2.7+0.4
20.0+1.8 14.0+£2.9 5.5+1.0
28257 10.9+1.4

average value of 6.9 + 4.4 min. Two period clusters were found
using the k-means clustering algorithm, one period from 3 min
to 8 min, and the other from 10 min to 14 min, with the latter
being approximately twice the former. More than half (~54%)
of these periods lie in or very close to the 3 min to 8 min range.
Similar periods were further discovered in the I'; and I', maps in
the areas centred on five example swirls in the five different SST
and SOT passbands using the FFT and wavelet analysis.

The exact relation between the 3—8 min and 10—14 min peri-
ods we found is unknown. Realistic numerical simulations might
be needed to establish their physical relations. We also note that
two periods shorter than 1 min are detected in the number of
swirls (), but not in other parameters (Table 1). Moreover, the
longest periods found in SOT observations are overall longer
than those in SST observations for the same parameters. It is
unclear whether these differences are physical or artificial. Fur-
ther studies are needed to investigate whether they arise because
the SOT observations we used cover a longer time span.

Nevertheless, these periods in swirls recall the well-known
3-8 min p-mode oscillations of the Sun (e.g. Bahng &
Schwarzschild 1962; Ulrich 1976; Zirker 1980), which are the
result of globally coherent acoustic waves with pressure as the
restoring force. Table 3 lists all significant periods from the
wavelet analysis of the average intensity across the whole FOV
of the SST and SOT observations. Most of the periods lie within
the 5-8 min range (and 11-12 min, which are twice that of
the five-minute oscillations), providing evidence that global p-
mode oscillations spanning the photosphere to the chromosphere
exist. These periodicities also agree well with those found in
the parameters of swirls detailed in this paper. Previously, oscil-
lations with periods of the p-mode were also observed in a
large variety of structures in the solar atmosphere from the pho-
tosphere to the corona, including but not limited to sunspots
(e.g. Cally et al. 2016), coronal loops (e.g. De Moortel 2006),
plumes (e.g. Liu et al. 2015), and spicules (e.g. De Pontieu et al.
2004).
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Fig. 8. Distributions of significant
periods. Panels a and b show the distri-
butions of periods determined from all
photospheric and chromospheric swirls.
The solid (dashed) black circles depict
SOT (SST) swirls. Different colours
denote different clusters identified by the
k-means clustering algorithm (see
Sect. 3). Panel ¢ shows the histogram of
all periods in all five data sets.

Table 3. Periods in units of minutes found from the wavelet analysis of the average intensity throughout the entire FOV of different SOT and SST

observations.
Passband SOT FG blue  SST Fe 1 wideband SOT Can H SST Ha core  SST Ca 1I core
Periods 50+0.8 55+3.1 5014 65+1.5 4714
8.4 +2.7 11.8+1.4 11.1+2.2
282+7.4

Our results suggest that the global p-mode oscillations
modulate not only the occurrence manifested by periods in
CC and N (and periods in the investigated example swirls),
but also the properties of photospheric swirls. Chromospheric
swirls have also been found to possess almost identical peri-
ods. We note that employing simultaneous photospheric and
chromospheric observations and 3D numerical simulations,
Liuetal. (2019b) found that photospheric swirls could trig-
ger Alfvén pulses that propagate upward into the chromo-
sphere and lead to the observed chromospheric swirls. This
suggests that the global p-modes could play a very impor-
tant role in generating photospheric swirls and thus Alfvén
pulses, chromospheric swirls, and spicules, recalling that many
studies have found that spicules could be driven by rota-
tional motions at their footpoints (Oxley et al. 2020; Scalisi et al.
2021a,b; Battagliaetal. 2021). Because most photospheric
swirls appear to be located at intergranular lanes (e.g. Wang et al.
1995; Bonetetal. 2008; Liuetal. 2019a), we suggest that
they might be formed as a result of horizontal velocity flows
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(e.g. Murawski et al. 2018) that are modulated by the global
p-modes. However, the exact physical processes of how pho-
tospheric swirls are formed due to global p-modes and how
the vertical oscillations in the p-modes are converted into the
horizontal rotations in swirls are still unclear. This may be
answered by investigating realistic 3D numerical simulations
similar to those in Liu et al. (2019c¢), where photospheric swirls
were detected in the simulated photosphere undergoing p-mode
oscillations.

If this scenario were proven, a new way for the global
p-mode oscillation to channel both energy (via triggering Alfvén
pulses) and material (via triggering spicules) into the upper solar
atmosphere would be established. Here, the p-mode oscillations
themselves do not need to leak into the upper solar atmosphere in
inclined magnetic field lines to trigger spicules, as suggested by
De Pontieu et al. (2004). Instead, they can also transport energy
and mass into the upper atmosphere in less inclined magnetic
lines via photospheric swirls.
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