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ABSTRACT

It is well known that the dominant frequency of oscillations in the solar photosphere is ≈3 mHz, which is the result of global res-
onant modes pertaining to the whole stellar structure. However, analyses of the horizontal motions of nearly 1 million photospheric
magnetic elements spanning the entirety of solar cycle 24 have revealed an unexpected dominant frequency, ≈5 mHz, a frequency
typically synonymous with the chromosphere. Given the distinctly different physical properties of the magnetic elements examined
in our statistical sample, when compared to largely quiescent solar plasma where ≈3 mHz frequencies are omnipresent, we argue that
the dominant ≈5 mHz frequency is not caused by the buffeting of magnetic elements, but instead is due to the nature of the underlying
oscillatory driver itself. This novel result was obtained by exploiting the unmatched spatial and temporal coverage of magnetograms
acquired by the Helioseismic and Magnetic Imager (HMI) on board NASA’s Solar Dynamics Observatory (SDO). Our findings pro-
vide a timely avenue for future exploration of the magnetic connectivity between sub-photospheric, photospheric, and chromospheric
layers of the Sun’s dynamic atmosphere.
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1. Introduction

It is widely acknowledged that magnetic concentrations are
present across the entire surface of the Sun and can reach di-
mensions down to the spatial limit of current high-resolution ob-
servatories (Lagg et al. 2010; Rutten 2020). These small-scale
magnetic structures are anchored in the photosphere and perme-
ate upwards through the different layers of the solar atmosphere
(Stenflo 1989). Consequently, they are considered key elements
in the energetic balance of the Sun’s atmosphere.

Given the photospheric plasma-β, small-scale magnetic el-
ements are frozen into the turbulent photospheric plasma and
are dominated by the gas pressure, and are hence subjected to a
diffusion process bound to the plasma flows. Numerous works
have studied the horizontal motions of bright points in the pho-
tosphere, describing their diffusive dynamics (Hagenaar et al.
1999; Nisenson et al. 2003; Abramenko et al. 2011; Chitta et al.
2012). Giannattasio et al. (2013) show the displacement spec-
trum of more than 20 000 magnetic elements in the photosphere
and report a super-diffusive process with a coefficient that de-
pends on the scale of the elements considered. Moreover, Ja-
farzadeh et al. (2014) studied the migration of small-scale mag-
netic features in the photosphere (diameters of around 0 .′′2) and

interpreted the super-diffusive process as the resulting superpo-
sition of turbulent granular evolution and more steady flows on
meso-granular and super-granular scales. Therefore, these mag-
netic structures can be considered an excellent proxy of the
driving mechanisms within the photosphere, whose kinematics
depend on the plasma environment they are embedded in (Ja-
farzadeh et al. 2017a).

These magnetic fields are brought to the surface by con-
vective upflows. Subsequently, they are passively advected to-
wards the boundaries of granular cells (Stenflo 1973; Jess et al.
2010; Riethmüller et al. 2014; Borrero et al. 2017). Within
the intergranular lanes, small-scale magnetic structures are con-
tinuously swayed by the movements of neighbouring granules
(Steiner et al. 1998; Hasan et al. 2000), leading to horizontal
displacements regarded as the combination of coherent oscilla-
tions and random walk (Roberts 2019). Furthermore, the mag-
netic structures are subjected to repeated ‘kicks’ from changes
in the nearby granulation pattern (i.e. either emerging or merg-
ing or exploding granules). This can lead to a number of wave
modes excited within the magnetic structure (Edwin & Roberts
1982; Edwin & Roberts 1983). These oscillations can propagate
through the outer layers of the solar atmosphere, acting as probes
that reveal local plasma conditions and helping to answer long-
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Fig. 1. Analysis of the horizontal velocity oscillations of the magnetic structures considered. (a) Sample full-disk magnetogram obtained by
SDO/HMI. (b) Field of view considered in this analysis. Both magnetograms are saturated between -100 G and 100 G. The boundaries of elements
detected by the feature-tracking algorithm for positive and negative polarities are contoured using blue and red lines, respectively. (c) Statistical
distribution of the dominant frequency within each observational window. The displayed frequency range is constrained between 3.5 and 6.5 mHz.
No significant values are observed outside this range. (d) Results of the time-frequency analysis of the elements’ horizontal velocities (vh). The
dotted brown line highlights the dominant frequency during each month. The blue line represents the observed radio flux, a common physical
proxy used to track the solar activity cycle. (e) Statistical distribution of the number of magnetic structures detected and tracked during the solar
activity cycle. The red line represents the average equivalent diameter of the observed magnetic concentrations during each month (< 2R >m).

debated questions in solar physics regarding, for example, coro-
nal heating (Goossens et al. 2013; Van Doorsselaere et al. 2014,
2020) and solar wind acceleration (De Pontieu et al. 2007).

Considering the nature of the photospheric driver, we expect
these periodic oscillations to show frequencies compatible with
those usually observed in the photosphere (see e.g. the recent re-
views by Jess et al. 2015, 2023). The photosphere is known to
be dominated by either acoustic oscillations at ≈3 mHz, which
are the result of global p-modes (i.e. the global resonant mode
of the whole stellar structure) or the lifetime of granulation at
1.6 − 2.0 mHz (Del Moro 2004; Centeno et al. 2007). In this
regard, Stangalini et al. (2014) studied the horizontal oscilla-
tions of 22 small-scale magnetic elements in the photosphere
using empirical mode decomposition techniques to account for
the non-stationary traits of the time series. In their analysis, they
show observational evidence of kink waves in the magnetic el-
ements, which were excited by the continuous buffeting of the
granules with a dominant period compatible with the lifetime of
granulation.

The Helioseismic and Magnetic Imager (HMI; Schou et al.
2012), the magnetograph on board NASA’s Solar Dynamics Ob-
servatory (SDO; Pesnell et al. 2012), has been providing contin-
uous observations of magnetic concentrations in the photosphere
for more than 10 years. In this work, we exploit the availability
of stable and seeing-free HMI data to provide the most compre-
hensive statistical analysis to date of the coherent (i.e. periodic)
oscillations in the horizontal velocity of small-scale magnetic el-
ements in the lower solar atmosphere. This resulted in more than
30 million magnetic elements detected and tracked during the
whole operational lifetime of the instrument.

2. Dataset and analysis

We analysed magnetograms acquired with SDO/HMI in the
Fe i 617.3 nm absorption line, with a cadence of 45 seconds,
in observational windows of 40 minutes each, every three days
from January 1, 2011, to November 29, 2021. This dataset con-
sists of around 11 years of observations of the line-of-sight com-
ponent of the photospheric magnetic fields spanning the full so-
lar cycle 24 over a 400 × 400 arcsec2 patch located at the centre
of the solar disk (see Fig. 1). The sequences of magnetograms
taken during each observational window are co-aligned in order
to account for the solar rotation (i.e. the field of view is fixed, and
the different frames are co-registered to each other). The South-
west Automatic Magnetic Identification Suite (SWAMIS; De-
Forest et al. 2007) feature-tracking algorithm was then executed
on the aligned magnetograms.

SWAMIS works by comparing pixels in a given image with
two thresholds, a higher one to detect the coarse positions and
borders of magnetic concentrations, and a lower one for finer
adjustments of the detected borders. Specifically, pixels in an im-
age are compared to a high threshold and marked. Subsequently,
all pixels neighbouring the marked ones are compared to the
lower threshold. The neighbourhood is defined as a 3×3×3 cube
in both space and time. Thus, the detected clusters are dilated
until they no longer exceed the lower threshold. This approach
ensures hysteresis in both space and time, further boosting con-
fidence in the detected elements. The higher threshold was set to
6σ above the noise, and the lower one to 2σ. The value of σ was
inferred by averaging the root-mean-square of a quiet-Sun patch
in the magnetograms over each temporal window and was found
to equal ≈7 G. This overestimates the actual polarimetric noise
that would be obtained through continuum measurements, pos-
sibly leading to a number of undetected magnetic elements that
can be considered unimportant thanks to the already exceptional
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size of the dataset. Moreover, despite the lower threshold corre-
sponding to the 95% confidence level, the constraints imposed
on the detection algorithm regarding the minimum size and life-
time of the elements (e.g. no fewer than four pixels based on
the full width at half maximum of the instrument and no fewer
than four consecutive time steps) guarantee an actual confidence
level much higher than 95%. In this work, we are interested in
the instantaneous horizontal velocities of the detected elements,
which were obtained through the first-order derivative of the po-
sitions of the barycentres of the detected structures over time.
Barycentres are found by averaging the coordinate of each pixel
belonging to a feature in a magnetogram, weighted by their in-
tensity; this results in sub-pixel accuracy.

In panel A of Fig.1 we show a sample full-disk magnetogram
as captured by HMI. In panel B we show a sample of the field
of view considered in this work and the results of the tracking
algorithm.

3. Results

To achieve sufficient frequency resolution for our analysis, we
limited our dataset to only elements that survived for more than
30 consecutive time steps (i.e. more than 22 minutes), result-
ing in just below 1 million magnetic elements considered for
the spectral analysis (precisely 851 912, i.e. an order of mag-
nitude less than the total number of detected structures). Fur-
thermore, to obtain reliable power spectral densities from fast
Fourier transform analysis, the signals required a number of pre-
processing steps (see Jess et al. 2023). First, we removed any
linear background trends that could be present in the time se-
ries by subtracting the result of a linear least-squares fit (de-
trending). To avoid issues caused by the truncation of the series,
we applied a Tukey window function with α = 0.5 (apodising)
and zero-padded the time series to 128 to set their lengths to a
power of two (to increase computational performance) and in-
crease the display resolution. Finally, we computed the associ-
ated fast Fourier transforms.
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Fig. 2. Three periodograms depicting the normalised power spectral
density of the x component of the horizontal velocity (vh,x) of the mag-
netic tubes (solid black line) randomly picked from the dataset. The
dashed red lines are the percentage probabilities computed over 1500
randomised variations of the input vh,x.

To determine the confidence level shown in Fig. 2, we fol-
lowed the procedure highlighted in Jess et al. (2023). We ob-
tained the probability, psig, that the observed oscillatory phe-
nomenon is significant by comparing the periodogram of the
input time series with 1500 periodograms of randomised series

based on the original signal. psig = 99% corresponds to a con-
fidence level of 95% (Linnell Nemec & Nemec 1985; Banerjee
et al. 2001). While this process can be helpful to showcase the
reliability of the power spectra in a few samples, it is practically
impossible to apply it to all the elements in the dataset given
its size. Moreover, this method is used here for illustrative pur-
poses. Given the substantial size of our dataset, a more appropri-
ate approach would be to compute the confidence level using the
standard deviation and the sample size.

In panel D of Fig. 1 we show the time-frequency diagram
of the horizontal velocity oscillation. Inspired by the B-ω dia-
gram introduced in Stangalini et al. (2021), it shows the average
spectral density of the observed features over each month. It has
been adapted to consider multiple small-scale magnetic elements
rather than single pixels of a magnetic pore or sunspot. Panel D
of Fig. 1 reveals a frequency band with dominant power centred
between 2 and 6 mHz. Furthermore, it shows a clear correlation
between the width and power of the frequency band and the solar
activity cycle. In panel E of Fig. 1 we show the number of mag-
netic structures detected over time. Interestingly, during periods
of minimum solar activity, the number of small-scale magnetic
elements detected remains constant. Conversely, the monthly av-
eraged equivalent diameter (red line in panel E of Fig. 1) shows a
slight trend towards higher concentrations during the solar max-
imum, likely linked to the global enhancement of all magnetic
activity.

We then consolidated the normalised power spectral densi-
ties into a single, averaged spectral power distribution that in-
corporated every observational window. The aim of the consoli-
dation process was to simplify the analysis and allow for a statis-
tical study of significant common trends found in such an excep-
tionally large dataset. Moreover, normalising the spectra prior
to averaging them together is necessary as we are mainly con-
cerned with the position of the frequency peak and its relative
amplitude, rather than its absolute power. Otherwise, elements
with much stronger spectral amplitudes would bias the actual
position of the peak in the ensemble.

In panel C of Fig. 1, we show the histogram of the dominant
frequency of the horizontal velocities (vh) in each observational
window (i.e. the frequency peak with the highest power in the
periodograms). There is a clear peak centred at ≈5 mHz (3 min-
utes). This is an unexpected result as 3-minute periodicities are
not commonly observed elsewhere at photospheric heights and
are far more frequently observed in the chromosphere. Except
for a few outliers, the majority of elements have a lifetime ex-
ceeding 25 minutes. This allows us to confidently assert the ro-
bustness of the identified 3-minute periodicity since, on average,
each time series spans more than eight cycles, thus providing a
solid basis for the observed oscillations.

To verify the consistency of the methods used in this work
and the genuineness of our results, we carried out an alternative
analysis using the wavelet transform instead of the Fourier trans-
form (see Appendix B). The same results are obtained.

4. Discussions

The broad band shown in the time-frequency diagram in the top
panel of Fig. 1 highlights the presence of a unique series of peaks
in the power spectra of the horizontal velocity perturbations of
each element. Given the high plasma-β of the surrounding pho-
tosphere, the magnetic elements can therefore be considered pas-
sive tracers of the plasma flows. For this reason, we argue that
the main peak at 5 mHz as well as these additional frequencies
are inherent to the photospheric driver. This is consistent with
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prior findings by van Ballegooijen et al. (1998), Morton et al.
(2013), Stangalini et al. (2013), Jafarzadeh et al. (2017b), Jess
et al. (2017), Keys et al. (2019), Jess et al. (2020), Stangalini
et al. (2021), and Grant et al. (2022), to name but a few examples
of studies of photospheric dynamics driving wave and oscillatory
motions in the lower solar atmosphere.

Conversely, the distribution of the dominant frequency in
each observational window shows a narrow peak at 5 mHz.
Understanding the nature of the observed 5 mHz frequency is
a challenging task. This frequency is not in agreement with
two typical timescales in the photosphere, namely the global
p-modes (i.e. 3 mHz) and the typical lifetime of granules (i.e.
1.6−2 mHz). However, since the 5 mHz oscillation is found in a
sample of different magnetic elements (in terms of size and flux),
we argue that this can be the result of a global process (i.e. one
not linked to the local environmental conditions of the plasma).
It is worth noting that the amplitude of these oscillations is also
modulated with the solar activity cycle, which further supports
our argument. We also note that the absence of a frequency mod-
ulation with the solar cycle is not in agreement with a possible
variation of the granular scales (Muller et al. 2007), and therefore
we speculate that this could be linked to a sub-surface driving
process whose amplitude changes with the solar dynamo. Inter-
estingly, given the amplitude of the horizontal velocity oscilla-
tions as inferred by the tracking, the observed 5 mHz frequency
is compatible with the crossing time of intergranular lanes. How-
ever, one possible limitation of this interpretation is revealed by
the dimensions of the flux tubes: Most of them have dimensions
of the order of a thousand kilometres, as shown in Appendix A,
which is compatible with the dimensions of granules. It remains
unclear how to reconcile the compatibility between the crossing
time of intergranular lanes and the dimensions of these elements.
Finally, it is worth noting that the same analysis was carried out
by filtering out frequencies lower than 2 mHz, which are most
likely linked to slow evolution rather than waves, and the same
results are obtained.

Despite the novelty of our results, it is important to note that
they are consistent with previous literature. It has been demon-
strated that a power law behaviour with a frequency peak is pos-
sible (see Tomczyk & McIntosh 2009). However, many earlier
studies did not observe the 5 mHz peak. We believe that this dis-
crepancy could be due to the limited number of elements con-
sidered and their shorter average lifetimes when compared to
those in our dataset, or because previous similar analyses did
not specifically look for this peak (e.g. potentially excluding it
by selecting only subsonic contributions).

5. Conclusions

In this work we have studied the horizontal perturbations of
nearly 1 million small-scale magnetic elements as observed in
magnetogram sequences taken by HMI/SDO in the Fe i 617.3 nm
absorption line. The elements were detected and tracked using
the SWAMIS suite in a 400 × 400 arcsec2 region located at disk
centre in the photosphere and spanning a full solar cycle. We
show a high power frequency band centred at 5 mHz that is
shared across the vast majority of the elements in the dataset
and is stable throughout the whole solar cycle. This is an unex-
pected result, as frequencies usually observed in the photosphere
are more commonly associated with either p-modes or the lifes-
pan of granulation. However, this novel photospheric frequency
has no immediate correspondence with typical timescales in the
photosphere.

On the other hand, a 5mHz dominant frequency is more
commonly found in the chromosphere. Therefore, our next goal
would be to investigate the magnetic link between the photo-
sphere and the chromosphere, as well as determine the origin of
such a frequency at photospheric heights.
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Appendix A: Statistical characterisation of the
dataset

In this section we provide the statistical characterisation of the
elements considered in this work. As previously mentioned, we
limited our analysis to 40-minute observational windows once
every 3 days. We only considered elements with a lifetime of
over 30 time steps (≈ 22 minutes). The first panel in Fig. A.1
shows the statistical distribution of the average equivalent di-
ameter of the elements considered in this work. The equivalent
diameter was obtained by considering the magnetic structures to
be perfectly round, thus exploiting the area in pixels as inferred
by the tracking algorithm to compute the diameter. The distri-
bution of |B| (G) is shown in the middle panel of Fig.A.1. It is
worth noting that these distributions should only be considered
representative of the magnetic concentrations considered in this
work. Finally, the last panel shows the statistical distribution of
the lifetime of the magnetic structures considered in this work.

Fig. A.1. Physical properties of the considered magnetic structures. Top:
Statistical distribution of the average equivalent diameter of the mag-
netic features detected in each temporal window. Middle: Statistical dis-
tribution of the average magnetic field of the elements in each temporal
window, as inferred by the tracking. Bottom: Statistical distribution of
the lifetime of the considered structures in this work.

Appendix B: Wavelet analysis

In this section we present the results of the wavelet analysis
of the nearly 1 million small-scale magnetic elements included
in our dataset. The procedure followed to carry out the global
wavelet spectra of the time series is extensively described in
Torrence & Compo (1998). The pre-processing steps applied to
each time series include subtracting the mean and normalising
by standard deviation, as suggested in the aforementioned paper.
This normalisation is essential to allow the comparison between
the wavelet transforms at different scales.

For each element in the dataset, we estimated the global
wavelet spectrum of their horizontal velocity. In Fig. B.1 we
provide an example of the global wavelet spectrum of the con-
sidered magnetic structures in this work.
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Fig. B.1. Randomly picked global wavelet spectrum. The dotted red
curve represents the confidence level of 95%. The dashed black line
highlights the 3-minute period.

In Fig. B.2 we show the statistical distribution of the dom-
inant period obtained by considering only the peaks with the
highest power if it exceeded the 95% confidence level. The con-
fidence levels were estimated assuming red noise as the mean
background spectrum. Additionally, the lag1 autocorrelation co-
efficient was computed for each time series.
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Fig. B.2. Statistical distribution of the highest peak over the 95% sig-
nificance level in each global wavelet spectrum.
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