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Abstract. In this paper we consider the dependence of the coronal rotation period on solar activity. We analyzed the 10.7 cm
radio emission flux covering cycles 19 to 22. We have established a new method for studying the rotation rate: by identifying the
flux pulses with the recurrence of active longitudes. We first determined the frequency domain of the rotation and then analyzed
each cycle separately. The entire domain of 51.7 years was divided into 480-day sections, which were analyzed independently
and then grouped into frames for each cycle in order to study the time variation of prominent frequencies (Fig. 4). Power spectra
were obtained with the Maximum Entropy Method. The 10.7 cm emission rotation varies accordingly to the activity level, i.e.
at the activity maxima the synodic period of rotation is about 25.4 days and at the minima it is around 30 days; it is 32 days
for the quiet Sun (Table 1). Empirical relations give the ratio of maximum and minimum sidereal rotation rate with respect to
sunspot number (Fig. 6). During the cycle increase phase, the average acceleration of the rotation period is 0.8◦/d per year, in
decreasing phase that average is only −0.5.
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1. Introduction

The rotation of solar atmospheric structures is mainly affected
by magnetic tubes rooted in the convective zone. There are
two causes of the variation of rotation rates for the various
structures: the dynamics of the solar interior (differential rota-
tion, North/South hemisphere asymmetry, depth of anchorage
of magnetic ropes and variation of rotation according to solar
activity) and local conditions in the atmosphere (magnetic field
structure, strength, and height). The review papers of Howard
(1984), Schröter (1985), Howard et al. (1991), Libbrecht &
Morrow (1991) and Beck (1999) summarized and analyzed the
general aspects of rotation of the solar atmosphere and quoted
articles on the target.

The highest precision in rotation measurement is obtained
with sunspots. These measurements benefit from more than
100 years of high quality photographic observation. They are
generally considered as a reference for the rotation of the
solar atmosphere. Numerous authors reported sunspot rota-
tion rates which are in good agreement (Lustig 1983; Gilman
& Howard 1984; Howard et al. 1984; Balthasar et al. 1986;
Hathaway & Wilson 1990; Howard et al. 1999). Some papers
approach the problem of sunspot rotation in relation to the so-
lar cycle (Livinston & Duvall 1979; Lustig 1983; Gilman &
Howard 1984; Balthasar et al. 1986; Pulkkinen & Tuominen
1998; Gupta et al. 1999) and they conclude that the sun ro-
tates faster during minimum activity. More general results of
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Woodard & Libbrecht (1993) from helioseismology, or
Mordvinov & Plyusinia (2000) from MDI data, confirm the
time variation of solar rotation during the cycle of activity. We
remind the reader that the Carrington Rotation period was de-
fined by sunspot rotation and it is the reference of solar rotation.

Studies of coronal rotation in relation to the solar cycle and
observed at the limb or on the disk, were performed by Hansen
et al. (1969), Henze & Dupree (1973), Antonucci & Dodero
(1977), Fisher & Sime (1984), Parker (1986), Hoeksema &
Scherrer (1987) and Weber et al. (1999). According to these
authors, coronal rotation is characterized by a less pronounced
differential rotation than photospheric rotation and a near rigid
rotation during minimum activity. We found that the B coeffi-
cient (from the differential rotation rule Ω? = A − B × sin2 ϕ),
which characterizes only the differential rotation, is about 1
for the corona and about 2.5◦/d for sunspots. From Fig. 1
of Hoeksema & Scherrer, we obtain that the synodic rotation
period variation of sunspots and of the corona, between the
equator and 30◦ latitude, is respectively 1.32 and 0.41 d. This
last property made coronal rotation less latitude-dependent
throughout the cycle. Sky-Lab observations long ago showed
that coronal holes rotate rigidly as well as differentially. From
green line data (λ = 5305 Å), Badalian & Livshits (1997) assert
that coronal rotation changes during the cycle, whereas Rybak
(1994) do not find a clear signature. On the other hand Vats
et al. (1999) derive the variation of synodic periods of coronal
rotation ranging from 22 to 30 d.

In the present article we analyse corona rotation from
10.7 cm radio flux. Our aim is to find the dependence of the
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Fig. 1. A thousand-day record of the slowly-varying component of
10.7 cm radio flux (February 25, 1977 to November 21, 1979). The
y-axis is the flux, in sfu and the abscissa is in days.

active coronal rotation rate on the 11-y solar cycle. We use the
day (d) as the unit of synodic rotation period and the degree per
day (◦/d) as the sideral rotation rate. Note that, for the latter,
case the conversion to other units is 1◦/d = 0.202 µrad s−1 =

32.15 nHz. In Sect. 2, we display the data we used in this study.
In Sect. 3 we briefly give the technique used to measure the ro-
tation rate. In Sect. 4 we show the results and the dependency
of the rotation rate on activity cycle. The paper ends with con-
clusions.

2. Data

Our analysis of inner corona rotation related to the solar cycle
is based on the radio flux at 10.7 cm (2800 MHz) monitored
by the Dominion Astrophysical Observatory of the National
Research Council of Canada (Covington 1969). These obser-
vations started in late 1946 and are still continuing. The daily
recorded flux is the integrated emission over the solar disk. The
quoted flux values are measured around local noon (17:00 UT)
and have a relative error of ±2%. Covington mentions that the
10.7 cm flux is correlated with the active region (sunspots and
plages), so that this emission becomes a good index of solar
activity. The origin of 2800 MHz radiation is the thermal emis-
sion of plasma trapped in magnetic loops of the active region
and is consequently related to the photospheric magnetic field
flux of active regions. The 10.7 cm emission is mainly due
to free-free radiation, as mentioned by Tapping & DeTracey
(1990). The 10.7 cm rotation rate concerns the global activ-
ity component of the solar corona. The review of Rabin et al.
(1991) shows the good correlation of 10.7 cm flux to solar ac-
tivity.

The 10.7 cm emission is located in the low corona. From
high–resolution observation of 8 sources Swarup et al. (1963)
found that the average altitude of radio emission is 15 000 km
above the photosphere. But Kundu (1965) mentioned emission
altitudes two or three times higher for some active regions ob-
served by Swarup. Covington (1969) determined even a height

Fig. 2. Radio flux record showing cycles 19 to 22. The low frequency
(≤1/365 d) effect is removed.

of 0.2 solar radius, but Vats et al. (2001) gives the altitude as
60 000 km. These discrepancies in 10.7 cm emission height are
due to different magnetic complexity and strength of the active
regions. Because we use the recurrence method in the present
search, the results are independent of the altitude.

The radio flux we use is the Slowly Varying component
(S component) consisting of pulses superimposed on a back-
ground. Figure 1 shows a thousand days’ recording (February
25, 1977 to November 21, 1979) that cover the growing to max-
imum phases of cycle 21. It can be seen that the background in-
tensity is changing during the cycle and is related to the global
solar magnetic flux. This is clearly due to the active regions
distributed outside of active longitudes, whose number varies
with the phase of the activity cycle. For our search we used the
“Series D” data, which is adjusted for solar-terrestrial distance
variation and corrected to absolute units. The S component is
free of bursts of transient events (flares, surges or other).

The modulation of the S component is due to the presence
of complex of activity (Gaizauskas et al. 1983) on the solar
disk. Van Driel-Gesztelyi et al. (1992) mentioned that more
than a third of the active regions are clustered around “ac-
tive longitudes”. SOHO/EIT data analyzed by Benevolenskaya
et al. (2000) confirm the reality of active longitudes in the
corona. As the life time of the active longitudes is several times
longer than the solar rotation period, their successive passages
on the solar disk modulate the 10.7 cm flux and determine the S
component. Becker (1955) gives 10 to 12 solar rotations as an
average life time for sunspots “hearth” and Brouwer & Zwaan
(1990) give 4 to 6 rotations. The the solar flux is thus modu-
lated by the recurrence of active longitudes, thereby allowing
measurement of the rotation rate. Consequently, we introduce
a new method for measuring solar rotation rate, based on solar
activity rotation with respect to Earth. This way, our method
provides solar rotation parametres in absolute units.

The emergence of any new big active region or an active
longitude on the solar disk introduces a “perturbation” in the
flux modulation, such as those visible in Fig. 1 at day 450, or
a longer period around day 700. The computed power spectra
integrate the 480 d domain, including all disturbances.
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Fig. 3. The power spectrum of the same period as in Fig. 2, in abscissa frequencis 1/d.

In our data, the signal was neither less than 65 nor greater
than 370 sfu. We use the Butterworth numerical filter (Stearns
1975) to cut off frequencies below 1/365 d and give in Fig. 2
the whole period analyzed (February 3, 1947 to November 9,
1998, or JD 2 432 258 to 2 451 127), covering four solar cycles,
19 to 22.

A preliminary study of rotation rate versus cycle, based on
the material mentioned above, was already given by Mouradian
et al. (2000). In order to determine the period of rotation we
used a method of counting emission summits in a given lapse of
time, around the maximum, intermediary and minimum epochs
of solar activity. We found longer periods of rotation during
the minima and shorter ones during the activity maxima. In
the present paper, we perform the same task using the spectral
analysis method.

3. Coronal rotation rate

Figure 3 shows the power spectrum of the 10.7 cm flux over
the whole data for period intervals from 16.5 to 50 d. We see
an large group of frequencies spread around the Carrington
Rotation period of 27.27 d. It shows that coronal rotation is
composed of multiple frequencies and therefore has to be stud-
ied in detail. We can distinguish two groups of frequencies,
one between 0.034 and 0.040 and the second between 0.030
and 0.034 1/d. The first group is composed of well-defined
frequencies, but the second one is more confused. Later on

we shall see that they correspond respectively to active and
quiet sun.

Various solar activity analyses have revealed a period of
150 to 160 d (Ichimoto et al. 1985; Oliver et al. 1998; the
present data and others). To sample the 10.7 cm data we first
chose a time lapse of 160 d and in order to reduce the noise, we
considered three times this period, i.e. 480 d (approximately
18 solar rotations or 1.3 y). Consequently, the length of 51.7 y
was covered by 77 overlapping periods of 480 d, shifted by
240 d steps. For each time interval of 480 d, we computed the
power spectrum using the Maximum Entropy Method (Press
et al. 1990), which determines the frequency variation more ac-
curately than other methods (Radoski et al. 1975). Each spec-
trum was normalized to its maximum, so that the frequencies
occurring in low-activity periods were brought out too, thereby
showing the rotation frequencies at any point in the cycle.

4. Solar activity cycle and rotation rate

We studied solar cycles 19, 20, 21 and 22 separately, focusing
on the ten most active years (Fig. 4). For each cycle, a frame
is given which is composed of 17 partially overlapping bins
of power spectra of 480 d, disposed in ordinate according to
the dates of the observations. The x-axis shows the synodic ro-
tation period. The contours represent the prominent maxima
of the power spectra. For reference, we superimposed the ra-
dio flux variation in arbitrary units on each frame. “M” and
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Table 1. Coronal rotation characteristics.

maxima minima quiet sun

cycle date P⊕d Ω? ◦/d P⊕d Ω? ◦/d P⊕d Ω? ◦/d
1 2 3 4 5 6 7 8

19 1957 Jul. 25.35 15.19 31 13 32 12.1
20 1969 Jan. 25.30 15.21 29 13 31 12.6
21 1980 Jun. 25.55 15.08 30 13 32 12.2
22 1890 Jun. 25.40 15.16 28 14 32 12.2

Fig. 4. Contour maps of power spectra for four cycles studied in the rotation period range from 25 to 33.5 days. M and m on the y-axis indicate
the dates of cycle maximum and of minimum. CR on x-axis indicates the Carrington Rotation period in 1/d. The dotted lines join the lower
limit of rotation periods.

“m” indicate respectively the Annual Mean Sunspot Numbers’
(AMSN) maxima and minima (SGD 1997). The mark “CR” on
the x-axis gives the position of the Carrington Rotation period.

4.1. Activity and cycle

Some points relating to the Fig. 4 can be emphasized:

• Solar rotation varies according to the solar cycle. For in-
stance the most active cycle, number 19, clearly shows that
the synodic rotation periods (P⊕) are shorter at maximum
activity than before and after:

– P⊕ = 32.2 d in Jan. 1955 (2.5 y before cycle maximum),
– P⊕ = 25.4 d in Jun. 1957 (cycle maximum),
– P⊕ = 31.1 d in Feb. 1963 (5.6 y after maximum).

The time variation of the set of shortest rotation periods of
each ordinates (bin) traces a C-shaped inferior limit of syn-
odic rotation period, indicated by dotted lines. Frequencies
with longer periods appear on the right hand side of this
limit,untill periods of 33 d. The other cycles (20, 21 and 22)
show the same general behavior. The right hand side end
of the C-shaped limit (the highest rotation period) will be
considered as the “minimum” of activity of the cycle. We
consider periods higher than 31 d as “quiet sun”.

• Table 1 displays the rotation characteristics resulting from
the examination of the four cycles. The table gives the syn-
odic rotation period (P⊕) in days and the sidereal rotation
rate (Ω?) in degrees per day. For each cycle figures con-
cerning rotation maxima are provided in Cols. 3 and 4,
those for “minima” in Cols. 5 and 6, and those for quiet
sun in Cols. 7 and 8.
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Fig. 5. Superimposition of power spectra peaks of frequencies of cycles 19 to 22. Ordinate divisions are half-years. To distnguish the different
cycles. (This figure is available in color in electronic form).

• No correlation can be established between the Monthly
Mean Sunspot Number (MMSN) maximum of the cycle
and its minimum of rotation period. However the four cy-
cles have a wide variety of activity levels (Table 2, Col. 2).
The maximum of cycle 20 is only 54% of the maximum of
cycle 19, whereas the rotation rate variation is only 0.2%.
We also note that coronal rotation period maximum and
sunspot number maximum do not necessarily coincide in
time (Tables 1 and 2). Column 3 of Table 2 gives the time
difference in months between these maxima, if any.

• During the period of maximum of activity, there are broader
frequency ranges, whereas in “minimum” this range be-
comes narrower.

• For long periods around activity minima, no outstanding
frequencies are sufficiently revealed, because at minimum
the active regions are generally few, small and short-lived.
Under these conditions, the absence of information does
not mean lack of preferential longitudes; moreover Fig. 3
shows a outstanding frequency at P⊕ = 31d.

• The quiet sun is always present during the active period
(frequencies 1/31 to 1/33) and does not show significant
variation.

• Time variations of rotation periods (Table 3) are steeper in
the increasing phase (average 0.8◦/d/y) than in the decreas-
ing phase (−0.5◦/d/y) of the activity cycle.

• The accuracy of the choice of 480 d is subsequently justi-
fied by the extension of the y-axis of frequency peaks. It is
evident that lower time resolution analysis hides important
results.

• Not all the frames of Fig. 4 show frequency concentra-
tion around the Carringtion Rate. Keeping only the most
prominent frequencies in the four frames of Fig. 4, we su-
perimpose them and build Fig. 5. This shows frequencies
around the Carrington Rotation period, in agreement with
Fig. 3. We see around the activity maximum period (ap-
proximately 4 to 5 years) a richness of frequencies with
values higher than the Carrington Rate.

• Figure 5 shows a fish-bone structure, composed of a set of
three or four C-shaped layers of frequencies, making rota-
tion rate variation obvious throughout the cycle. All cycles
participate in each C-shaped structure, showing that this is
a general characteristic of magnetic flux related to rotation
rate. All fish-bone components show the same curvature,
i.e. the same variation during the cycle. In Fig. 4, we again
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Table 2. Sunspot activity maxima.

date AMSN ∆T/month
1 2 3

1957 Oct. 190.2 –
1969 Mar. 105.9 –
1979 Sep. 155.4 −9
1989 Jun. 157.2 −12

Table 3. Acceleration of rotation period in ◦/d/y.

cycle increasing phase decreasing phase
19 0.9 −0.8
20 1.1 −0.6
21 0.8 −0.3
22 0.6 −0.3

find this fish-bone structure in each frame. Do these fish-
bones correspond to the rotation rate of different compo-
nents of the solar atmosphere, or are they due to magnetic
tubes rooted at different depths in the convective zone?

4.2. Rotation and magnetic flux

For frequencies in Fig. 4 we compute an activity index R15, a
15 month mean of MMSN. The 15 month period is the closest
odd number to 480 d. Note that R15 is very close to AMSN.
In Fig. 6 we plot the sidereal rotation rate (Ω?) and the ac-
tivity index (R15). Solid signs mark the frequencies of the C-
shaped limits of the cycles, frequencies jointed by dotted lines
in Fig. 4. The set of solid points (cycles 19, 21 and 22) can be
approximated by an empirical equation:

R15 = 32 × (Ω? − 13)2 + 25 for Ω? ≥ 13◦/d. (1)

The open signs show the frequency of the right hand side of the
C-shape limits in Fig. 4. In the plane Ω? − R15 the frequency
distribution also shows a lower limit of rotation rate, following
the relation:

R15 = 75 × (Ω? − 13)4 + 25 for Ω? ≤ 13◦/d. (2)

Curves (1) and (2) are shown in Fig. 6.
As far as cycle 20 (the weakest of our sample) is concerned,

the two limiting curves (1) and (2) are valid with a translation
of +0.5◦/d. This shift indicates the necessity of a faster rotation
to ensure magnetic field emergence. Using Eqs. (1) and (2) we
can find a dependence of sunspot number on the rotation rate:

200 ≥ R15 ≥ 32 × (Ω? −Ω?0 )2 + 25 for Ω? ≥ Ω?0 (3)

200 ≥ R15 ≥ 75 × (Ω? −Ω?0 )4 + 25 for Ω? ≤ Ω?0 (4)

here Ω?0 = 13◦/d for cycles 19, 21 and 22, and Ω?0 = 13.5◦/d
for cycle 20.

In order to express the activity index (R15) in units of to-
tal magnetic flux (Φ|B|), we determine the following empirical
relation, based on cycle 21:

Φ|B| = 4 × 1021 × (R15 + 50) Mx. (5)

Fig. 6. Relationship between the sidereal rotation rate (Ω?) and solar
activity (R15). Cycle 19 – circles, cycle 20 – squares, cycle 21 – trian-
gles, cycle 22 – ellipse. Solid points are limit of rotation period, linked
by dotted lines in Fig. 4. The curves draw the upper and lower rotation
rates limits at a given activity index, accordingly to Eqs. (1) and (2).

Figure 6 indicates that, for a given rotation rate Ω?, only activ-
ity fluxes equal to or greater than that given by Eqs. (1) and (2)
can emerge. Thus, the most likely rotation rate for the emer-
gence of the magnetic field is Ω?0 . At high or low rates, only
stronger magnetic flux emerges, the weak flux being scattered
before it reaches the top of the convective zone.

4.3. Hysteresis

Following the time evolution of sidereal rotation of the C-shape
limits for each cycle (solid points of Fig. 6), we may see that
during the starting phase of the activity cycle, the rotation
rate first grows rapidly, whereas later the magnetic flux grows
rapidly untill maximum. This fact shows the important role of
the Coriolis force in magnetic field emergence.

We note that cycles 20, 21 and 22 display hysteresis loops
during their time evolution. No hysteresis was detected for cy-
cle 19, the strongest one. Especially for cycles 21 and 22, the
hysteresis shows that in the decreasing phase higher rotation is
needed (∆Ω? = 0.3◦/d) for the emergence of the same mag-
netic flux than during the increasing phase.

5. Conclusions

In this paper we propose a new method for measuring rota-
tion rate and clearly establish that: a) the active corona ro-
tation rate varies with respect to the 11-y sunspot cycle, b)
there is a relationship between rotation rate and magnetic flux,
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c) rotation grows first and then the magnetic field emerges,
d) activity increases the rotation rate. The sidereal rotation
rate of the active corona varies between 15.2◦/d and 13◦/d
respectively, for activity maxima and “minima”. Nevertheless
10.7 cm rates of maxima and of “minima” include the sunspot
radiation rates. Lastly, active regions in the photosphere and
in the corona averaged over the whole cycle reproduce the
Carrington Rotation Rate. On the other hand, the frequencies
over the whole observation time, given in Fig. 3, show different
frequencies grouped round the Carrington Rate.

The rotation figures given in this paper have larger ampli-
tudes than those of other authors. This is due to the high tem-
poral resolution of the data and to the narrow windows used for
computation of power spectra. Even if sunspots and 10.7 cm
coronal flux data are disk observations, a direct comparison
cannot be done. In case of sunspots, the measurements give
differential rotation rates over long periods including cycles of
activity. Data from analyses of 10.7 cm flux are frequencies
distributed with respect to time, which cannot be averaged.
According to Gilman & Howard (1984) and to Gupta et al.
(1999), at the minimum of activity, sunspot rotation is faster
than during the rest of the cycle, whereas coronal rotation is
slower at that time, as was pointed out for all coronal observa-
tions. This remains unexplained.

Antonucci & Dodero (1977) showed the simultaneous
presence of coronal structures with differential rotation and
with rigid rotation in the same period. It is also well known
that coronal holes show either rigid or differential rotation.
This assertion is supported by the detection of Pivot Points
(Mouradian et al. 1987), which designate regions of the solar
photosphere in rigid rotation, alongside regions in differential
rotation. Stenflo’s (1977) sentence, “There is a coexistence on
the sun of regions with rigid and differential-rotation proper-
ties” is here proved for the corona too. Observations revealed
the simultaneous presence of a large number of rates, so that
the smoothed differential rotation cannot be considert as a
local rule.
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