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Abstract

The solar differential rotation is a key mechanism for converting the poloidal
magnetic field into a toroidal magnetic field. In this study, the differential ro-
tation was investigated using the flux modulation method applied to full-disk
solar ultraviolet images from bands such as 1600 A of the Atmospheric Imaging
Assembly (AIA) onboard the Solar Dynamics Observatory (SDO). First, the
full-disk images were preprocessed and divided into different latitudinal zones.
Then, flux time series for each latitudinal zone were obtained through data pro-
cessing. Finally, autocorrelation analysis was performed on the flux time series
of each latitudinal zone to derive the rotation periods and angular velocities at
various latitudes. The research results indicate that within the latitude range
of 80°S to 80°N, the solar rotation angular velocity is a function of latitude.
Across different ATA wavelengths, the solar equatorial rotation angular velocity
increases with altitude, while the degree of differential rotation weakens. Fur-
thermore, the average rotation angular velocity near the equator and the degree
of differential rotation show no significant correlation with the solar cycle.
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Abstract

Solar differential rotation is a fundamental characteristic of solar dynamics and
plays a crucial role in the generation and evolution of the solar magnetic field.
In this study, we utilize high-resolution ultraviolet (UV) images obtained by
the Atmospheric Imaging Assembly (ATA) onboard the Solar Dynamics Obser-
vatory (SDO) to investigate the characteristics of solar differential rotation. By
applying automated feature tracking and correlation tracking methods to var-
ious UV wavelengths, we derive the rotation profiles of the solar atmosphere
at different heights. Our results indicate that the rotation rate varies signifi-
cantly with latitude and shows subtle dependencies on the specific wavelength
observed, reflecting the complex plasma dynamics across different layers of the
solar atmosphere. These findings provide observational constraints for solar dy-
namo models and contribute to our understanding of the transport of angular
momentum within the Sun.

Key words: Sun: rotation; Sun: UV radiation; Sun: activity; Methods: data
analysis

1 Introduction

The Sun does not rotate as a solid body; instead, it exhibits differential rotation,
where the rotation rate varies with both latitude and depth. This phenomenon
is a cornerstone of solar physics, as it is intimately linked to the solar dynamo
process, which generates the 11-year solar activity cycle. Understanding

RBEXENRE AR B HRAEDRAHIFRETNXENG. RABEEREN
KFEEIDFERNE

This study investigates solar differential rotation using full-disk solar ultraviolet
images from the 1600 A and other bands captured by the Atmospheric Imaging
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Assembly (ATA) onboard the Solar Dynamics Observatory (SDO). First, the full-
disk images were preprocessed and divided into distinct latitudinal zones. Next,
data processing was performed to extract flux time series for each latitudinal
region. Finally, an autocorrelation analysis was applied to these time series to
determine the rotation periods and angular velocities across different latitudes.
The results demonstrate that within the latitude range of 80°S to 80°N, the solar
angular velocity is a function of latitude. Across different ATA wavelengths, the
equatorial angular velocity increases with height, while the degree of differential
rotation weakens. Furthermore, the average equatorial angular velocity and
the degree of differential rotation show no significant correlation with the solar
cycle.

Keywords: Sun: rotation, Sun: activity, Sun: UV radiation, Methods: data
analysis, Autocorrelation
PACS/CLC Codes: P182; Document Code: A

1 3|5
Introduction

The differential rotation of the Sun provides a crucial dynamical foundation for
solar dynamo theory and plays a key role in the transformation of the mag-
netic field structure within the solar interior. The interaction between solar
differential rotation and magnetic fields influences solar activity and its various
manifestations [?].

Investigating the patterns of variation in differential rotation can also provide
a theoretical basis for studying the solar activity cycle and the mechanisms
generating differential rotation. Furthermore, researchers have identified a close
relationship between solar rotation and terrestrial atmospheric ozone, which
aids in better understanding the impact of solar activity on the Earth [?].

To date, various methods have been employed to study the angular velocity of
solar rotation. The earliest method used for this purpose was the tracer method
[?], which determines rotation speed by observing the positional changes of fea-
tures with slowly evolving structures. Howard [?] and Arevalo et al. [?] con-
ducted long-term studies on solar differential rotation by observing sunspots.
In addition to sunspots, other solar features such as faculae, plaques, and fila-
ments can also serve as tracers to calculate the solar rotation angular velocity [?].
Another approach is the spectroscopic method, which determines the angular
velocity based on the Doppler shift of spectral lines [?]. Livingston [?] utilized
spectroscopic methods to determine the differential rotation of the outer solar
atmosphere and found that differential rotation increases with altitude. While
the tracer method is suitable for studying differential rotation at latitudes where
magnetic structures emerge, the spectroscopic method is more effectively applied
to high-latitude regions [?]. In recent years, the flux modulation method has
been widely adopted in the field of solar rotation research [?]. This method is
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highly sensitive and capable of detecting subtle changes in solar surface bright-
ness, making it applicable to observational data across different wavelengths.
By extracting flux information from solar images and performing autocorrela-
tion analysis on the resulting flux time series, the solar rotation period can be
determined.

Chandra et al. [?] utilized the flux from full-disk solar images to study the
rotation speed of the corona. Sharma et al. [?] employed flux data from the At-
mospheric Imaging Assembly (ATA) on the Solar Dynamics Observatory (SDO)
to investigate solar rotation periods at different coronal layers, finding that these
periods decrease as temperature (or altitude) increases. Li et al. [?] used the flux
modulation method to study the rotational characteristics of the chromosphere,
demonstrating that the degree of differential rotation intensifies as magnetic
field strength increases.

The Sun is a star composed of plasma, and its angular velocity of rotation varies
not only across different latitudes on the surface but also with altitude (or tem-
perature) [?]. Using solar filament observation data from 1929 to 1941 provided
by the Geophysical and Astronomical Observatory of the University of Coimbra
(OGAUC), Wan et al. [?] found that in low-to-mid latitude regions, the rotation
angular velocity of filaments in the upper chromosphere is greater than that in
the photosphere and the lower-to-mid chromosphere. Sharma et al. [?] utilized
high-resolution 19.3 nm observation data obtained from SDO/AIA between 2011
and 2021, discovering that the coronal rotation angular velocity varies with lat-
itude; specifically, the average angular velocity in the equatorial region of the
corona is higher than that in the photosphere, chromosphere, and transition re-
gion. Sharma et al. [?] utilized Extreme Ultraviolet (EUV) 304 A images from
the Solar Terrestrial Relations Observatory (STEREQ), obtaining the rotation
profile coefficients for the transition region and found that its equatorial rota-
tion angular velocity is faster than that of the corona, although the absolute
value of the rotation velocity gradient in the transition region is smaller than in
the corona. Similarly, Wu et al. [?] conducted a study using SDO/ATA 304 A
images, revealing that the rotation angular velocity at the equator of the solar
transition region is lower than that observed in the corona and chromosphere.
Kharayat et al. [?] studied solar rotation from 1907 to 1996 using digitized Ca-K
images from the Kodaikanal Observatory; using plaques, they determined the
equatorial rotation angular velocity to be 13.98° -d ~, with a decreasing trend
in angular velocity observed from 0° to 80° latitude.

The correlation between solar rotation angular velocity and the solar activity
cycle remains inconclusive. Studying the variations in solar rotation during the
activity cycle helps us understand the mechanisms underlying the solar cycle
[?]. Some researchers argue that changes in solar rotation are synchronized
with the solar cycle [?]. However, Chandra et al. [?] pointed out that while the
equatorial rotation angular velocity of the corona shows systematic variations
relative to the annual mean International Sunspot Number (SSN), its gradient is
anti-correlated with the SSN. Li et al. [?] observed a negative correlation between
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long-term periodic changes in sunspot activity and solar equatorial rotation,
suggesting that a faster equatorial rotation angular velocity corresponds to lower
levels of sunspot activity.

In this paper, we investigate the differential rotation characteristics of the Sun
using SDO/ATA image data from 2011 to 2023 via the flux modulation method.
Section 2 provides the data description and preprocessing steps. In Section 3,
we introduce the autocorrelation method used to obtain the rotation periods.
Section 4 discusses the results, focusing on three aspects: the solar differential
rotation profile, the variation of rotation angular velocity with altitude across
different wavelengths, and the relationship between rotation angular velocity
and the solar activity cycle. Finally, Section 5 provides a summary and discus-
sion.

2.1 iERR

SDO was launched in February 2010 and began returning scientific data in May
of the same year. The AIA instrument consists of four telescopes capable of
observing solar images across 10 channels, with wavelengths ranging from 94 A
to 4500 A. These channels correspond to heights ranging from the photosphere
to the corona [?]. The temperature coverage spans from 5000 K to 20 MK,
capturing emissions from various ions such as C IV, Fe XVI, He II, and Fe IX.
The data utilized in this study consist of images from SDO/AIA at 1600 A,
1700 A, 304 A, 131 A, 171 A, 193 A, 211 A, 335 A, and 94 A. Among these,
the 1600 A and 1700 A channels belong to the ultraviolet (UV) band, while
the other wavelengths are in the extreme ultraviolet (EUV) range. The 1600
A images represent the solar transition region and upper photosphere [?]; their
imaging spectrum is primarily composed of the double lines emitted by C IV ions,
the continuum, and numerous other chromospheric lines, with a characteristic
emission temperature of approximately 10° K [?]. The EUV bands, such as 211
A, primarily consist of spectral lines formed by various ions of Fe.

Observation and imaging within this spectral range constitute an important
and effective method for acquiring solar physical information and characteristics.
We downloaded observational images at nine wavelengths with a resolution of
1024 x 1024 from the official SDO website, covering the period from 2011 to
2023. One image was selected daily at approximately the same time, resulting
in a total of over 42,000 images used as the experimental data for this study.

2.2 SRR

As the observed solar images appear slightly dimmer at the edges than at the
center, Zeng Shuguang et al. conducted a study on solar differential rotation
based on SDO/ATA ultraviolet images. The solid black line in [Figure 2: see
original paper| shows the original flux time series, where significant fluctuations
in the mean of the raw data can be observed; specifically, the overall flux between
0 and 150 days is relatively high. To prevent trend variations in the mean flux
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from affecting subsequent periodicity analysis, it is necessary to process the flux
time series to eliminate these trends. First, the original flux time series was
fitted using an 8th-order polynomial, and the mean of the original series was
calculated. Then, a smoother time series was obtained by subtracting the mean
from the original data and adding the fitted values. In [Figure 2: see original
paper], the dashed black line represents the flux time series obtained through
polynomial fitting, with the horizontal axis representing time. [Figure 3: see
original paper] displays the detrended flux time series. Compared to the curves
in [Figure 2: see original paper], the mean of the curve in [Figure 3: see original
paper] no longer exhibits significant trend variations.

This limb-darkening effect may affect experimental results [?]. Therefore, it is
necessary to remove this effect from the images. The specific processing steps
are as follows: First, an edge detection algorithm (such as the Canny operator)
is used to fit the solar disk contour, accurately calculating the center coordinates
and radius of the solar disk. Then, the image is transformed from the Cartesian
coordinate system to a polar coordinate system with the solar center as the
origin. In the polar coordinate system, the radial profile values at each angle
constitute a radial profile curve. The profile curves of the entire image are then
replaced by a median profile curve smoothed over a 360° range. After converting
back to the Cartesian coordinate system, a quiet background image is obtained.

Finally, by subtracting the background image, a high-quality image with the
limb-darkening effect removed is obtained [?]. After performing brightness equal-
ization on the image, the solar disk is extracted from the full-disk image. Next,
the solar disk from 80°S to 80°N is divided into 16 latitude bands. Due to the
7.2° angle between the solar equatorial plane and the ecliptic plane, it is nec-
essary to transform the solar image coordinates into heliographic coordinates.
Using latitude as an index, the flux within the corresponding latitudinal regions
is extracted at 10° intervals. As shown in [Figure 1: see original paper], the el-
liptical curves provide a schematic representation of the latitude band division
for the 1600 A images; each 10° interval from the equator to the poles consti-
tutes a latitude band. The regions beyond 80° in the Northern and Southern
Hemispheres are very narrow and contain few informational features, and are
therefore not considered. Finally, the average ultraviolet flux within each small
latitude band is extracted to obtain the average flux time series for each band.

[Figure 2: see original paper| The original flux series and its fitted curve. [Figure
1: see original paper] Schematic diagram of the full-disk latitude band division
of the Sun in SDO/AIA 1600 A. [Figure 3: see original paper] The flux series
after detrending. By performing a Fourier transform on the flux series shown
in [Figure 3: see original paper], the amplitude spectrum is obtained as shown
in [Figure 4: see original paper|. As can be seen from the figure, the extracted
flux time series contains multiple frequency components. A Butterworth band-
pass filter is applied to the amplitude spectrum to remove noise components.
The passband range of the filter corresponds to a period of 10-50 days. An
inverse Fourier transform is then performed on the filtered amplitude spectrum
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to obtain the band-pass filtered time series, as shown in [Figure 5: see original
paper]. Compared to [Figure 3: see original paper| before filtering, the curve
becomes smoother and contains less noise.

[Figure 4: see original paper] Amplitude spectrum of the flux time series after
Fourier transform. [Figure 5: see original paper] The flux series after band-pass
filtering.

3 BWREE

The Autocorrelation Function (ACF) describes the degree of correlation between
different time points of a random signal, which is instrumental in identifying
repetitive patterns within the signal. For a discrete time series y, (where ¢t =
0,1,2,3,...), a lag value can be set to calculate its autocorrelation coefficient.
In an autocorrelation plot, the lag value corresponding to the first secondary
peak represents the solar rotation period [?]. The formula for calculating the
autocorrelation coefficient is:

ACF(h) = Cozf(ﬁ(’it)h) (1)

where ACF(h) represents the autocorrelation coefficient of the time series at
time lag h, Cov(y,,y;_j,) represents the covariance between the time series at
time ¢ and time ¢t — h, and Var(y,) represents the variance of the time series at
time t.

The autocorrelation coefficients were calculated for the preprocessed average
flux time series, with the lag value set to vary within the range of 0-150 days.
[Figure 6: see original paper] displays the autocorrelation plot for 50°S in the
Southern Hemisphere for the year 2022, where the horizontal axis represents the
number of days and the vertical axis represents the corresponding autocorrela-
tion coefficient.

[Figure 6: see original paper| Fig. 6 Autocorrelation plot of flux at 50°S in 2022

The autocorrelation plot at 50°S reveals several distinct peak structures, each
corresponding to a different period on the lag axis. As shown in the figure, the
first secondary peak is higher than the subsequent peaks and possesses a larger
correlation coefficient, indicating its statistical significance and suggesting the
presence of a stable cycle [?]. To obtain a more precise period value, Gaussian
fitting was applied to the first secondary peak. The Gaussian function effec-
tively describes the shape of the autocorrelation peak, and its center position
corresponds to the statistically optimal estimate of the rotation period, allowing
for a more accurate determination of the solar rotation period. The Gaussian
fitting formula is:

f(x) =ae” =3 (2)
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In this equation, b is the center of the Gaussian function, which determines the
position of the peak and corresponds to the rotation period; a is the amplitude of
the Gaussian function, and c is the standard deviation. In [Figure 7: see original
paper], the black line represents the fitting curve obtained using this Gaussian
function for the 50°S latitude data in 2022, the triangular points represent the
original data points, and the vertical dashed line corresponds to the center
value of the Gaussian function. In [Figure 7: see original paper], the goodness-
of-fit (R?) for the 50°S latitude data in 2022 is 0.99, and the rotation period
corresponding to the peak is 27.31 days, which is also known as the solar synodic
period. The synodic period cannot be used directly to calculate the solar angular
velocity; it must be converted into the sidereal rotation period. The relationship
between the solar angular velocity w and the solar sidereal rotation period is as
follows, where 365.26 is the orbital period of the SDO satellite [?].

[Figure 7: see original paper| Fig. 7 Gaussian fit plot at 50°S for the year 2022

It is well known that the solar rotation angular velocity is closely related to lat-
itude. Traditional measurements of rotation angular velocity utilize polynomial
fitting; the velocity decreases as latitude increases, reaching its maximum at the
equator.

Chandra et al. [?] proposed a relationship based on the square of the sine of the
latitude, namely:
w(¢) = A+ Bsin® ¢

where the variable ¢ represents the solar latitude, A represents the rotation
angular velocity at the solar equator, and B represents the degree of latitudinal
differential rotation.

4.1 B3%iRERRh L

In this study, we calculated the annual rotational angular velocity across differ-
ent latitudes using the flux modulation method based on SDO/AIA images from
nine wavelengths. Using Equation (5), we obtained fitting results for a 13-year
period spanning from 2011 to 2023. presents the annual fitting results for the
1600 A wavelength, where SE (Standard Error) represents the standard error of
the estimates. The Sunspot Number (SSN) data were sourced from the World
Data Center SILSO (Sunspot Index and Long-term Solar Observations) at the
Royal Observatory of Belgium [?] (https://www.sidc.be/SILSO/datafiles).

The final row of the table displays the fitted values and associated SE for the
annual average rotation coefficients A and B. Between 2011 and 2023, the aver-
age rotation profile coefficients fluctuated, with A values ranging approximately
from 14.01 to 14.84, and B values varying between -1.32 and -3.24.

After calculating the 13-year average of the rotation periods for each latitude
band from 2011 to 2023, the mean rotational angular velocity was determined.
By fitting these data, the average differential rotation coefficients for this 13-year
period were found to be A = 14.33 + 0.07 and B = —2.12 4 0.12.
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[Figure 8: see original paper]| illustrates the profile of the rotational angular
velocity as a function of latitude for the year 2022. In this figure, the horizontal
axis represents latitude, while the vertical axis represents the rotational angu-
lar velocity. The black scattered points with error bars denote the measured
rotational angular velocity, and the solid black line represents the fitted differ-
ential rotation profile. As shown in the figure, the rotational angular velocity
decreases from the equator toward the poles.

Using the same analytical methodology, we calculated the differential rotation
profile coefficients for the other eight wavebands, the results of which are sum-
marized in . In this table, the second column lists the primary emission ions,
the third column provides the height above the photosphere along with its as-
sociated error, and the fourth and fifth columns present the average differential
rotation coefficients A and B, respectively, including their error margins. The
heights above the photosphere are cited from existing literature. For the 131 A
and 94 A bands, specific heights have not yet been established in the literature
and are therefore indicated by horizontal dashes.

[Figure 9: see original paper] displays the average differential rotation profiles for
all nine wavebands, with latitude on the horizontal axis and rotational angular
velocity on the vertical axis. The figure reveals that the differential rotation
profiles across the nine wavelengths are qualitatively similar: the rotational
angular velocity peaks near the equator and diminishes as latitude increases.
Notably, the differential rotation profiles for the 1700 A and 1600 A wavelengths
exhibit the steepest decline with latitude, indicating that the differential rotation
is most pronounced in these two wavebands.

Table 1: Fitted A and B values and their standard errors (SE) for
different years

A+ SE /() -d7!] B+ SE /() -d™Y]
14.84 4-0.22 —2.57£041
14.72 4 0.30 —3.24 £ 0.55
14.01 +0.18 —1.53+0.33
14.42 4 0.22 —3.1240.40
14.07 £ 0.19 —2.804+0.35

The relationship between the synodic rotation period (7}, ,qic) and the sidereal
rotation period (T gerea1) Can be expressed as:

365.26 x T,
T,

ynodic
sidereal 365.26 _|_ TS ( )

ynodic

The sidereal angular velocity (w) is then calculated as:
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360° (@)

w =

T.

sidereal

For a sample calculation where T, = 27.31 days, the fitting yields an R-

square value of 0.9901.

ynodic

[Figure 8: see original paper| Fig. 8 The rotation profile for the year 2022

The solar differential rotation law is typically described by the following formula,
where w(¢) represents the angular velocity at latitude ¢:

w(¢) = A+ Bsin® ¢ (5)

Table 1 Continued
ALSE/[()-d7']|$

4.2 BEZEEMSEEL

In a recent study, Rao et al. [?] utilized Dopplergrams from the Chinese Ha So-
lar Explorer (CHASE), focusing on the Si I (6560.58 A), Ha (6562.81 A), and
Fe I (6569.21 A) wavelengths with a spectral resolution of 0.024 A to obtain
rotation profile curves for different layers of the solar photosphere and chromo-
sphere. Their study concluded that the solar angular velocity tends to increase
from the photosphere to the chromosphere. Sharma et al. [?] investigated the
rotation of the solar corona at various wavelengths using multi-band data from
the Atmospheric Imaging Assembly (AIA), including 94 A, 131 A, 171 A, 193 A,
211 A, and 335 A. The present work utilizes SDO/AIA data at 1700 A, 304 A,
1600 A, 171 A, 211 A, 193 A, and 335 A. Table 2 presents the average rotation
profile coefficients for each wavelength channel from 2011 to 2013. Correlation
analyses were performed between the rotation profile coefficients A and B ob-
tained for each wavelength channel and their corresponding heights. Figure 10
[Figure 10: see original paper] and Figure 11 [Figure 11: see original paper]
illustrate the relationship between the rotation profile coefficients A and B and
height, respectively. In these figures, points of different shapes represent dif-
ferent wavelength channels; the horizontal axis represents the height above the
photosphere (derived from various literature sources) in km, and the vertical
axis represents the coefficient A, which denotes the solar angular velocity at the
equator. Red line segments represent error bars, with vertical segments indi-
cating errors in the vertical axis and horizontal segments indicating errors in
the horizontal axis. Based on the observed trends, both rotation profile coeffi-
cients A and B generally show an upward trend as height increases. To further
investigate the relationship between angular velocity and height, the Pearson
correlation coeflicient was introduced. The Pearson correlation coefficient is a
statistical measure of the degree of linear correlation between two continuous
variables, comprising two parameters: p and p. The value of p ranges from
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—1 to 1, where a larger value indicates a stronger correlation; 1 represents a
perfect positive correlation, —1 represents a perfect negative correlation, and
0 indicates no linear correlation. A smaller p-value indicates higher statistical
significance, with p < 0.05 typically considered significant. The calculated Pear-
son correlation coefficients between height and coefficients A and B are 0.828
(p = 0.021) and 0.728 (p = 0.064), respectively. This suggests a positive corre-
lation between the solar equatorial angular velocity and the height of the solar
layers, while the degree of differential rotation weakens as height increases.

The average angular velocity A and the degree of differential rotation B were
compared with the annual mean sunspot number, as shown in Table 1. This
period can be divided into two phases: 2011 to 2018 (the middle and late stages
of Solar Cycle 24) and 2019 to 2023 (the beginning stage of Solar Cycle 25).

[Figure 9: see original paper] [Figure 11: see original paper] Figure 12 [Fig-
ure 12: see original paper] shows the annual variation of the rotation profile
coefficient A for different wavelengths over time. The left axis represents the
angular velocity, the right axis represents the annual mean sunspot number,
and the horizontal axis represents the year. Figure 13 [Figure 13: see original
paper] shows the annual variation curves of the profile coefficient B for different
wavelengths. In both figures, the red curves represent the trend of the annual
mean sunspot number over time. To more intuitively determine the relation-
ship between the profile coefficients at different wavelengths and the sunspot
number, a correlation analysis was performed. As seen from the figures, the re-
lationship between the profile coefficients and the annual mean sunspot number
is non-linear. Therefore, the Spearman correlation coefficient, which measures
the degree of non-linear correlation, was employed. The Spearman method also
includes the correlation coefficient p and the p-value, with p ranging from —1
to 1. [Figure 10: see original paper]

4.3  XMERSXIEDRZERXER

To explore the relationship between the solar rotational angular velocity and the
solar cycle, a common practice is to use the sunspot number as a proxy for solar
activity [?]. We analyzed the annual equatorial mean values from 2011 to 2023.
In statistical analysis, the closer a correlation coefficient is to 1 or -1, the stronger
the monotonic relationship between the two variables; a value near 1 indicates
that one variable tends to increase as the other increases, while a negative value
indicates a negative correlation, where one variable tends to decrease as the other
increases. If the p-value is less than 0.05, the correlation coefficient is considered
statistically significant. The calculated Spearman correlation coefficients are
presented in . The results show that the p values are generally small and the
p-values are relatively large, indicating that there is no significant correlation
between the rotation profile coefficients and the sunspot number. From this, it
can be inferred that there is no obvious correlation between the solar cycle and
the solar rotation observed across the nine corresponding wavelengths.

chinarxiv.org/items/chinaxiv-202603.00018 Machine Translation


https://chinarxiv.org/items/chinaxiv-202603.00018

ChinaRxiv [$X]

[Figure 12: see original paper| Fig. 12 The relationship between the rotation
profile coefficient A and sunspot numbers

[Figure 13: see original paper] Fig. 13 The relationship between the rotation
profile coefficient B and sunspot numbers

5

BE5ITE

Based on full-disk solar image data from nine SDO/ATA bands (1700 A, 1600
A, 304 A, 171 A, 193 A, 211 A, 131 A, 335 A, and 94 A), this study investigated
solar differential rotation from 2011 to 2023 using the flux modulation method.
The following results were obtained:

(1)

The average solar differential rotation profiles for each wavelength were
determined. The solar angular velocity is highest at the equator and
gradually decreases toward the poles. The degree of differential rotation
in the ultraviolet bands (1700 A and 1600 A) is significantly greater than
that in the extreme ultraviolet (EUV) bands.

We examined the relationship between the solar differential rotation profile
coefficients and the height above the photosphere across seven SDO/ATA
bands (1700 A, 304 A, 1600 A, 171 A, 211 A, 193 A, and 335 A). The
results indicate that as height increases, the equatorial angular velocity (A)
increases, while the degree of differential rotation (B) tends to decrease.
Sharma et al. [?] utilized AIA 94 A, 131 A, 171 A, 193 A, 211 A, and
335 A data to study rotation periods at different coronal levels, finding
that the period decreases with increasing height (temperature), meaning
the angular velocity increases with height. Rotation profiles obtained by
Rao et al. [?] using Dopplergrams from the Chinese Ha Solar Explorer
(CHASE) also demonstrate that the angular velocity increases from the
photosphere to the chromosphere. Similarly, research by Vats et al. [?]
suggests that the upper corona rotates faster than the lower corona.

The relationship between solar angular velocity and the solar cycle was
explored. A correlation analysis was performed between the average equa-
torial angular velocity (A) and the International Sunspot Number (SSN).
A similar calculation was conducted for the relationship between coefficient
B and the SSN. The results show that neither coefficient A nor coefficient
B exhibits a significant correlation with the SSN. In contrast, Chandra et
al. [?] found that the coronal equatorial rotation speed (A) is positively
correlated with the annual sunspot number, while the latitudinal differen-
tial rotation coefficient (B) is negatively correlated. Furthermore, Sharma
et al. [?] reported a positive correlation between the average angular ve-
locity derived from full-disk images of the solar transition region and the
solar cycle.

Wu et al. [?] also demonstrated synchronicity between variations in the average
angular velocity and the solar cycle. However, Sudjak et al. [?] found a negative
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correlation between the equatorial angular velocity and the solar cycle. Fei et
al. [?] studied the coronal green line emission intensity from January 1, 1939,
to December 31, 2023, and observed an increasing trend in coronal angular
velocity during Solar Cycles 18-24. Currently, the relationship between solar
angular velocity and the solar cycle remains inconclusive and requires further
investigation.

Bt B NASA. SDO/ATA #EEMRE

--data as well as the annual sunspot numbers provided by the WDC-SILSO,
Royal Observatory of Belgium, Brussels.
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Abstract The differential rotation of the Sun is a key mechanism for convert-
ing poloidal magnetic fields into toroidal magnetic fields. We employed the
flux modulation method to investigate solar differential rotation using full-disk
ultraviolet images, including the 1600 A band, obtained from the Atmospheric
Imaging Assembly (ATA) onboard the Solar Dynamics Observatory (SDO). The
methodology involved preprocessing the full-disk images and segmenting them
into distinct latitude bands. Following data processing, flux time series were ex-
tracted for each latitude region. Finally, autocorrelation analysis was performed
on these time series to determine the rotation periods and corresponding angular
velocities across different latitudes. Our research findings indicate that within
the latitude range of 80°S to 80°N, the solar angular velocity of rotation varies
significantly as a function of latitude. Across the different AIA wavelengths an-
alyzed, the equatorial angular velocity increases with atmospheric height, while
the degree of differential rotation decreases. Furthermore, the average angu-
lar velocity and the degree of differential rotation near the equator show no
significant correlation with the solar activity cycle.

1 Introduction

The Sun is a fluid celestial body, and its rotation rate varies with both latitude
and depth, a phenomenon known as differential rotation. This differential ro-
tation is a fundamental component of the solar dynamo, playing a critical role
in the generation and evolution of solar magnetic fields. Specifically, it is the
primary mechanism responsible for the “Q-effect,” which stretches poloidal mag-
netic field lines into toroidal configurations. Understanding the precise nature
of this rotation is essential for modeling the solar cycle and predicting space
weather.

Historically, solar rotation has been measured using various tracers, such as
sunspots, faculae, and magnetic features, as well as through spectroscopic
Doppler shifts and helioseismology. With the advent of high-resolution space-
based observatories, particularly the Solar Dynamics Observatory (SDO), we
can now probe the solar atmosphere with unprecedented spatial and temporal
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resolution across multiple wavelengths. The Atmospheric Imaging Assembly
(ATA) provides continuous full-disk observations of the solar transition region
and corona, offering a unique opportunity to study how differential rotation
behaves at different heights in the solar atmosphere.

2 Data and Methods

2.1 Data Selection and Preprocessing

In this study, we utilize full-disk ultraviolet (UV) and extreme ultraviolet (EUV)
images provided by the SDO/AIA instrument. We specifically focus on several
channels, including the 1600 A band, which captures the upper photosphere and
transition region. The data spans a significant portion of Solar Cycle 24 and
the beginning of Solar Cycle 25 to examine potential temporal variations.

[Figure 1: see original paper]

The preprocessing pipeline involves several steps: 1. Calibration: Standardiz-
ing the raw AIA data using the aia_{prep} routine to ensure consistent plate
scales and orientations. 2. Latitude Segmentation: The solar disk is divided
into 5° or 10° latitude bands, ranging from 80°S to 80°N. 3. Flux Extraction:
For each latitude band, the total integrated flux is calculated for each image
frame, resulting in a continuous flux time series.

2.2 Flux Modulation and Autocorrelation

The flux modulation method relies on the fact that as the Sun rotates, mag-
netic features (which are brighter or darker than the background in UV/EUV)
move across the disk, causing a periodic variation in the observed flux. To ex-
tract the rotation period 7 from the noisy flux time series f(¢), we employ the
autocorrelation function (ACF):

N—7—1 7 f

YT = D)~ )
SV - )

ACF(7) =

Key words Sun: rotation, Sun: activity, Sun: UV radiation, methods: data
analysis, autocorrelation

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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