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Abstract. The SDO/HMI data with an angular
resolution of 1 arcsec have been used to explore the
differential rotation on the Sun, using an original p2p
effect on the basis of the movement of small-scale
magnetic structures in the photosphere of the Sun. It is
shown that a stable p2p artifact inherent in the
SDO/HMI data can be an effective tool for measuring
the speed of various tracers on the Sun. In particular, in
combination with the Fourier analysis, it allows us to

investigate the differential rotation of the Sun at various
latitudes. The differential rotation curve obtained from
the SDO/HMI magnetograms by this method is in good
agreement with the curves obtained earlier from ground-
based observations.

Keywords: solar physics, small-scale magnetic
structures, differential rotation of the Sun.

INTRODUCTION

The study of quasi-periodic oscillations of different
structures on the Sun in active regions and outside them
plays a key role in studying physical parameters of the
solar atmosphere [Foullon et al, 2009; Yuan et al.,
2011]. Solar oscillations with a period from 3 to 10 min
are well known. They can be interpreted as propagation
of MHD waves along magnetic tubes in active solar
formations [Thomas et al., 1984; Chelpanov et al., 2015,
2016]. In addition, oscillations with periods from 20-40
min to tens of hours have been found in the power
spectra of solar magnetic elements: sunspots, filaments,
and faculae [Efremov et al., 2010; Solov'ev, Kirichek,
2014; Smirnova et al., 2013; Kolotkov et al., 2017].

Regular periodic processes observed on the Sun give
us a reliable time standard. Regular processes are not
only harmonic oscillations, but also any process in
which the spectrum of the fundamental mode is well-
defined and stable. One of such processes, which is
called the p2p effect, occurs in all observations, when
discrete detectors such as CCD are employed. In
particular, this effect manifests itself in SDO/HMI data
(SDO - Solar Dynamics Observatory, HMI — Helio-
seismic and Magnetic Imager) [Scherrer et al., 2012].

This is a parasitic effect, i.e. an artifact, but it is
stable, and therefore we can use this artifact as an
effective tool to study various time processes on the
Sun. We exploit the p2p artifact as a method for
determining the speed of tracers on the solar surface.

1. THE P2P ARTEFACT

The p2p artifact manifests itself as follows: an
extreme reading (intensity, magnetic field, etc.)

gradually moves from one pixel to the adjacent one and
for a time is projected on the boundary between two
pixels. In the pixel, in which a maximum intensity has
recently been detected, a minimum intensity is recorded.
Information is, however, still being read from this pixel
and provides a local minimum at the signal level. Then,
the extreme reading proceeds to the next pixel, and the
maximum value is restored. The regular transition of the
extremal point of a distributed object from one pixel of
a discrete matrix to another yields a false periodicity in
the signal. This effect is called p2p (pixel-to-pixel)
[Efremov et al., 2010, 2018]. It is obvious that in
continuous receivers (e.g., photographic planes) such an
artifact cannot appear.

The p2p effect is described in more detail by
Efremov et al. [2018]. The size of the area with the
extreme reading of the magnetic field is generally
comparable to or smaller than the size of a pixel. In
Figure 1, the top panel shows a typical time series
obtained for the magnetic field strength. The bottom
panel presents the time series of the horizontal
coordinate of the point with an extreme magnetic field
value on the matrix.

The bottom panel of Figure 1 (see also Figure 2)
clearly shows a stepwise structure. The extreme value
seems not to shift along the matrix (in fact, this point
moves, but its movement is invisible due to the finite
size of the pixel of the matrix). Then there is an abrupt
transition of the extreme value to the next pixel. It is
significant that the width of the step corresponds to a
period of the p2p artifact. Figure 2 presents larger
(smaller) fragments of the time series from Figure 1 for
better visualization of the p2p effect. We can see that
the mean period of time variations in the magnetic field
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Figure 1. Time extreme magnetic field value (top panel) and time series of the x coordinate of this point (bottom panel). The
vertical line separates the fragment shown in a larger size in Figure 2
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Figure 2. Fragments of time series of extreme magnetic field values (top panel) and x coordinate of this point (bottom panel)

(top panel in Figure 2) corresponds to the mean width of
the steps (bottom panel in Figure 2).

Of course, the p2p effect can be observed not only
for the horizontal coordinate. It manifests itself in both
the coordinates as shown in Figure 3. The horizontal
direction of the SDO/HMI matrix corresponds to the
latitude; the vertical one, to the longitude.

Referring to Figure 3, the velocity of travel of the

p2p artifact along the vertical coordinate (meridional
component) is 1.5 pixel per hour. For the horizontal
component (when an object is moving along a circle of
latitude), its velocity is about 20 pixels per hour. Thus,
the velocity of travel of the p2p artifact along the
meridian (for a given longitude) is much lower than that
along a given latitude. We therefore use only the
horizontal component of the p2p artifact in this paper.
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Figure 3. Both directions of the p2p effect: the top panel is the longitudinal component; the bottom panel is the latitudinal

component

2. PERIOD OF THE P2P ARTIFACT
AND A CURVE OF THE DIFFERENTIAL
ROTATION OF THE SUN

2.1. Observational data

In this work, we have used SDO/HMI data with a
spatial resolution of 1". This allows us to deal with
small-scale (an angular size from 5 to 10") magnetic
structures (Figure 4). We chose small-scale magnetic
structures such that the magnetic field in them was

within 200-1000 G. These structures were used as
markers in constructing a curve of the differential
rotation of the Sun. We utilized two time series obtained
from SDO/HMI data for June 27, 2015 at the following
intervals:

e 14:00:00-16:00:00 UT;

e 10:00:00-12:00:00 UT.

In addition, we used three unit large stable sunspots:

Figure 4. Fragment of an SDO/HMI magnetogram with small-scale magnetic structures (marked with red circles)
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e June 26, 2013, 05:12:00-07:12:00 UT, NOAA
11777,

e January 18,
NOAA 11658;

e August 05, 2013, 21:48:00-23:48:00 UT, NOAA
11809.

All the SDO/HMI data were taken with a time
resolution of 45 s because the period of the p2p artifact
is 3—7 min. Thus, the time cadence of 45 s enables us to
reliably identify the p2p artifact. Note that, along with
the temporal resolution of 45 s, there are other time
cadences (12 min and 1 hr), but with them the p2p
artifact cannot be identified because its period becomes
smaller than the sampling increment of the time series.

The accuracy of measurements of the magnetic field
strength for HMI/SDO is 10 G. At the same time, the
variance of magnetic field variations in Figures 1, 2 is
less than 10 G. As mentioned above, the p2p-artifact-
induced magnetic field variations under study are not in
fact a change in the magnetic field structure, but are
associated with discreteness of a receiver (for
SDO/HMI data, CCD matrix). Thus, although the
accuracy in measurements of the magnetic field strength
and the variance of the magnetic field variations are
similar, the stable behavior of the p2p artifact period
allows us to separate it from noise waves. There were,
however, cases when the width of a step was unstable
and varied during observation. In these cases, the noise
component deadened the p2p artifact. We ignore such
unstable objects in our study. The main criterion for
selecting the small-scale structures in this paper is
exactly the stability of the width of the steps observed in
the time series of the x coordinate of the extreme point
(bottom panels in Figures 1, 2).

Note that in both the time intervals used in this work
we include only various small-scale magnetic structures,
i.e. we do not use twice the objects that fall into the
areas of interest during the specified time intervals.

2013, 14:36:00-16:36:00 UT,

2.2. Construction of time series for points of
extreme magnetic field values

To construct time series of points of extreme values,
in the solar disk we selected a region located near the
central meridian (10°-15° from the central meridian)
and near the apparent equator (an off-set distance of 60°
at most). This region on the matrix was divided into
strips of 20 pixels wide. In each of these strips, we
chose the most stable and strong small-scale magnetic
structure. For all strips obtained for the magnetograms
considered, we constructed time series of the extreme
magnetic field values and vertical and horizontal
coordinates of a point with an extreme value on the
matrix. The coordinates were used as a marker for
stability of the position of the selected small-scale
structure. At a stable position of the magnetic structure,
jumps of the vertical coordinate of the extreme point
during observations should not exceed 1-2 pixels. The
horizontal coordinate clearly reflects the stepwise
structure. For all the objects of interest, we selected time

intervals, where they were stable. In some cases,
however, the magnetic elements were unstable, i.e.
variations of the extreme point coordinates exceeded 5-
10 or more pixels.

There may be different causes of this instability:
dissipation of a small-scale magnetic structure,
emergence of a new magnetic flux in the selected
region, etc. We omitted such magnetic structures from
consideration.

Eventually we selected and used 120 different stable
small-scale magnetic structures, for which lengths of
time series ranged from 1 to 2 hrs.

2.3. The p2p period and other periods in the
range from 3-5 to 30-40 min

For each selected small-scale magnetic structure, we
found typical periods of the p2p artifact from the time
series of the x coordinate by averaging widths of steps.
This averaging is necessary because, despite the stable
nature of the magnetic element, small changes in the
position of the extreme point of the magnetic field
structure were still observed due to processes occurring
in the environment such as, in particular, the convective
motion of granulation. In the time series of the x
coordinate, these small fluctuations will cause a change
in the width of steps (lengthening or shortening).

The next stage was to obtain all the observed periods
of magnetic field fluctuations contained in the observed
time series of the extreme magnetic field values. To
these time series we applied the fifth-order Morlet
wavelet and the Fourier transform. Figure 5 shows a
typical wavelet spectrum and Figure 6 depicts a Fourier
spectrum for the magnetic structure situated at the 9.3°
latitude. As shown in Figure 5, c, the shorter period of
12.4 min revealed by the wavelet analysis is below the
significance level, whereas the longer period of 49.6
min is above the significance level. Figure 6 presents
the following periods: 3.4, 4.1, 4.8, 6, 8.6, and 20 min.

It can be seen (Figures 5, 6) that the Fourier
spectrum has a better frequency resolution than the
wavelet spectrum.

Since, using the wavelet transform we cannot
distinguish between periods of the p2p artifact and 3-10
min oscillations generated by MHD-wave propagation
along magnetic field lines, we employed the Fourier
method to identify all periods for each of the objects of
interest.

The identified periods can be divided into three
groups: 1) periods of the p2p artifact (2-8 min); 2)
periods caused by MHD-wave propagation (3—10 min);
3) periods of low-frequency oscillations (10-40 min),
the physical nature of which can be explained both as
the influence of granulation [Thomas et al., 1984] and
as the manifestation of eigenoscillations of magnetic
structures as whole objects [Efremov et al., 2010, 2018;
Smirnova et al., 2013; Solov'ev, Kirichek, 2014].

The SDO/HMI data have a spatial resolution of 1", and
the resolution of the CCD matrix is 4096x4096 pixels.
This gives us periods of the p2p artifact from 2 to 8 min,
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Figure 6. Fourier spectrum of the time series of the
extreme magnetic field values in the small-scale magnetic
structure situated at the 9.3° latitude. On the X-axis is the
number of frames and to find the period, this value should be
multiplied by 0.75

which falls within the range of known 3-5 min
oscillations [Thomas et al., 1984]. The periods of both
the types reveal themselves in magnetic field variations
of the structures under study. There arises a problem of
how to distinguish between these two closely related
types of oscillations. Fortunately, this problem can be
solved. The fact of the matter is that the time series of
the x coordinate, in contrast to those of the magnetic
field, do not contain 3-10 min periods caused by
convection, but contain only periods produced by the
p2p effect. This makes it possible to find typical p2p
periods for each magnetic structure and separate periods
of the p2p artifact from the 3—10 min periods, caused by
MHD-wave propagation. The difference in the physical
nature of these two types of oscillations makes itself
evident also in the fact that the artifact period has a
pronounced dependence on the latitude of an object,
whereas for the periods of the oscillations induced by
wave propagation there is no pronounced latitude

dependence. This effect is well illustrated by Figure 7.
The top panel shows the distribution of 3-10 min
oscillations. As we can see, these periods do not depend
on heliolatitude. The bottom panel shows the
distribution of p2p periods having a pronounced
heliolatitude dependence. This allows us to clearly
distinguish between periods of these two groups.

2.4. The relation of the p2p angular velocity

We used the p2p periods to estimate the velocity of
the differential rotation of the Sun. These periods can be
converted into units of angular velocity (deg/day) as
follows:

e the length of the circle of equal latitudes is
calculated from the formula ly=2nRqc0s0, where ly is the
length of the circle of equal latitudes; Rois the solar
radius, km; 6 is the latitude of a small-scale structure;

e the pixel size in kilometers for any latitude is
calculated from R, /sizePX = x/1pixel, where X is the

pixel size in kilometers; sizePX is the solar disk radius
on the matrix in pixels (1872 pixels);

e now, when the length of the circle of equal
latitudes and the size of one pixel in kilometers are
known, the relationship between the scale of the solar
surface in kilometers and the scale of an image on the
matrix in pixels can be obtained by the formula
=360x/ls, where B is the scale of the image on the
matrix in pixels;

e finally, we can find the angular velocity Q,
deg/day, using the artifact period Ppy,: Q=24 [h] 60
[min] B/Ppzp.

2.5. The differential rotation of the Sun

We have obtained two angular velocity distributions:
the first one was calculated from the mean width of
steps in the time series of the x coordinate (top left panel
in Figure 8); the second, from the period obtained from
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the Fourier spectrum (top right panel in Figure 8). The
data (including the source) from which we obtained the
differential rotation distributions presented in Figure 8,
as well as the approximation coefficients in use are
listed in Table. For these distributions, analytical
approximations were made using the formula proposed
by Zirin [1988]:

Q= A-Bsin?0—Csin‘ 6. (1)

Here Q is the velocity of the differential rotation,
deg/day; 0 is the latitude; A, B, C are the approximation
coefficients.

The differential rotation is a regular and stable
process, therefore to study it we had to choose the most
stable small-scale magnetic structures. We have selected
25 most stable small-scale magnetic structures of 120,
such that the width of steps in the time series of the x
coordinate does not exceed two pixels. The result is
shown in Figure 8. The obtained distribution of the
differential rotation velocity and the approximating
distribution are symmetric about the equator; we
therefore preferred constructing the distributions in the
latitude range from 0° to 50°.

The discrepancy between the curves of the
differential rotation velocity in the equatorial region is
likely to be due to the fact that the classical curves were
obtained for sunspots, the number of which near the
solar equator was small.

If we construct such distributions for all the 120
initially selected objects, the result will be exactly the
same, but the variance of the distributions will increase
approximately 2.7 times. This suggests that the
deviations observed in motions of the small magnetic
elements under study are random and should be
attributed largely to granulation effects.

CONCLUSIONS

1. Initially, we tried to adopt the above method of
studying the differential rotation of the Sun to sunspots.
It turned out, however, that this method yields a low
accuracy for sunspots because in central parts of the
sunspots, where the magnetic field is more or less
uniform, the position of the extreme reading of the
magnetic field strength experiences large random
fluctuations. As a result, the error in determining the
position of the maximum reading is not less than several
pixels. In contrast, for small-scale magnetic structures
the error in determining the position of the extreme
value is usually less than 1-2 pixels. For this reason, to
study the differential rotation of the Sun we used only
small-scale magnetic structures.

2. We have shown that the stable p2p artifact
inherent in SDO/HMI data in combination with the
Fourier analysis is an efficient tool for measuring the
speed of various tracers on the Sun.

3. Curves of the differential rotation, obtained from
small-scale magnetic structures, using the p2p effect
from SDO/HMI data, coincide with the curves
previously derived from ground observations. An
advantage of this method is that small-scale structures
are uniformly distributed over the solar disk. Another
advantage of this method is that to obtain a result we
can use data for 1-2 hr, not for several days of
observation. The p2p-artifact period (3—7 min) fits into
the given time interval 10-20 times, which suggests its
sufficiently precise determination.
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Approximation coefficients in use

Data A B C Source

sunspots 14.38 | 2.96 0 l[\iegvsvtlc]);\ and Sunn
sunspots 14.37 | 2.60 0 Tang [1981]
magnetic field| 14.37 | 2.30 1.62 | Snodgrass [1983]
spectroscopy | 14.19 | 1.70 2.36 | Howard et al. [1983]
faculae 144 |15 0 Adams, Tang [1977]
x coordinate 147 (339 | 0 this work

magnetic field| 14.8 | 4.115| 0O this work
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