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ABSTRACT

Systematic studies of the ro(@fionatcloNSUNSPOTSIONPSISINERvItelishtImasesicldicontroversialesults on the variations of
the rotution o UnSpOTEFoupS Wese Tound toeither accelerate oF decelerate systematicall. This disagreement might be relaed
to'shortcomings of the' method used to'probe the rotation rate of Sunspot groups. In contrast to previous works, in (iSISTGNING
Sl o e A OSSO O AESPHGUNENER] . found that an active region may exhibit
either acceleration or deceleration during the emergence while the rotation rate remains almost unchanged during decay. Hence,
¢ suppose that there is no systematic geometril inclination o the radial diteetion of the apex of the subsurface magnete flux
SO EERESENEEeslo . A thorough comparison of the Fotation rate of unipolar and bi/mulfipolaractive regions revealed

no significant changes in the rotation rate of decaying active regions. In contrast to previous works, we presume the rotation rate

to keep constant (within the expected uncertainties) during the evolution of an active region after emergence.

Key words: Sun: magnetic fields — Sun: interior — Sun: rotation

1 INTRODUCTION

The differential rotation of the Sun was discovered almost 400 years
ago by Christoph Scheiner who studied Galileo’s sunspot obser-
vations (Paterno 2010). A bench of works on the analysis of the
solar rotation has been done since that time. The differential rota-
tion is measured by tracking features on the solar surface as well
as by analysing the Doppler velocities (the spectroscopic method)
of solar plasma. The most sophisticated helioseismology approaches
may shed light on the internal rotation of the convection zone (e.g.
Howe et al. 2000). We refer the reader to reviews by Beck (2000) and
Paterno (2010) for more details.

The issue that is not well understood yet is the difference be-
tween the rotation rates derived using feature tracking and spec-
troscopic measurements. Thus, numerous studies show that, for in-
stance, sunspot groups rotate systematically faster as compared to sur-
face plasma at the same latitude. As an example, Howard & Harvey
(1970) found that their spectroscopic measurements resulted in ap-
proximately 0.6 deg d~! slower equatorial rotation rate as compared
to tracer measurements of sunspots in Newton & Nunn (1951). The
same tendency can be seen in tables 1 and 2 in Beck (2000) who
made a comparison of different methods used to probe the differen-
tial rotation.

Since the datasets on sunspots are the most long-term ones, sys-
tematic studies of sunspot rotation was carried out by many authors.
The results of these studies are controversial at some points. There
exists a general agreement on the relationship between the rotation
rate and size of a sunspot group: larger sunspot groups tend to ro-
tate slower (e.g. Ward 1966; Howard, Gilman, & Gilman 1984). At
the same time, there is no consensus on the dependence between
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the rotation rate and the age of a sunspot group. A solid number
of researchers concluded that young sunspot groups rotate at a high
rate while the rotation decelerates as the sunspot group ages (e.g.
Balthasar, Schuessler, & Woehl 1982; Zappala & Zuccarello 1991;
Pulkkinen & Tuominen 1998; Ruzdjak et al. 2004, to mention a few).
On the other hand, Javaraiah & Gokhale (1997); Hiremath (2002) and
Sivaraman et al. (2003) found sunspot groups, at least long-living
ones, to accelerate their rotation with time.

The difference in the rotation rate of individual sunspot groups or,
more generally, active regions is often explained in the framework
of an anchoring hypothesis. This hypothesis assumes magnetic flux
bundle to be anchored at some depth in the convection zone. As
a consequence, the rotation rate at the surface is governed by the
rotation velocity of plasma at the depth of anchoring. In such a
case, the variations in the rotation rate of an active region can be
interpreted as a rise of its magnetic “roots” through the convection
zone. Note that, as we have already mentioned in the first paper of this
series of works (Kutsenko 2021), the anchoring hypothesis assumes
the magnetic flux loop to emerge in the radial direction without
significant perturbations. In Fig. 1 we present the rotation rates of
plasma in the convection zone against the distance from the centre
of the Sun (the data are courtesy of Dr. Rachel Howe, see fig. 1 in
Howe et al. 2000). One can see that for the 0-30 deg latitudinal zone
the rotation rate increases from tachocline (0.72 Rg) to leptocline
(0.95 Rp) and then decreases significantly near the photosphere.
Assuming magnetic flux bundle “roots” to govern the rotation rate
of an active region on the surface, acceleration or deceleration of
the active region rotation rate may imply the rise of the magnetic
“roots” from the tachocline or from the leptocline to the surface,
respectively. These assumptions are often used to infer the initial
depth of the formation of magnetic flux bundle that give birth to
active regions (e.g. Hiremath 2002; Brandenburg 2005).
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It is worth noting that the anchoring hypothesis has no a solid
theoretical foundation (see section 3 in Moradi et al. 2010). Never-
theless, magnetic field lines have no ends and they must penetrate
through the surface to the convection zone. Many global dynamo
models implicitly assume that the magnetic field lines continue to
and close near the base of the convection zone (e.g. Charbonneau
2020). Recent state-of-the-art numerical simulations of emerging
magnetic flux bundle in Chen, Rempel, & Fan (2017) support this
idea. The authors found that magnetic flux bundles are still coherent
structures down to tens of Mm below the photosphere, although their
continuation mixes with other magnetic structures in the bulk of the
convection zone. We will discuss this issue in the following sections.

The variations of the rotation rate of young sunspot groups may
be also explained by different physical mechanisms not related to
the anchoring (e.g. Petrovay & Christensen 2010). For example, the
geometry of the emerging flux bundle — the inclination of the top part
of emerging magnetic loop — may result in artificial apparent accel-
eration or deceleration of a forming sunspot group. Proper motions
of each individual footpoint may also yield changes in the rotation
rate.

When interpreting the measured rotation rates of sunspot groups,
one must keep in mind a very frustrating drawback in the methodol-
ogy. This drawback was pointed out by Petrovay (1993) who argued
that more rapid decay of the following part of a sunspot group results
in the artificial shift of the apparent area-weighted centre toward the
leading part (see fig. 2 in Petrovay 1993). In Kutsenko & Abramenko
(2022) we evaluated the contribution of this effect to the measured
rotation rate. For a set of 670 active regions we calculated the area-
weighted centre positions in continuum intensity images (i.e. active
regions were considered as sunspot groups) and geometrical cen-
tre positions using line-of-sight magnetograms. These centres were
used to measure the rotation rate of active regions. The centre of
a sunspot groups in continuum intensity images usually exhibited a
shift toward the leading part of the group during the decay of the
following part. As the following spot decayed completely, the shift
ceased and the centre of the sunspot group coincided with the centre
of the leading part (see fig. 1 in Kutsenko & Abramenko 2022). As a
result, one could observe artificial acceleration of the centre during
the decay of the following part. As the following part decays com-
pletely, the centre remains near the leading part yielding apparent
deceleration of the sunspot group. Obviously, we can detect both
false acceleration and false deceleration. In Kutsenko & Abramenko
(2022) we found that the rotation rate inferred from continuum inten-
sity images is on average 0.45 deg d~! higher than that inferred from
magnetograms for the same set of active regions. We attribute this
difference exclusively to faster disappearance of the following part in
continuum intensity images. Recall that the difference between the
rotation of the Sun near the equator and at 30 deg latitude, i.e. the
zone where most active region emerges on the solar surface, is of
about 0.5 deg d~!. This value is comparable to the average difference
between the rotation rates derived from continuum intensity images
and from magnetograms.

Our goal in this work is to analyse the variations of the rotation
rates of active regions using magnetic field data. The discrepancies in
the rotation rate variations found for old and young sunspot groups as
described above might be related to the drawbacks of the data applied
and of the measurement techniques. We insist that, in contrast to
continuum intensity images, magnetograms ensure better evaluation
of an active region geometry providing real positions of the leading
and following parts of an active region. Consequently, in our opinion,
magnetograms yield more robust measurements of the rotation rates.

In Kutsenko (2021) we analysed averaged rotation rates
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Figure 1. The rotation rate of plasma in the convection zone against the
distance from the centre of the Sun. Grey rectangulars denote the approximate
depths of the tachocline (0.72 R®) and of the leptocline (0.95 R®). The data
are courtesy of Dr. Rachel Howe (Howe et al. 2000)

of active and ephemeral regions using line-of-sight magne-
tograms provided by Helioseismic and Magnetic Imager (HMI,
Schou et al. 2012) on board the Solar Dynamics Observatory (SDO,
Pesnell, Thompson, & Chamberlin 2012). We confirmed the infer-
ence made by many authors regarding the rotation of active regions:
the weakest ephemeral regions exhibited the fastest rotation while
large active regions with high magnetic flux rotated significantly
slower (see also, e.g., Lamb 2017). However, we also found unipolar
active regions to disobey this rule. Unipolar active regions exhibited
relatively low magnetic flux and rotated slowly at a rates of large
mature active regions. In this work we propose our explanation of
this issue.

In Section 2 we describe the data reduction techniques and methods
used to probe the rotation rates. Section 3 presents our results on
the rotation rate analysis of emerging active regions. In Section 4
we discuss the rotation of decaying unipolar and recurrent active
regions. Finally, in Section 5 we summarize our results and propose
a qualitative physical mechanisms that can explain our findings.

2 DATA AND METHOD

In this work we used the data prepared in Kutsenko (2021) and we
refer the reader to that paper for details. Briefly, we used cubes of data
extracted from 4096x4096 pixels line-of-sight full-disc SDO/HMI
magnetograms with the pixel size of 0.5x0.5 arcsec? and spatial
resolution of 1 arcsec. The cubes of data represented temporal evolu-
tion of magnetic field of individual active regions. Each active region
was initially manually bounded at full-disc magnetograms and then
tracked back and forth in time in the consecutive magnetograms. The
cadence of the data was 720 s. In all, we prepared the cubes of data
for 864 active regions observed between 2010 and 2016.

The flux-weighted centres were calculated for each magnetic po-
larity of an active region separately. Before this procedure, the mag-
netograms were binned by 2x2 pixels in order to diminish the in-
fluence of small-scale magnetic features. Only pixels with magnetic
flux density exceeding 100 Mx cm~2 by modulus were used in the
calculations. The centre of an active region was defined as the ge-
ometrical centre between the flux-weighted centres of the opposite
magnetic polarities.



The active region centre in coordinates of magnetogram pixels was
converted to heliographic Stonyhurst coordinates using World Co-
ordinate System library in IDL SoLarSoFT package. The longitude
versus time profiles were fitted by a linear approximation to measure
the synodical rotation rate of an active region. The sidereal rotation
rate, wy;q, was calculated by adding a term to the derived synodical
rotation rate. The term accounts for the relative rotation of the Earth
with respect to the Sun. The details of the calculation of this term
can be found in Skoki¢ et al. (2014); Lamb (2017); Kutsenko (2021).

3 THE ROTATION RATE OF EMERGING ACTIVE
REGIONS

We focused on the variation of the rotation rate of an active region
from the very emergence. We selected 65 emerging active regions
from our set using the following criteria: i) each active region must
emerge within quiet-Sun area with no significant pre-existing mag-
netic flux; ii) there must be predominantly a single occurrence of
emergence. The latter criterium is very important since additional
emergence in a well-formed active region may shift the flux-weighted
centre of one of magnetic polarity resulting in the shift of the centre
of the entire active region. In general, we found that even emergence
or appearance in the field-of-view of a small portion of a new mag-
netic flux may vary the position of the centre and, consequently, the
rotation rate of the active region significantly. This effect is especially
relevant for weak active regions. In addition, a rapid decay of a coher-
ent magnetic flux concentration into a network field may also cause
essential variations in the apparent rotation rate. Although it is not
a trivial task to properly evaluate the uncertainties in the measured
rotation rates, based on our experience, we suppose the uncertainties
to be of order of 0.3 deg d~! for large active regions. The list of the
analysed active regions is presented in Table A1 in the Appendix.

We found that a well-known 12/24-hour artificial periodic-
ity in the SDO/HMI magnetic field data (e.g. Liuetal. 2012;
Kutsenko & Abramenko 2016) is readily pronounced in the measured
rotation rate. That is why, in order to measure the “instantaneous”
rotation rate, we fitted the longitude-versus-time profile by a linear
approximation within a 12-hour wide rectangular window. The typi-
cal results are shown in Fig. 2. Upper panels (a) in the figure show the
variations of the total unsigned magnetic flux of three active regions.
Panels (b) show the footpoint separation (in heliographic degrees)
that was calculated as the distance between the flux-weighted centres
of opposite magnetic polarities. The measured rotation rates of active
regions at a cadence of 12 h are shown in panels (c) of Fig. 2.

We found that the patterns of the rotation rate variation in the anal-
ysed active regions could be divided into three sets. First, the rotation
rate increases (acceleration) during the active region emergence (15
cases out of 65). A typical example of this pattern is shown in the
left column of Fig. 2. Second, an active region slows down (decelera-
tion) as the emergence proceeds (the middle column of Fig. 2). Such
a pattern was revealed in 25 active regions. Finally, the rotation rate
varies around some mean value without any well-pronounced trend
(25 cases, see Fig. 2, right column). We will refer to these latter cases
as stationary ones through the rest of the text. The revealed pattern
of the rotation rate variation is indicated in the second column of
Table Al. Interestingly, the number of active regions in each set is
similar.

Note that in most cases the variations of the rotation rate after the
emergence is insignificant with respect to the variations during the
emergence stage. Beside, although the footpoint separation may keep
increasing after the observed peak magnetic flux (Fig. 2c, left and
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right column), this expansion of the magnetic flux bundle does not
affect significantly the rotation rate. Seemingly, after the emergence
complete, further separation of magnetic footpoints occurs symmet-
rically with respect to the geometrical center of the magnetic loop.

An explicit pattern (acceleration/deceleration) in the rotation rate
during emergence might imply eastward of westward geometrical
inclination to the radial direction of the entire emerging magnetic
flux loop. This issue can be understood in a simplified sketch shown
in Fig. 3. The sketch shows two possible cases of emerging magnetic
loop with inclined apex. In addition to the rotation of the loop as a
whole, in the case of Eastward inclination (the left loop in Fig. 3),
the geometrical center (bisector) of the two footpoints moves in the
Westward direction from the outbreak position as the loop emerges
(cf. fig. 14 in Caligari, Moreno-Insertis, & Schussler 1995). As a
consequence, the apparent rotation of the active region is faster as
compared to “real” Westward rotation of the loop base. As the emer-
gence proceeds, the symmetrical part of the loop probably rises to
the surface. The proper motion of the footpoints halts and the active
region starts to rotate slower at some constant rate. The observer will
detect the deceleration of the rotation rate of the active region. It is
trivial to see that in the case of the initial Westward inclination of the
apex of the magnetic loop, one will observe the acceleration of the
active region.

The geometrical East-West asymmetry of a magnetic
loop emerging through the convection zone is readily ob-
tained in simulations (see, e.g., Section 5 in Fan 2021).
Thus, Moreno-Insertis, Caligari, & Schuessler  (1994) and
Caligari, Moreno-Insertis, & Schussler ~ (1995) performed a
number of MHD simulations of the emergence of a thin flux tube
through the convection zone in a spherical domain. The flux tube,
initially stored in the overshoot region, forms an emerging loop
as a result of undular instability. Due to the angular momentum
conservation, the Coriolis force makes the summit of the rising loop
move retrograde, i.e. in the direction opposite to the rotation of the
Sun. As a result, a geometrical eastward inclination of the loop
appears with the leading part of the loop being more horizontal (see
fig. 3 in Caligari, Moreno-Insertis, & Schussler 1995). At the same
time, during the emergence, plasma tends to flow along the tube
from the apex to deeper layers. Again, due to the angular momentum
conservation, the Coriolis force additionally drives the plasma from
the leading part of the loop through the apex to the following part
(Fan, Fisher, & Deluca 1993). More evacuated leading part becomes
more buoyant and may rise faster to the surface. This effect may
result in a more vertical inclination of the leading part as compared
to the following leg (see fig. 8 in Fan 2008). Seemingly, the Eastward
bending of the magnetic loop by the Coriolis force and Westward
inclination of the loop due to fast rising of a more buoyant leading
leg might act simultaneously. We may suppose the final inclination
of the loop to be a result of a competition of these two processes
with the non-inclined loop geometry as an option.

Caligari, Moreno-Insertis, & Schussler (1995) argued that the
analysis of the proper motions of the leading and following polarities
may confirm the subsurface inclination of the magnetic loop. Thus,
van Driel-Gesztelyi & Petrovay (1990) supposed emerging magnetic
flux loops to be tilted eastward: the leading part of a sunspot usu-
ally exhibited faster proper motion with respect to Carrington longi-
tude. More recent study by Schunker et al. (2016) also revealed faster
proper motion of the leading magnetic polarity relative to Carring-
ton rotation rate as compared to the following one. However, when
considering the rotation with respect to the differential rotation of
the surface plasma, Schunker et al. (2016) concluded that both mag-
netic polarities separate symmetrically in the east-west direction. In

MNRAS 000, 1-10 (2022)



4  A.S. Kutsenko et al.

NOAA AR 11096 NOAA AR 11619 NOAA AR 11855
Hours since 2010 Aug 07 17:36 TAl Hours since 2012 Nov 15 01:36 TAl Hours since 2013 Sep 28 08:24 TAl
0 20 40 60 80 100 120 0 50 100 150 0 50 100 150
o5 @ ozl @ I
g g3 g5 10 1 Eg e
5= 3 5> - g 1 2% 4
s 52 =3 3 i =3
= 1 = 2 E = 2
[o)) (o] (o]
3 3 3
g g6 © 1 oz g6 O 1 oz O .
S 8 © 8 © 28
ST B 3 R |
< < a
L(E % 2" 4 L(E 8‘ 2r ] L(E % F 1
2] 2] 2]
© g4k (C) E © 15t (€) E o 155 (¢ E
5§ g §9™ § 2150 ]
] ] Q
81 i E8aa L 13'2’ ]
0 20 40 60 80 100 120 0 50 100 150 0 50 100 150

Hours since 2010 Aug 07 17:36 TAI

Hours since 2012 Nov 15 01:36 TAI

Hours since 2013 Sep 28 08:24 TAI

Figure 2. The variations of the total unsigned magnetic flux (panels a), footpoint separation (panels b), and rotation rate (panels c¢) of NOAA active regions
11096 (left), 11619 (middle), and 11855 (right). Bottom panels show typical patterns of the rotation rate in active region during emergence: acceleration
(left), deceleration (middle), and slight fluctuations around some mean value. In most cases the rotation rate remains quasi-constant during active region decay.
Vertical dashed lines point the times of the emergence onset and of the peak magnetic flux. Error bars in the bottom panels show the uncertainties of the linear

approximations applied to derive the rotation rate.
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Figure 3. A simplified sketch of the possible inclination of the magnetic loop apex prior to emergence. An eastward (westward) inclination of the loop apex in
the left (right) side of the figure results in a proper motion of the geometrical center of the loop with respect to the outbreak position in the West (East) direction.
As the less inclined part of the loop breaks to the surface, the proper motion slows down resulting in apparent deceleration (acceleration) of the active region at

the surface.

contrast to works mentioned above, we compared the rotation rate of
an active region during emergence to that during decay.

The plasma flow from the leading to the following leg of an emerg-
ing magnetic loop, which was described above, causes asymmetry
in the magnetic flux density in the following and leading polarities
of an active region: the leading polarity is usually stronger and more
coherent. The inclination of the loop leg might affect the magnetic
flux density in the leg as well. From the general point of view, assum-
ing constant magnetic flux within the tube, in the more horizontal
magnetic leg the flux is distributed over the larger area resulting in
the lower mean magnetic flux density. On the contrary, the more
vertical leg presumably must exhibit higher magnetic flux density.
If our speculations are correct, the eastward-inclined (decelerating)
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magnetic loops with more vertical following leg should exhibit lower
mean flux density in the preceding part and higher mean flux density
in the following part as compared to westward-inclined accelerating
magnetic loops.

For the active regions in our sample, we calculated the ratio be-
tween the mean magnetic flux density in the preceding polarity and
that in the following polarity (the last column in Table Al). In the
calculations we used pixels with absolute magnetic flux density ex-
ceeding 100 Mx cm™2. The ratio exceeding unity implies higher
mean magnetic flux density in the preceding polarity of the loop.
The results are presented in the left panel (a) of Fig. 4. The pattern
of the rotation rate variations is coded by colour. The visual analysis
hints that the distribution of accelerating active regions is shifted



toward a lower ratio as compared to that for decelerating ones. On
one hand, this result is opposite to what is expected in our simplified
considerations. On the other hand, the mean values of the ratio are
1.06+0.20 for stationary active regions, 0.99+0.28 for accelerating
active regions, and 1.04+0.18 for decelerating active regions. Thus,
from the statistical point of view, the distributions are the same. Be-
sides, the underlying physics is definitely more complicated and our
naive expectations might be far from reality.

Caligari, Moreno-Insertis, & Schussler (1995) also argued that the
total magnetic flux should affect the inclination of the emerging mag-
netic loop with stronger loops (in the sense of the total magnetic flux)
being more inclined eastward. Then, eastward-inclined decelerating
active regions should exhibit higher magnetic flux. The distributions
of the peak magnetic flux in the sets of our active regions are shown
in Fig. 4b (see column 4 in Table A1). Indeed, stationary, presumably
not inclined active regions exhibit the lowest average peak total mag-
netic flux (5.8+3.7) 102! Mx. Accelerating active regions exhibiting
on average the highest peak total magnetic flux (10.0+6.9) 102! Mx
as compared to (8.4+4.6) 102! Mx in decelerating active regions.
Nevertheless, the distributions are statistically indistinguishable to
draw a reliable conclusion regarding the relationship between the
peak flux and inclination in a magnetic loop.

4 THE ROTATION RATE OF DECAYING ACTIVE
REGIONS

The analysis of the rotation rate of emerging active regions in Sec-
tion 3 did not allow us to make any conclusive decision regarding the
rotation rate behaviour after the maximum magnetic flux. In most
active regions the rotation rate remained almost constant with some
negligible changes around some mean value (Fig. 2). This result
might be caused by a specific selection of emerging active regions.
Thus, we selected active regions emerging completely within 60 deg
from the central meridian. Consequently, large active regions with
peak unsigned magnetic flux exceeding 1022 Mx were very scanty
and did not get into our data set.

Perhaps, there exist some systematic variations of the rotation
rates masked by relatively large uncertainties in the measurements
for small active regions. In such a case these variations probably
could be revealed in large active regions at timescales of several
weeks. Unfortunately, our observations of a single active region are
mostly limited to approximately 10-12 days when the active region
could be observed at the visible solar disc. On the other hand, we can
study many active regions at different stages of their life captured
by SDO/HMI. As another option, we can explore recurrent active
regions.

For the further analysis, we used data on rotation rates of 864 active
regions studied in Kutsenko (2021). The rotation rate in that study was
measured as an averaged value during the maximum development of
an active region. That is, in contrast to bottom panels in Fig. 2, a
single value of the rotation rate was derived for each tracer.

A direct comparison of the rotation rates of a large set of active
regions is not appropriate due to strong latitudinal dependency of
the rotation rate. As a possible solution one can consider only a set
of tracers observed within a narrow latitudinal belt. However, in this
case the number of points in each set might be too small to reveal
some trends reliably. As another option, we can analyse the difference
between the rotation rate of individual tracer at a certain latitude and
some typical rotation rate at this latitude. As the typical rotation
rate we adopted the empirical differential rotation law derived in
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Kutsenko (2021):

0" =14.369 — 2.54 sin* ¢ — 1.77 sin” ¢, 6]

where ¢ is the heliographic latitude and the rotation rate w’ s

measured in deg d~!. The differences between the rotation rate and
w'™ against the active region peak magnetic flux are plotted in Fig. 5.
A positive difference in Fig. 5 implies that the active region rotates
faster than some average rotation rate at this particular latitude. The
size of the data points in Fig. 5 is proportional to the peak magnetic
flux of the active region. A dashed black line in the plot shows the
best linear fittings of the distribution (unipolar active regions were
excluded from the fitting). The slope of the fitting as well as the
visual analysis of the plot confirms clearly our previous deduction
regarding slower rotation of larger active regions.

In Fig. 5 we marked specifically the data for four recurrent active
regions (color coding). Each small circle of a certain colour repre-
sents the same active region during consecutive solar rotations. The
number of these tracers is not numerous in our data set. However, a
clear tendency can be seen: while the total magnetic flux decreases
with time, the rotation rate does not change significantly (the vari-
ation is of order of our expected uncertainty). Tracers labelled with
small coloured circles shift to the left-hand side without considerable
vertical displacement.

Unipolar active regions are shown in black circles in Fig. 5. One
can see that most of unipolar tracers are located within yellow circle
marked with /. The data points lie mostly below the linear approx-
imation of the distribution (dashed black line). Although unipolar
active region exhibit on average relatively low magnetic flux, their
rotation rate is significantly slower than expected for the rest of active
regions. We will discuss this issue in more detail in the next section.

5 CONCLUSIONS AND DISCUSSION

In this work we analysed the temporal variations of the rotation rate
in 65 emerging active regions using magnetic field data provided
by SDO/HMI. We found no systematic pattern of the rotation rate
variations in emerging active regions. Approximately one third of all
tracers exhibited acceleration during the emergence phase (left panels
in Fig. 2) while another third demonstrated rotation rate deceleration
(middle panels in Fig. 2). Although the footpoint separation kept
increasing, the deceleration or acceleration mostly halted as the active
region gained peak magnetic flux. For the rest part of the tracers (right
panels in Fig. 2) the rotation rate fluctuated around some mean value.

A systematic geometrical asymmetry in the East-West direction of
the emerging magnetic loop apex might result in a certain systematic
pattern of the rotation rate changes: acceleration or deceleration as
the apex rises and stabilisation of the rotation rate as the magnetic
loop straightens. However, we observe three possible patterns almost
equiprobably. The analysis of the mean magnetic flux density in the
preceding and following polarities of active regions did not lead to
a unique conclusion. We suppose that each individual magnetic flux
loop forming an active regions may possess its own East-West sub-
photospheric inclination that determines the rotation rate pattern in
the emerging stage. We do not exclude an option that the entire ac-
celerating or decelerating patterns revealed in this work are caused
by large uncertainties in the rotation rate calculations. Indeed, de-
spite our strict criteria for emerging active region selection, several
episodes of magnetic flux injection during the emergence of a single
magnetic dipole are often observed. Beside, the pre-existing mag-
netic flux in the area of emergence is not perfectly zero. All these
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in black circles. The area of the circle is proportional to the peak magnetic
flux of an active region. Four recurrent active regions are shown in small
coloured circles. Dashed line shows the best linear fitting of the distribution
of bi/multipolar active regions. The slope of the line is shown by an expression
in the plot. A yellow circle marked with / shows the zone where the most of
unipolar active regions are located. Yellow circles marked with 2-4 denotes
possible zones unipolar active regions might evolve from.

reasons may cause significant uncertainties in the determination of
the active region centre and, as a consequence, of the rotation rate.

We also re-analysed the rotation rates of 864 active regions mea-
sured in Kutsenko (2021). We identified and visualised data for four
recurrent active regions. Although the number of such tracers was
too small, all of the analysed active regions exhibited almost un-
changed rotation rates during several solar rotations (coloured cir-
cles in Fig. 5). We presume that the rotation rate might remain stable
during the entire life of an active region. Unfortunately, Solar Cycle
24 was not a strong cycle and we could not identify a solid number
of recurrent active regions. Beside, recurrent active regions tend to
emerge within active longitudes where the additional emergence of
magnetic flux often occurs. The emergence of a new magnetic flux
within pre-existing active region makes the measurements of rotation
rate unreliable and we cannot use these tracers in our analysis.

In order to mitigate a low number of recurrent active regions in
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Solar Cycle 24, we explored 176 unipolar tracers in our set. We
cannot observe an individual active region during its entire life due
to solar rotation. On the other hand, we can observe a lot of active
regions that are at a certain stage of their life. Unipolar active regions
are definitely “old” active regions that lost at least a half of their peak
magnetic flux. Hence, during their evolution, these tracers shifted to
the left from their initial position on the difference-versus-flux plot
shown in Fig. 5. There are three options for the vertical displacement
of the data points in the plot:

e an active region decelerates with time and shifts downward in
the plot in Fig. 5. In the framework of the anchoring hypothesis,
this pattern implies that the magnetic flux bundle that emerges as an
active region was generated and rooted within the leptocline (Fig. 1).
As the active region evolves, its roots rise to the near-surface layers
rotating at a lower rate. In such a case, most of active regions must
be initially located within a yellow circle labelled with 2. For zones
marked with yellow circles in Fig. 5, we set the change of the rotation
rate by 0.5 deg d~! that corresponds to the difference between the
plasma rotation rates within the leptocline and just below the solar
surface (see Fig. 1);

e an active region exhibits almost constant rotation rate and shifts
to the left without significant changes in the vertical direction in
Fig. 5. In this case, most tracers are expected to be initially concen-
trated within the yellow circle marked with 3;

e finally, the rotation rate of a tracer may increase: the data point
moves upward and to the left in Fig. 5 from the zone marked with
yellow circle 4 to the zone marked with yellow circle /. Again,
in the framework of the anchoring hypothesis, acceleration means
generation and “rooting” of the magnetic flux bundle near the base
of the convection zone (near the tachocline, Fig. 1) and gradual rise
of the roots toward the surface.

One can see in Fig. 5 that zone 3 is the most populated one. Con-
sequently, we suppose the 3— [ transition to be the most probable
situation. Hence, the rotation rate presumably does not change during
active region evolution after the peak magnetic flux. This assump-
tion explains the slow rotation rate of unipolar active regions: these
tracers rotate at a rate of mature large active regions that gradually
evolved into unipolar magnetic structures.

We insist that magnetographic data allowed us to measure the
rotation rate more precisely as compared to white-light observations.



In our opinion, the variations in the rotation rate of sunspot groups
found in previous studies (see Introduction 1) are due to measurement
shortcomings (Petrovay 1993; Kutsenko & Abramenko 2022).

The unresolved problems that still exist are i) the physical connec-
tion between the rotation rate and peak magnetic flux of an active re-
gion, and ii) the difference between the rotation rate of non-magnetic
plasma and magnetic structures at the surface. In accordance with the
anchoring hypothesis, we presume the rotation rate of magnetic trac-
ers to be governed by the “roots” located at some anchoring depth.
In contrast to previous deductions, we found the rotation rates to be
unchanged with the active region evolution, implying the constant
anchoring depth. Our assumption is supported by simulations of ac-
tive region emergence performed by Chen, Rempel, & Fan (2017).
The authors found magnetic flux bundles forming an active region to
be coherent formations deep below the surface. Assuming the active
region rotation rate to be determined by the depth of the “roots”,
we presume that larger active regions are generated and anchored
deeper in the bulk of the convection zone within slower internal
plasma layers.

The unchanged rotation rate of active regions assumes the exis-
tence of the connection between the surface magnetic structure and
relatively deep anchoring layers during the entire evolution of an
active region after emergence. On the other hand, some kind of dis-
connection definitely takes place after the emergence is completed:
the surface dynamics of an active region changes remarkably (see
a brief list of observations in support of this statement in the Intro-
duction in Schiissler & Rempel 2005). Thus, initially coherent stable
magnetic polarities start fragmenting. The dispersed magnetic flux is
then transported by local plasma flows to the network magnetic field.
Fan, Fisher, & McClymont (1994) proposed the concept of a dynam-
ical disconnection when the upper part of the magnetic tube becomes
dynamically disconnected from the deeper magnetic structures due
to significant decrease of the magnetic field strength in the tube at
some intermediate depth. This concept was further elaborated by
Schiissler & Rempel (2005) who argued that the dynamical discon-
nection occurs in several days after the emergence complete. In our
case, slowly rotating unipolar or recurrent active regions exhibit sta-
ble rotation rate and coherent structure for weeks or months implying,
again, the existence of some connection with deeper layers. In our
opinion, in these long-living magnetic structures the dynamical dis-
connection occurs probably in several weeks after the emergence is
completed. Indeed, according to Fan, Fisher, & McClymont (1994)
and Schiissler & Rempel (2005), the most pronounced manifesta-
tion of the dynamical disconnection is the fragmentation of coherent
magnetic structures at the surface. We analyse mostly coherent mag-
netic structures before they start to fragment into a network field.
Therefore, the active region is still in the stage before disconnection.
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Table Al: The list of emerging active regions analysed in Section 3. The NOAA
numbers of the active regions are listed in column 1. The letter in column 2 repre-
sents the type of rotation rate variation of an active region during the emergence:
“s” stands for stationary rotation rate, “a” stands for acceleration, and “d” stands
for deceleration. The dates of the observed peak magnetic flux in YYYY.MM.DD
HH:MM format are listed in column 3, while the values of the measured peak
magnetic fluxes are listed in column 4. Column 5 shows the ratio between the
mean magnetic flux density in the preceding polarity and that in the following
polarity (see Section 3).

NOAA Type Date Peak magnetic ~ Ratio
(TAI) flux, 102! Mx
11066 a 2010.05.03 15:24 24 1.042
11096 a 2010.08.10 16:12 54 0.791
11137 s 2010.12.26 10:48 2.1 0937
11143 S 2011.01.07 19:00 32 L.115
11158 a 2011.02.15 11:35 25.0 0.947
11173 s 2011.03.17 17:24 6.4 1.080
11223 d 2011.05.27 08:36 52 0.860
11241 d 2011.06.25 22:36 46 0.842
11243 s 2011.07.02 17:48 133 0.989
11247 d 2011.07.10 19:00 7.3 0.924
11260 d 2011.07.30 02:36 20.7  1.150
11266 a 2011.08.09 02:12 8.1 0.909
ephemeral S 2011.08.26 17:36 1.1 1.145
11310 d 2011.10.05 02:24 33 0974
11311 a 2011.10.05 01:12 54  1.601
11321 S 2011.10.18 15:48 4.0 0.860
11334 d 2011.10.31 21:36 69 1.013
11365 s 2011.12.04 08:36 8.7 0.838
11372 a 2011.12.10 11:00 49 1.038
11397 a 2012.01.14 15:48 3.6 1.040
11400 a 2012.01.15 03:36 1.4 0.618
11413 d 2012.02.02 11:00 10.5  1.141
11416 a 2012.02.12 05:00 189 0.866
11422 d 2012.02.21 09:00 132 1.251
11444 S 2012.03.25 04:24 6.5 1.448
11464 S 2012.04.19 21:12 1.0 1.375
11465 a 2012.04.23 09:00 144 1.031
11472 S 2012.04.30 22:36 57 1.062
11490 d 2012.05.30 04:00 13.9  1.005
11500 S 2012.06.04 03:00 27 0.826
11512 S 2012.06.28 04:36 124 1.292
11517 a 2012.07.02 06:36 10.5 1.084
11533 S 2012.07.29 03:00 4.1 1437
11544 d 2012.08.09 19:36 6.3 1.029
11551 d 2012.08.21 14:00 33 0950
11560 d 2012.09.02 19:00 147 1.006
11561 S 2012.08.31 11:48 2.6  0.856
11565 d 2012.09.04 04:00 52 1071
11568 S 2012.09.09 21:00 40 0.832
11605 S 2012.11.04 23:24 3.0 1.069
11619 d 2012.11.19 05:48 13.1  1.203
11675 S 2013.02.18 00:00 53 1205
11723 d 2013.04.17 01:48 140 1.067
11743 S 2013.05.13 19:12 92 0.872
11747 d 2013.05.17 03:36 7.7 1.008
11813 d 2013.08.08 23:47 44  0.946
11817 s 2013.08.14 14:36 133 1.242
11855 S 2013.10.02 09:12 9.4 1.046
11887 d 2013.11.05 14:12 11.6  1.045
11889 a 2013.11.06 00:35 8.0 0.728
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11911
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12091
12098
12203
12234
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12579
12604
12614

» O Y oA A O AR ®»

2013.12.02 00:23
2014.01.08 14:36
2014.03.27 22:00
2014.06.12 17:12
2014.06.25 22:36
2014.11.03 16:12
2014.12.12 23:24
2015.01.02 23:00
2015.01.20 05:48
2015.01.27 18:36
2015.05.06 03:00
2016.01.28 12:24
2016.08.23 17:12
2016.10.29 02:48
2016.11.29 20:24
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